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Objective. To investigate the relationship between angiotensin II (Ang II), vascular endothelial growth factor (VEGF), and
arteriosclerosis obliterans (ASO). Methods. 60 ASO patients diagnosed and treated from October 2019 to December 2021 were
selected for the observation group while 30 healthy physical examiners were for the control group. The general information
(gender, age, history of smoking, diabetes, and hypertension) and arterial blood pressure (systolic and diastolic blood pressure)
of the two groups were collected, and parameters like disease site and duration, Fontaine stage, and ankle-brachial index (ABI)
of ASO patients have been evaluated. Ang II, VEGF, uric acid (UA), low-density lipoprotein (LDL), high-density lipoprotein
(HDL), triglyceride (TG), and total cholesterol (TC) were also detected for the two groups. The variations in UA, LDL, HDL,
TG, and TC among two groups along with levels of Ang IT and VEGF in ASO patients in accordance to conditions like the
general situation, disease duration, disease site, Fontaine stage, and ABI risk level have been studied to establish a correlation
between Ang II and VEGF and ASO. Results. (1) The proportion of males with a history of smoking, diabetes, and
hypertension was higher (P <0.05) among ASO patients in comparison to the control group. The diastolic blood pressure,
LDL, TC, Ang II, and VEGF levels were found to be higher (P < 0.05) whereas HDL was low (P < 0.01). (2) The level of Ang
IT in male patients with ASO was significantly higher than that in female ASO patients (P < 0.05). In ASO patients, the levels
of Ang II and VEGF increased not only with age (P <0.01) but also with progression in Fontaine stages II, III, and IV
(P <0.01). (3) Logistic regression analysis revealed Ang II and VEGF as risk factors for ASO. (4) An AUC (area under the
ROC (receiver operator characteristic) curve) for Ang II and VEGF for the diagnosis of ASO was 0.764 (good) and 0.854 (very
good), respectively, while their combined AUC in diagnosing ASO was 0.901 (excellent). The AUC of Ang II and VEGF
together in diagnosing ASO was greater than that of Ang II and VEGF alone along with higher specificity as well (all P < 0.05).
Conclusion. Ang II and VEGF were correlated with the occurrence and development of ASO. The AUC analysis demonstrates
that Ang IT and VEGF were highly discriminative of ASO.

1. Introduction

Arteriosclerosis obliterans (ASO) is a common peripheral
arterial occlusive disease. It is manifested in systemic arterio-
sclerosis in the arteries of the lower limbs. In the early stages,
the clinical manifestations involve limb cooling, fear of cold,
numbness, intermittent claudication, etc. In the later stages,

ulceration and gangrene may occur with amputation occur-
rence in serious cases [1]. ASO has been reported to involve
more middle-aged and elderly people (over 45 years old)
also with more males than females [2]. It is also reported
that the incidence rate of ASO is as high as 15% ~20%, and
the annual mortality is 4% ~6% [3]. As China’s population
ages, the incidence rate of ASO is increasing year by year
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affecting both physical and mental health as well as patient
quality of life [4]. Atherosclerosis (AS) is the pathological
basis of ASO [5] where the pathogenesis of AS is complex
and there are many theories about it. Among them, the the-
ory of chronic inflammation had played a crucial role in
studying AS pathogenesis and also received widespread
attention in the medical community [6, 7].

In 1997, researchers first found that Ang I can induce
endothelial cells to produce adhesion molecules, which are
closely related to inflammation. With the deepening of
research, a new idea has been proposed that Ang II can cause
inflammation and participate in the pathogenesis of AS [8].

Angiotensin II (Ang II) can induce the aggregation of a
variety of inflammatory cytokines, lead to the proliferation
of the middle layer of the artery, and promote inflammatory
infiltration in the surrounding area of the middle layer of
the artery, thus accelerating the development of AS. Its
advantages in evaluation are increasingly prominent [9].
In addition, the abnormal proliferation of vascular smooth
muscle cells (VSMCs) also plays an important role in the
development of AS. As a critical functional factor of the
renin-angiotensin-aldosterone system (RAAS), Ang II can
act on VSMCs through autocrine and paracrine pathways,
thus stimulating the abnormal proliferation of VSMCs
[10] and stimulating angiogenesis in lower concentrations
but inhibits in higher concentrations [11]. The process of
angiogenesis involves the differentiation, proliferation, and
migration of endothelial cells (ECs) and results in tubulo-
genesis and formation of vessels [12]. Ang II promotes EC
proliferation and angiogenesis through the angiotensin type
1 receptor (AT1R) [13, 14]. Buharaliogl et al. found that
Ang II-induced angiogenesis was phosphorylated by splenic
tyrosine-mediated kinase through VEGF receptor-1.

Vascular endothelial growth factor (VEGF) is a highly
specific mitogen of vascular endothelial cells [15] that can
induce endothelial cell proliferation, increase vascular per-
meability, and promote inflammatory response [16]. Studies
have found that once neovascularization occurs in AS pla-
ques, the expression of VEGF and its receptor in AS plaques
will increase, so it is inferred that there is a close association
between VEGF expression and the development of AS pla-
ques [17-20]. Simultaneously, studies have also confirmed
[21] that VEGF has strong expression in smooth muscle
and macrophages of atherosclerotic plaques. VEGF plays a
crucial role in the formation of AS, which may be due to
the fact that although VEGF can promote angiogenesis;
these new blood vessels are often immature and prone to
rupture, leading to thrombosis, and in-cooperated with
highly expressed fibrinogen (FIB) to accelerate the formation
and development of AS [22]. Meanwhile, studies have found
that VEGF and its receptor are critically linked to the abnor-
mal proliferation of VSMCs [23]. This study intends to
explore the characteristics variations of Ang II and VEGF
levels in ASO patients for preliminarily exploring the rela-
tionship between Ang II, VEGF, and ASO.

2. Material

Main experimental reagent and software product information.
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3. Methods

3.1. Study Subjects. The subjects in the observation group
were all ASO patients hospitalized in the peripheral vascular
department of the Affiliated Hospital of Shandong Univer-
sity of Traditional Chinese Medicine from October 2019 to
December 2021. The control groups were all from the health
checkers in the physical examination center of the Affiliated
Hospital at Shandong University of Traditional Chinese
Medicine. This study was approved by the Ethics Committee
of the Affiliated Hospital of Shandong University of Tradi-
tional Chinese Medicine ((2022) Lunlun-Review No. (108)
-KY). The following data have been utilized as diagnostic
criteria: ASO western medical diagnostic criteria [24] with
(1) age>40 years old; (2) history of smoking, diabetes,
hypertension, hyperlipidemia, and other high-risk factors;
(3) clinical manifestations of ASO in lower limbs; (4) arterial
pulsation in the distal end of the ischemic limb weakened or
disappeared; and (5) ABI < 0.9; (6) color doppler ultrasound,
CTA, MRA, DSA, and other imaging examinations showed
stenosis or occlusion of the corresponding arteries. A clinical
diagnosis of ASO can be made by meeting the following 4
diagnostic criteria: Fontaine staging standard [25] stage I:
asymptomatic, stage II: intermittent claudication, stage III:
resting pain, and stage IV: tissue ulcer and gangrene. The
following case inclusion criteria were utilized: (1) those
who met the diagnostic criteria of ASO, (2) 40 yearsold <
age<80yearsold, and (3) those who have signed the
informed consent form. The following were case exclusion
criteria: (1) those who have suffered from serious cardiovas-
cular and cerebrovascular diseases in the past 3 months; (2)
accompanied by serious infectious diseases, malignant
tumors, and autoimmune diseases; (3) pregnant and lactat-
ing women; (4) those who have a mental illness or are unable
to cooperate; and (5) incomplete data affecting judgment.

3.2. Study Subjects and Grouping. A total of sixty ASO
patients who met the natriuretic excretion criteria were set
as an observation group while 30 healthy physical examiners
during the same period acted as a control group.

3.3. Clinical and Laboratory Variables. This represents the
general data where the following clinical indicators were
used: (1) gender, (2) age, (3) disease duration, (4) the site
of the disease, (5) Fontaine staging, (6) smoking history,
(7) history of diabetes, and (8) history of hypertension.
The following parameters were utilized as laboratory vari-
ables for the detection of AS like (1) blood pressure: systolic
blood pressure and diastolic blood pressure, (2) angiotensin
II (Ang II), (3) vascular endothelial growth factor (VEGE),
(4) ankle-brachial index (ABI), and (5) biochemical indica-
tors: low-density lipoprotein (LDL), high-density lipoprotein
(HDL), triglyceride (TG), total cholesterol (TC), and uric
acid (UA).

3.4. Study Procedures. The following study procedures were
utilized for this study that involves (1) measurement method
of blood pressure: the subject rested calmly for 5min before
receiving the examination, took a sitting or lying position,
used a mercury sphygmomanometer to measure three times,
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and calculated the average value of three times of blood pres-
sure. The blood pressure of both arms was measured while
the higher one was taken as the final blood pressure. (2)
Measurement method of ABI: Nicolet vasoguard + channel
blood vessel tester was used, and special personnel was
assigned to detect it. The ABI of both sides was detected,
and the lower was taken as the final value. (3) 3 ml of periph-
eral venous blood in fasting decubitus position was taken
into a centrifuge after standing for 1h at normal tempera-
ture, plasma was taken after centrifugation, and it was stored
at -70°C for Ang II detection. Plasma Ang II was determined
by radioimmunoassay. (4) 5ml of fasting peripheral venous
blood was taken and placed in the coagulation-promoting
tube, centrifuged at 4000 r/min for 5min, the upper serum
was taken for examination, and serum VEGF was measured
with enzyme-linked immunosorbent assay. (5) 2ml of fast-
ing peripheral venous blood was taken, and LDL, HDL,
TG, TC, and UA were detected by AU5800 automatic bio-
chemical analyzer (model: 5821, no. DSH-001).

3.5. Statistical Analysis. The statistical software IBM
SPSS28.0 has been utilized for data processing. All measured
data were expressed as mean + standard deviation (x +s). T
-test was used for the comparison of data conforming to
normal distribution and homogeneity of variance, and anal-
ysis of variance was used for the comparison among multiple
groups. Nonparametric test was used for data not conform-
ing to normal distribution. The count data were expressed
by frequency and composition ratio (n (%)). We have uti-
lized the X? test, a binary logistic regression model for corre-
lation analysis; the ROC curves for the diagnostic value of
the detection index and the AUC of ROC is compared by
Medcalc software. The P values (P < 0.05) were statistically
considerable.

4. Results

4.1. Subject Demographics and Study Variables. In the 60
cases in the observation group, around 42 were males, and
18 females with an average age of 60.57 + 6.16 years were
found. The shortest disease period was of 1 year while the
longest of 28 years with an average duration of 5.47 + 6.00
years. There were 13 cases located in the left lower limb,
26 in the right lower limb, and 21 in both lower limbs.
According to the Fontaine stage, there were 14, 7, and 39
cases in stages I, III, and IV, respectively. Of the 30 cases
in the control group, there were 11 males and 19 females
with an average age of 58.07 + 9.38 years.

As compared to the control group, a higher proportion
of males with a history of smoking as well as diabetes were
found in the observation group and also the levels of dia-
stolic blood pressure, TC, Ang II (Figure 1), and VEGF
(Figure 2) were higher while the HDL level was lower. These
variations among the two groups were statistically consider-
able with P values (P < 0.01). In comparison to the control
group, the proportion of hypertension history and LDL level
in the observation group was higher; also, these differences
between the two groups were statistically considerable with
P values (P < 0.05). We have not found any statistically con-
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FiGgure 2: Comparison of VEGF levels between the two groups.

siderable differences in age, systolic blood pressure, TG, and
UA between the two groups (P > 0.05) (Table 1).

4.2. Comparisons within Stratified Subgroups of Cases. A
total of sixty ASO patients were stratified according to gen-
der, age, duration, and site of disease, diabetes and hyperten-
sion history, Fontaine stage, and ABI risk grade; and the
changes in Ang II and VEGF levels were observed. We have
found the following results for Ang II and VEGF compari-
son with different parameters.

4.3. Comparison of Ang II and VEGF Levels between
Different Genders of ASO Patients. The level of Ang II was
found higher in males than females for 60 cases of ASO,
and the difference between the two groups was statistically
significant (t = —2.542, P =0.019). The VEGF level was also
found higher in males than females but without any statisti-
cally considerable difference between the two groups
(Z=-0.355, P=0.723) (Table 2 and Figures 3 and 4).



TasLE 1: Clinical data from the observation group compared to the control group.

Disease Markers

Observation group (n = 60) Control group (1 = 30) P value
Gender (%)
Male 42 (70.00) 11 (36.67)
0.002
Female 18 (30.00) 19 (63.33)
Smoking history (%)
Yes 27 (45.00) 3 (10.00)
0.001
No 33 (55.00) 27 (90.00)
History of diabetes (%)
Yes 36 (60.00) 5 (16.67)
<0.001
No 24 (40.00) 25 (83.33)
History of hypertension (%)
Yes 35 (58.33) 9 (30.00) 0011
No 25 (41.67) 21 (70.00) ’
Blood pressure (mmHg)
Systolic blood pressure 141.80+19.29 136.33 +20.20 0.215
Diastolic blood pressure 88.10 +10.25* 80.30 £ 12.60 0.004
Age (years) 60.57 £6.16 58.07+9.38 0.171
LDL (mmol/L) 3.03+0.93* 2.62 +0.86 0.040
HDL (mmol/L) 0.94 +0.22% 1.18 £0.34 <0.001
TG (mmol/L) 1.77 +£0.77 1.16 £0.43 0.764
TC (mmol/L) 4.83+1.10* 4.12+1.04 0.004
UA (umol/L) 326.08 £ 98.41 347.33 £ 81.46 0.311
Ang TI (pg/ml) 90.66 + 19.69° 68.80 + 20.02 <0.001
VEGF (pg/ml) 277.7 £171.60* 182.08 £ 162.40 <0.001
Note: compared with the control group, *P < 0.05, and **P < 0.01.
TaBLE 2: Comparison of Ang I and VEGF levels between different P <0.05
genders of ASO patients. 150 1 B
Group n Ang 11 (pg/ml) VEGF (pg/ml) 3
€ 100 T
Male 42 101.98 + 25.22° 278.22£175.80 é‘f
Female 18 85.81 +14.63 276.51 +166.32 ® 5
o 4
T value/Z value -2.542 -0.355 <
P value 0.019 0.723 0
Note: compared with females, bp < 0.05. 3 é
4.4. Comparison of Ang II and VEGF Levels in ASO Patients mm Male
at Different Ages. 60 patients with ASO were divided into
[ Female

groups according to the age interval of 10 years. There were
3 patients aged 41 to 50 years, 23 patients aged 51 to 60
years, 31 patients aged 61 to 70 years, and 3 patients aged
71 to 80 years. We have found that, with an increase in
age, the levels of Ang II and VEGF also increased in ASO
patients, and the difference was statistically significant as
analyzed by the Kruskal-Wallis H test (P < 0.01). Further,
the level of Ang II in the 61-70 years old age group was sig-
nificantly higher than that in the 41-50 years old group
(P <0.01), and there was not any statistically considerable
difference between the other two groups (P> 0.05). Also,
the VEGF level in the 71-80 years old group was found
higher than that of the 41-50 years old group (P <0.01)

Ficure 3: Comparison of Ang II levels in ASO patients with
different genders.

while there was not any statistically considerable difference
between the other two groups (P >0.05) (Table 3 and
Figures 5 and 6).

4.5. Comparison of Ang II as well as VEGF Levels among
Patients with ASO at Different Sites. Sixty patients with
ASO were divided into three groups according to the differ-
ent disease sites including 13, 26, and 21 cases at the left
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FI1GURE 4: Comparison of VEGF levels in ASO patients of different
genders.

TasBLE 3: Comparison of Ang II and VEGF levels in ASO patients at
different ages.

VEGF (pg/ml)

Group n Ang II (pg/ml)

41~50years 3 68.36 £3.92 243.52 +£38.78
51~60 years 23 85.18 +£20.98 251.34 £174.94
61~70 years 31 91.76 +18.25% 256.09 £ 90.97
71~80 years 3 97.58 £19.28 282.45 +158.58
P value 0.006 0.001

Note: compared with the 41-50-year-old group, “P < 0.01.

P <0.01

P <0.01
150 ~

100

50

Ang II (pg/ml)

41 ~ 50 years
51 ~ 60 years
61 ~ 70 years
71 ~ 80 years

Il 41 ~ 50 years
[ 51 ~ 60 years
[ 61 ~ 70 years
[ 71 ~ 80 years

Ficure 5: Comparison of Ang II levels among ASO patients of
different ages.

lower limb, right lower limb, and both lower limbs, respec-
tively. Kruskal-Wallis H test showed that there was not
any statistically considerable difference for Ang II as well
as VEGF levels among these groups (P> 0.05) (Table 4
and Figures 7 and 8).

4.6. Comparison of Ang II as well as VEGF Levels among ASO
Patients with Different Disease Durations. We grouped 60

P<0.01
P <0.01
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FiGure 6: Comparison of VEGF levels in ASO patients of different

ages.

TaBLE 4: Comparison of Ang II as well as VEGF levels among
patients with ASO at different sites.

Group n Ang II (pg/ml) VEGF (pg/ml)
Left lower limb 13 84.65 +19.02 242.34 + 124.67
Right lower limb 26 89.13£19.40 226.22 +152.74
Lower limbs 21 90.19 +£20.11 267.15+183.91
P value 0.426 0.549
150
% 100
g 1 1
&
2 50
<
0 -

Lower limbs —

Left lower limb
Right lower limb

mm Left lower limb
== Right lower limb
3 Lower limbs

Ficure 7: Comparison of Ang II levels among different sites of
ASO patients.

patients with ASO according to the disease duration [26],
where 29 patients had a duration of disease < 1 year, 4 cases
with 1year < duration <3years, 18 cases with 3years<
duration < 10 years, and 9 cases with disease duration > 10
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Ficure 8: Comparison of VEGF levels in ASO patients with
different disease sites.

years. The Kruskal-Wallis H test showed that there was not
any statistically considerable difference for Ang II as well as
VEGF levels among these groups (P >0.05) (Table 5 and
Figures 9 and 10).

4.7. Comparison of Ang II as well as VEGF Levels among
Patients of ASO with or without a Smoking History. The level
of Ang II in ASO patients with smoking history was higher
than that in patients without smoking history, and there was
not any statistically considerable difference between the two
groups (Z=-0.333, P=0.739). Also, higher VEGF levels
were found among patients of ASO with smoking history
in comparison to patients without smoking history with no
statistically considerable difference between the two groups
(Z=-0.287, P=0.774) (Table 6 and Figures 11 and 12).

4.8. Comparison of Ang II as well as VEGF Levels among
ASO Patients with or without a History of Diabetes. A higher
level of Ang II was found in patients of ASO with a history
of diabetes in comparison to those without any diabetes his-
tory. There was not any statistically considerable difference
between the two groups (Z=-0.096, P=0.923). Also, a
higher VEGF level was observed for ASO patients with a
history of diabetes in comparison to those without any dia-
betes history. There was not any statistically considerable
difference between the two groups (Z = —-0.836, P =0.403)
(see Table 7 and Figures 13 and 14).

4.9. Comparison of Ang II as well as VEGF Levels among ASO
Patients with or without Hypertension. A higher level of Ang
IT was observed for ASO patients with hypertension history
in comparison to those without hypertension, and there
was not any statistically considerable difference between
the two groups (Z = —0.952, P = 0.341). Also, a higher VEGF
level was found for ASO patients with a hypertension history
in comparison to those without a history of hypertension.
There was not any statistically considerable difference

Disease Markers

TaBLE 5: Comparison of Ang II as well as VEGF levels among ASO
patients with different disease durations.

VEGF
(pg/ml)

Ang II

Group N (pg/ml)

The duration of

. 29 86.25+14.83 238.91+155.20
disease < 1 year

1 year < duration < 3 years 4 83.02+14.28 334.99 +258.89
3years < duration < 10 years 18 88.61 +24.64 236.52+114.25

Duration > 10 years 9 98.30+21.99 235.21+100.08
P value 0.222 0.912
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FiGure 9: Comparison of Ang II levels in ASO patients with
different disease duration groups.

between the two groups (Z=-0.247, P=0.805) (Table 8
and Figures 15 and 16).

4.10. Comparison of Ang II as well as VEGF Levels among
ASO Patients with Different Fontaine Stages. In 60 patients
with ASO, the Ang II, as well as VEGF levels among differ-
ent Fontaine stages, was statistically significant as analyzed
by the Kruskal-Wallis H test (P <0.01). Among them, a
higher level of Ang II and VEGF was observed for patients
with Fontaine IIT in comparison to patients with Fontaine
IT with a statistically considerable difference among these
groups (P < 0.05). Also, significantly higher levels of Ang II
and VEGF were observed for patients with Fontaine IV in
comparison to patients with Fontaine II with a statistically
considerable difference among these (P < 0.01). Further, sig-
nificantly higher levels of Ang II and VEGF were found in
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Ficure 10: Comparison of VEGF levels in ASO patients with
different disease duration groups.

TaBLE 6: Comparison of Ang IT as well as VEGF levels among ASO
patients with or without a smoking history.

Group n Ang IT (pg/ml) VEGEF (pg/ml)
Smoking history 21 88.94 + 18.63 252.49 £183.46
No smoking history 39 87.83 £21.07 228.34 £ 94.56
Z value -0.333 -0.287
P value 0.739 0.774
150 -
:E\ 100
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1 No smoking history

FiGure 11: Comparison of Ang II level between ASO patients with
and without smoking history.
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FiGure 12: Comparison of VEGF levels between ASO patients with
and without smoking history.

TaBLE 7: Comparison of Ang II as well as VEGF levels among ASO
patients with or without diabetes history.

Group n Ang IT (pg/ml) VEGEF (pg/ml)
Diabetes 31 89.07 £19.24 273.03 £197.49
Nondiabetes 29 87.96 + 19.80 213.05+92.91
Z value -0.096 -0.836
P value 0.923 0.403
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FIGURE 13: Comparison of Ang II level between ASO patients with
and without diabetes history.

the Fontaine IV group in comparison to the Fontaine III
group (P <0.05) (Table 9 and Figures 17 and 18).

4.11. Comparison of Ang II as well as VEGF Levels among
ASO Patients at Different ABI Risk Levels. According to the
ABI of patients, the risk grade was divided [27]: the low-
risk group (0.7 < ABI < 0.9, n =13), the medium-risk group
(04<ABI<0.7, n=41), and the high-risk group
(ABI<0.4, n=6). The levels of Ang II in 60 ASO patients
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FI1GURE 14: Comparison of VEGF levels between ASO patients with
and without diabetes history.

TaBLE 8: Comparison of Ang IT as well as VEGF levels among ASO
patients with or without hypertension.

Group n Ang II (pg/ml) VEGEF (pg/ml)
Hypertension 35 90.42 £19.45 259.10 £188.27
Nonhypertension 25 85.93 £19.29 222.95+100.32
Z value -0.952 -0.247
P value 0.341 0.805
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B Hypertension
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F1GURE 15: Comparison of Ang II level between ASO patients with
and without hypertension history.

with different risk grades were not statistically significant
(P=0.147) as analyzed by ANOVA. Also, there was not
any statistically considerable difference in VEGF levels
among 60 ASO patients with different risk grades as ana-
lyzed by the Kruskal-Wallis H test (P =0.487) (Table 10
and Figures 19 and 20).

4.12. Logistic Regression Analysis of Ang II, VEGF, and ASO.
The correlation between Ang II, VEGF, and ASO was statis-
tically analyzed. Taking ASO patients as dependent variables

Disease Markers
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F1GURE 16: Comparison of VEGF levels between ASO patients with
and without hypertension history.

TaBLE 9: Comparison of Ang II as well as VEGF levels among ASO
patients at different clinical stages.

VEGF (pg/ml)
189.21 + 106.46
249.68 + 109.87¢
107.81 +29.98%¢  260.92 + 177.04%%¢
0.007 0.001

Note: compared with Fontaine phase II, °P<0.05, and “P<0.01.
Compared with Fontaine III, °P < 0.05.

Ang II (pg/ml)
85.39 + 17.00
87.72 +14.32¢

Group n

Fontaine phase II 14
Fontaine phase IIl 7
Fontaine phase IV 39
P value

P<0.01
P <0.05
P<0.01

150 P <0.05 DDE

100

50

Ang II (pg/ml)

Fontaine phase IT
Fontaine phase III
Fontaine phase IV

Il Fontaine phase IT
[ Fontaine phase III
[ Fontaine phase IV

FiGURrg 17: Comparison of Ang II levels in ASO patients with
different clinical stages.

while Ang II and VEGF as independent variables, a binary
logistic regression analysis was conducted. The results
showed that Ang II (partial regression coefficient = 0.038,
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FiGure 18: Comparison of VEGF levels in ASO patients with
different clinical stages.

TaBLE 10: Comparison of Ang II as well as VEGF levels among
ASO patients with different risk grades.

Ang II
(pg/ml)
Low risk (0.7 < ABI<0.9) 13 96.47 +22.11 200.83 + 96.06

Medium risk (0.4 <ABI<0.7) 41 85.25+15.32 263.95+176.87

Group N VEGEF (pg/ml)

High risk (ABI < 0.4) 6 93.98+30.00 201.57 +102.29
P value 0.147 0.487
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FIGURE 19: Comparison of Ang II levels among ASO patients with
different risk grades.

OR =1.216, 95% confidence interval (CI): 0.997-1.343, P
value = 0.006) and VEGF (partial regression coefficient =
0.059, OR=1.744, 95% CI: 1.076-1.115, P=0.017) were
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Fiure 20: Comparison of VEGF levels in ASO patients with
different risk grades.

positively correlated with ASO. These results indicate that
Ang II and VEGF could be regarded as risk factors for
ASO (Table 11).

4.13. Receiver Operating Curve Analysis. The results from
this study reveal that the AUC of Ang II and VEGF in diag-
nosing ASO was 0.764 (good) and 0.854 (very good), respec-
tively, indicating their value as moderate in diagnosing ASO.
On other hand, the AUC of the combined diagnosis of Ang
IT and VEGF was 0.901 (excellent), indicating that the com-
bined diagnosis of Ang IT and VEGF has a higher diagnostic
value for ASO. Medcalc software was used to compare the
AUC of Ang II, VEGF, and their combined diagnosis. We
observed a statistically considerable difference between the
two groups (P <0.05). Among them, the AUC of Ang II
and VEGF combined diagnosis was the highest, followed
by VEGF and then Ang II with the lowest value (Tables 12
and 13 and Figure 21).

5. Discussion

Atherosclerosis (AS) is the pathological basis of ASO [5],
and its pathogenesis is very complex and involves a variety
of theories. Among these, the theory of chronic inflamma-
tion plays a crucial role in AS pathogenesis and has received
widespread attention in the medical community [7]. As a
chronic inflammatory disease, AS has the characteristics of
classic inflammatory proliferation, degeneration, and exuda-
tion. Previous studies mentioned the occurrence and devel-
opment of AS to be closely related to chronic inflammatory
reactions [28-31]. Ang II can promote inflammatory
response by inducing the aggregation of a variety of inflam-
matory cytokines [32]. High level of angiotensin II is one of
the typical features of atherosclerosis patients. A large num-
ber of studies have confirmed that angiotensin II can effec-
tively activate the Notchl signaling pathway in a variety of
cells. This study also confirmed the effective activation of
Notchl signaling pathway [33], and the overexpression of
Notchl receptor and ligand can stimulate the accumulated
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TaBLE 11: Correlation analysis of Ang II, VEGF, and ASO.

Disease Markers

TaBLE 15: Main software product information.

Factor r SE  Wald value p OR 95% CI

Ang II  0.038 0.068 6.823 0.006 1.216 0.997-1.343

The name of the
Source software

VEGF 0.059 0.015 5.248 0.017 1.744 1.076-1.115
TaABLE 12: Area under ROC curve.

Factor AUC SE p 95% CI

Ang II 0.764 0.065 <0.001 0.663-0.847

VEGF 0.854 0.039 <0.001 0.764-0.920

Ang II and VEGF 0.901 0.034 <0.001 0.835-0.967

TaBLE 13: Comparison of area under ROC curve of each index.

Factor AUC SE  Z values p 95% CI
Ang II vs. VEGF 0.090 0.072 1.257  0.020 0.651-0.859
Ang II vs.

Ang IT+ VEGF 0.137 0.051 2.675  0.007 0.710-0.952
VEGEF vs.

0.047 0.027  1.725  0.028 0.820-0.954

Ang IT+ VEGF

Sensitivity (%)

20 4 S e I S
. r= e
7‘ //
10 -
1l -

04Kl L SIS L L 3
T T T T T T T T T T [ T T T [ T T T T
0 20 40 60 80 100

1 - specificity (%)

--—- Angll
rrrrrrr VEGF
—— AngII and VEGF

F1GURE 21: Area under the ROC curve.

TaBLE 14: Main experimental reagent.

The name of the
Source of reagents

reagent

Shenzhen New Industry Biomedical
Ang I Engineering Co., Ltd.
VEGE Beijing Jianping Jinxing Biotechnology Co.,

Ltd.

software
IBMSPAA28.0 IBM company
Medcalc Beijing Huanzhong Ruechi Technology

Co., Ltd.

macrophages to show an MIl-type transformation and
release a large number of proinflammatory mediators such
as IL-18 and TNF-a. Induce and enhance the inflammatory
response of the body, and downregulate the Th2 inflamma-
tory cytokines that inhibit the inflammatory response, such
as IL-6, to further promote the inflammatory response [34].
Also, as reported in a previous study, intraplaque angiogen-
esis plays a critical role in developing AS. VEGF is an
important proangiogenic factor found to be involved in reg-
ulating and inducing angiogenesis among plaques [35].
Dunmore et al. [36] found that VEGF overexpression
existed in unstable plaques, and its content was significantly
positively correlated with plaque instability, suggesting that
the mismatch between VEGF overexpression and other
related factors in plaques may be an important reason for
the immaturity of new blood vessels. In addition, changes
in the structure or function of VSMCs are the main patho-
logical basis of AS [37, 38] where VSMC proliferation is
closely linked to AS development. Ang II is a powerful pro-
moter of VSMC phenotype transformation and plays an
important role in inducing VSMC proliferation and migra-
tion as well as the progression of AS plaque formation [39,
40]. Dong et al. [41] found that Ang II promoted the secre-
tion of endothelin 1 by vascular endothelial cells, which in
turn promoted the production of Ang II by vascular endo-
thelial cells, and the two cooperated to promote the prolifer-
ation of VSMC. The possible mechanism was that Ang II, as
an autocrine growth factor, could directly induce the
mRNA expression of c-myc and fos, thus causing the prolif-
eration of VSMC. Wang et al. [42] also found that Ang II
could promote abnormal proliferation of VSMC in rats with
spontaneous hypertension, and the AT1R blocker captopril
could inhibit the proliferation. In addition, studies have
found that VEGF and its receptor are closely related to
the proliferation of VSMCs [23]. Therefore, Ang II and
VEGF can stimulate an inflammatory response, induce
angiogenesis in plaques, and participate in VSMC prolifera-
tion and migration with the possibility of promoting the
occurrence and development of AS. In another study, Zhou
et al. [43] found that the effect of Ang II on AS may be
independent of its effect on blood pressure, which is basi-
cally consistent with the conclusions of relevant animal
studies. It was pointed out that Ang II may also be crucially
associated with human AS. In recent studies, CRP has been
shown to be directly involved in the formation of AS pla-
ques. During an inflammatory reaction of AS tube wall,
Peng and coworkers found that Ang II could induce the
production of CRP in VSMCs [44]. Recent studies have also
confirmed [45] that Ang II can induce the expression of
CRP in macrophages through a variety of signaling
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pathways, thereby playing a proinflammatory role. Simulta-
neously, studies have confirmed [20] that if the expression
of VEGF and its receptor in AS plaques is significantly
increased; then, it indicates new blood vessel formation in
AS plaques, depicting a crucial association of VEGF with
AS.

In this study, the level of Ang II in ASO patients was
considerably higher in comparison to the control group
(P <0.01), which indicates an increase in Ang II level being
related to ASO. The mechanism for ASO induction on
increasing Ang II level may be linked to induction of inflam-
matory reaction and the stimulation of VSMC proliferation.
Ang II can promote inflammatory response by inducing a
variety of inflammatory cytokines to aggregate and activate
NF-«B [22]. Excessive Ang II secretion stimulates an abnor-
mal proliferation of VSMCs in blood vessels, activates rele-
vant signaling pathways, promotes the abnormal elevation
of inflammatory factors such as interleukin-6 (IL-6) and
nitric oxide (NO), causes damage to blood vessels, and then
promotes the occurrence of AS [46]. The binary logistic
regression analysis showed Ang II to be a risk factor for
ASO. The AUC of Ang II was 0.764 (good), which indicates
that Ang IT has a moderate diagnostic value for ASO, with a
sensitivity of 98.3% and a specificity of 66.7%. It can also be
seen that Ang II is an effective index to evaluate the severity
of ASO disease while having a certain reference value for the
diagnosis of ASO. Simultaneously, the results of this study
reveal that the VEGF level of ASO patients was considerably
higher in comparison to the control group (P < 0.01), indi-
cating that the increase in VEGF level is related to ASO.
The mechanism by which the elevated VEGF level promotes
the occurrence of ASO may be related to the induction of
angiogenesis in AS plaques and the promotion of inflamma-
tory response [22]. Among them, VEGF and its tyrosine
kinase receptor pathway make endothelial cells proliferate
and migrate, increase vascular permeability, and participate
in regulating and inducing angiogenesis. However, in the
initial stage, the increase in VEGF level stimulates the abnor-
mal proliferation of vascular endothelial cells, resulting in
immature neovascularization [20]. Studies have shown that
immature and pathological neovascularization mostly exists
in AS unstable plaques [47]. Binary logistic regression anal-
ysis showed that Ang II and VEGF were risk factors for
ASO. The AUCs of Ang II and VEGEF in the diagnosis of
ASO were 0.764 (good) and 0.854 (very good), respectively,
indicating their moderate diagnostic value for ASO. They
have a certain correlation with the occurrence and develop-
ment of ASO and also reflect the severity of ASO to a certain
extent. The AUC was compared with Medcalc software, and
it was found that the AUC of Ang II and VEGF together in
the diagnosis of ASO was 0.901 (excellent), which was
higher than the AUC of these two indicators alone. This
clearly indicates that the combined detection of the two indi-
cators is more valuable in the diagnosis of ASO.

In conclusion, Ang II and VEGF were correlated with
the occurrence and development of ASO. At the same time,
the AUC analysis demonstrates that Ang II and VEGF were
highly discriminative of ASO. However, the limitations of
the study, due to time constraints, a small sample size, and

11

only established cases, have been analyzed. Hence, a more
rigorous, multicenter, larger sample, double-blind study
needs to be designed for further analysis.
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Objectives. This study is aimed at investigating the difference of meibum chemokines in MGD subjects with different degrees of
MGD and the correlations of meibum chemokines with ocular surface parameters. Methods. Twenty MGD subjects (MQ score
>8) and twenty MGD subjects (MQ score <8) were enrolled to examine ocular surface parameters, including meibomian
gland function (MGE, MQ meibograde, and lid margin), tear stability (NIKBUT, FBUT, and LLT), tear secretion (SIT and
TMH), OSDI questionnaire, and CFS. These subjects also obtained meibum samples, and then meibum chemokines (MIG,
IFN-y, IL-8, IP-10, and MCP-1) were examined and analyzed the correlations with ocular surface parameters. Results. MIG,
IP-10, and MCP-1 were found clearly elevated in MGD subjects with higher MQ score than that in MGD subjects with low
MQ score (MIG: p=0.038, IP-10: p=0.019, MCP-1: p=0.040). The meibomian function was found mostly positively
correlated with level of MIG (MGE: r =0.600, p < 0.001; MQ: r=0.579, p <0.001) and IP-10 (MGE: r =0.719, p < 0.001; MQ:
r=0.601, p <0.001). The tear stability was found negatively correlated with the level of MIG (NIKBUT: r = —0.438, p = 0.005;
LLT: r=-0.464, p =0.003) and MCP-1 (NIKBUT: r =-0.425, p=0.006; LLT: r=-0.761, p <0.001). The OSDI was positively
correlated with IL-8, IFN-y, and MIG. Conclusion. Chemokines in meibum were significantly evaluated in MGD subjects
suffering from severe meibomian gland quality. These findings indicate that chemokines play roles in the pathogenesis of
MGD, and molecules targeted by chemokines may develop as novel agents for MGD therapy, perhaps through inhibiting
inflammation in meibomian glands and microvascular in the eyelid margin.

[3]. Normal meibomian glands can secrete clear oil meibum,
which serve as a mixture of lipids via orifices as the outermost
layer of the tear film [4]. The abnormal meibum which MGD

Meibomian gland dysfunction (MGD), a chronic abnormal-
ity of the meibomian glands, remarkably affects tear film
stability and leads to various ocular surface disease problems
[1]. The global prevalence of MGD was reported to range
from 10 to 20%, while the prevalence of MGD in the Eastern
Asian even achieved more than 50% [2]. In ophthalmology
clinics, MGD is one of the most common disorders rou-
tinely, so it can be considered as a public health problem

patients produce becomes more stagnant than the normal mei-
bum, which can lead to terminal meibomian gland duct
obstruction and evaporative dry eye [1]. Although there are dif-
ferent pathogenic mechanisms responsible for DED owing to
MGD, a common consensus is that the involvement of inflam-
mation as an integral part of MGD and DED [5]. The malfunc-
tion of the meibomian gland leads to exacerbating of the
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meibum, and abnormal meibum further derangements of the
ocular surface and triggers more inflammatory cytokine expres-
sion [6]. The vicious circle, named as “dry eye inflammatory
vicious cycle”, forms between dry eye and inflammation [7],
and abundant evidences identified that chronic inflammation
on the ocular surface is located at the core pathogenesis of
MGD [8].

In the DEWS II report, the etiology of MGD was
described to be terminal duct obstruction impairing ocular
surface homeostasis and leading to apparent inflammation
and tear hyperosmolarity [9, 10]. Inflammation is an
extremely complex process, and the chemotaxis process is
a pivotal step in the promotion and regulation of the inflam-
matory response. Chemokine family, the most important
factors among the chemotaxis process, is a group of low
molecular weight proteins (between 8 and12kDa) which
can promote immune cell migration to act on the immune
chemotaxis effect [11]. There are two large chemokine
families, the C-X-C motif ligand (CXCL) and the C-C motif
ligand (CCL) chemokine families, both of which can induce
T cell infiltration and regulate autoimmune inflammation
[12]. Once these chemokines are bound to the ligands, they
can lead to tissue damage and clinical manifestations
through polarizing the migration of specific immune cells
and amplifying the inflammatory response.

Manuscripts focusing on tear inflammation in MGD are
steadily increasing [13, 14], but there are rare reports concen-
trating on meibum chemokine examination in MGD patients.
Considering that the core pathogenesis of MGD is located in
the meibum secreted by the meibomian gland [1, 6], directly
study on the inflammation cytokines in meibum has more
explicit clinical value than inflammation cytokines in tears.
The aim of the current study was to investigate the levels of
different chemokines in meibum in MGD subjects. Further-
more, the correlations between meibum chemokines with ocu-
lar surface parameters were analyzed to seek possible meibum
biomarkers for potential therapeutic agents in MGD.

2. Materials and Methods

2.1. Participants. This study was conducted in accordance with
the tenets of the Declaration of Helsinki and was approved by
the Institutional Review Board (IRB) of the Eye, Ear, Nose,
and Throat (EENT) Hospital of Fudan University. The clinical
trial was registered in the Chinese Clinical Trial Registry on
June 2019. The registration number is ChiCTR-1900023732.
Forty patients who experienced MGD were recruited from
the EENT hospital from September 2019 to February 2020.
According to the consensus of The International Workshop
on Meibomian Gland Dysfunction, MGD was confirmed by
meibomian gland function examination by the same ophthal-
mology [1, 15].

The inclusion criteria for MGD based on DEWS II are as
follows: OSDI score > 12.5 points, FBUT < 105, and the pres-
ence of lid margin abnormalities, orifice abnormalities, and
meibum abnormalities [1, 15]. These MGD patients aged
above 18 years old, who voluntarily participated in the exper-
iment. Subjects with immune related dry eye such as Sjogren’s
syndrome were excluded. Furthermore, subjects with certain
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ocular diseases (acute ocular inflammation, obvious scar or
keratinization in the palpebral margin) or receiving physio-
therapy for blepharitis (intense pulsed light, baby shampoo,
and demodex blepharitis treatment) in the last 3 months
may confound the study results; thus, they were excluded from
the study. Subjects were also excluded if they had a related
ocular surgery, including cataract surgery, trichiasis surgery,
lachrymal duct obstruction, or refractive surgery in the past
3 months. After the procedure and potential consequences of
the study were explained elaborately, informed consent was
obtained from all subjects before the experiment.

Firstly, OSDI questionnaire was collected to evaluate the
symptoms of MGD subjects. Subsequently, ocular parame-
ters including tear meniscus height (TMH), noninvasive tear
break-up time (NIKBUT), lipid layer thickness (LLT),
incomplete blink rate (%), fluorescein tear film break-up
time (FBUT), corneal fluorescein staining (CFS), Schirmer
I test (SIT), meibomian gland expressibility (MGE), meibo-
mian gland quality (MQ), lid margin, and meibograde.
Finally, the meibum sample was collected and stored for fur-
ther examination. Based on MQ examination, subjects with
mild to severe abnormal meibum quality (ranging from
cloudy with granular particulates to toothpaste-like particu-
lates) were included into the MQ > 8 group, while subjects
with slight abnormal meibum quality (ranging from clear
oil to cloudy oil) were included into MQ < 8 group.

2.2. Ocular Surface Parameters and OSDI

2.2.1. OSDI. The OSDI questionnaire, containing a 12-item
questionnaire with a scale of 0-100, has been designed to
rapidly evaluate different ocular discomfort symptoms
(soreness, light sensitiveness, and blurred vision). The OSDI
questionnaire provides a rapid assessment of vision-related
dyspraxia (difficulty reading, driving, operating a computer,
and watching TV). There is a positive correlation between
OSDI scores and the severity of ocular discomfort, with
higher scores representing greater ocular discomfort [16].

2.2.2. TMH and NIKBUT. TMH and NIKBUT were mea-
sured by an OCULUS Keratograph 5M (Wetzlar, Germany)
equipped with modified TF-scan software. The procedure
was repeated three times following the instructions of OCU-
LUS Keratograph 5M by the same ophthalmology in a dark
room. TMH was manually gauged at the central point of the
lower lid margin on the images. Then, all participants were
required to naturally blink twice, and then keep their eyes
open as much time as possible until the next blink, the dura-
tion is defined as NIKBUT [17].

2.2.3. LLT and Incomplete Blink Rate. LLT and incomplete
blink rate were detected noninvasively by the LipiView®
instrument (TearScience, Morrisville, NC, United States).
All participants were instructed to blink naturally to record
a 155 video of the tear film interference pattern and analyze
the LLT incomplete blink rate (%). The procedure was
repeated twice times for each eye.

2.2.4. FBUT. A fluorescein strip (Jingming) moistened with
preservative-free saline gently touched the central lower lid
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margin. After participants blinked several times to ensure
adequate coating of the complete cornea, they were required
to rapidly open the eyes, and this point was recorded as the
starting point (time=0sec). FBUT was defined as the
interval between the starting point and the first black spot
appearing in the stained team film with a cobalt blue filter
and slit lamp microscope. The test was repeated three times
and the average FBUT was calculated [16].

2.2.5. CFS. The steps of corneal staining were similar to
those for the assessment of the FBUT. The whole cornea
was divided into five zones (central, superior, temporal,
nasal, and inferior). Corneal epithelial injury was graded
on a scale from 0 to 3: 0 if no epithelial injury; 1, <30 if
corneal punctate stain; 2, >30 if corneal punctate stain but
not fusion; and 3, if fusion of corneal staining or ulcer. The
total CFS score ranged from 0 to 15.

2.2.6. SIT. A sterile dry strip (Jingming®) was inserted into
the lateral canthus of the lower eyelid away from the cornea
for 5min. The wetted length of the strip absorbed with tears
was recorded as sitting to assess tear secretion. Potential SIT
range is from 0 to 30 mm.

2.2.7. Meibomian Gland Function. Meibomian gland func-
tion was evaluated using MGE score, MQ score, and lid
margin score. The assessments were produced under slit
lamp to grade MGE score, MQ score, and lid margin score.
Five glands of the middle third of the upper lid were digitally
pressed by MG evaluator (MGE-1000; TearScience), and the
MGE was graded as 0-3: grade 0 if all five glands are express-
ible; grade 1, if 3-4 glands are expressible; grade 2, if 1-2
glands are expressible; and grade 3, if no glands are express-
ible [18]. Based on the phases of meibum, MQ was graded as
follows: grade 0 if clear, grade 1 if cloudy, grade 2 if cloudy
with granular particulates, and grade 3 if thick, like
toothpaste-like particulates. Each of the eight glands of the
lower eyelid was graded on a scale from 0 to 3. The scores
of the eight glands were summarized (range: 0-24) [19].
According to the anomalous of the lid margin, lid margin
score was graded as 0-4: grade O if absent of abnormal,
and if present for any of the following parameters is
recorded as 1: plugged meibomian gland orifices, vascular
congestion, irregularity of the lid margin, and partly
expression of the mucocutaneous borderline [20]. Com-
bined with the upper and lower eyelid margins, the total
score ranges from 0 to 8.

2.2.8. Meibograde. Meibographies of the upper and lower
eyelids were captured by the OCULUS Keratograph 5M
(Wetzlar, Germany), and the meibomian gland dropout rate
was analyzed qualitatively by Image] software (National
Institutes of Health, USA). Meibograde of each eyelid was
scored based on the meibomian gland dropout rate: 0 if
meibomian gland area of loss=0%, 1 if dropout rate less
than 1/3 of the meibomian gland, 2 if dropout rate ranges
from 1/3 to 2/3 of the meibomian gland, and 3 if dropout
rate was over 2/3 of the meibomian gland. Meibogrades of
the upper and lower eyelid were summed to a grade as 0-6
for each eye [21].

2.3. Meibum Inflammation Cytokines

2.3.1. Meibum Samples Collection. A disposable 2.2 uL
collector (Seinda, Guangdong, China) was applied to obtain
meibum samples at the orifice of the central meibomian
glands of the upper and lower eyelid margin with meibo-
mian massage simultaneously. The meibum samples were
transferred into little microtubes immediately and then
stored at -80°C for further assays.

2.3.2. Assays for Inflammation Cytokines. MILLIPLEX MAP
High Sensitivity T Cell Magnetic Bead Panel (Merck EMD
Millipore, Billerica, MA, United States) for monokine
induced by IFN-y (MIG), interferon-gamma (IFN-y),
interleukin (IL)-8, interferon-inducible protein-10 (IP-10),
and monocyte chemotactic protein-1 (MCP-1) was used
according to the manufacturer’s instructions. Luminex lig-
uid suspension chip detection was performed using Huaying
Biotechnologies (Shanghai, China). Briefly, meibum samples
were incubated in microbead-embedded 96-well plates over-
night at 4°C and subsequently incubated with the detection
antibody for 1h at room temperature at the next day. Next,
Streptavidin-Phycoerythrin was added into each well of the
plate and incubated for 30 min at room temperature, and
the values were detected by a Luminex 200 system (Luminex
Corporation, Austin, TX, United States).

2.4. Statistical Analyses. Data were analyzed using SPSS
v.17.0 software (SPSS Inc.). Categorical data between the
two groups were evaluated for statistical significance using
the chi-square test. Continuous variables were presented as
the mean + standard deviation. The normal distribution test
was performed to check whether the numerical variables
were normally distributed. To compare the ocular parame-
ters and levels of chemokine concentration, an independent
sample t-test was used. The correlations between the ocular
parameters and levels of chemokine concentration were per-
formed using the Pearson rank correlation test. The results
are indicated as p values, where p < 0.05 was considered to
indicate a statistically significant difference.

3. Results

3.1. Demographic Data and Clinical Characteristics. Twenty
MGD subjects whose MQ scores were above 8 with a mean
age of 35.30 + 9.71 years (14 females, 6 males) were enrolled
and compared with twenty MGD subjects whose MQ scores
were less than 8 (mean age: 34.35 + 5.76 years; 13 females, 7
males). No significant differences in terms of sex (2 = 0.109,
p =0.744) and age (p =0.709) were found between the two
groups. The demographic data and ocular surface parame-
ters in MGD subjects with MQ > 8 and MGD with MQ <8
were listed in Table 1.

The meibomian gland function was comprehensively
evaluated by MGE, MQ, meibograde, and lid margin. By
comparing the meibomian gland function-related markers,
subjects with more MQ scores showed more severe clinical
manifestations than subjects with low MQ score (MGE:
***p <0.001, MQ: ***p <0.001, meibograde: ***p < 0.001,
lid margin: ***p <0.001; Table 1). NIKBUT, FBUT, and



TaBLE 1: Demographic data and clinical characteristics of MQ > 8
and MQ < 8. (Mean + SD).

Disease Markers

TaBLE 2: Comparison of meibum inflammation cytokines between
MQ > 8 and MQ < 8 (Mean + SD).

<

?;[3 ;()&; ?ﬁg 50% p value
Age (years) 3530£9.71 34.35+£5.76 0.709
F/IM 14/6 13/7 0.744
MGE score 1.50 +0.51 0.75+0.72  <0.001
MQ score 16.80 + 3.14 5.80+2.59 <0.001
Meibograde score 4.00£1.45 1.75£0.55  <0.001
Lid margin score 1.90+0.64  0.65+0.67 <0.001
NIKBUT (s) 5.657+0.96 6.982+1.20 <0.001
FBUT(s) 4.725+0.98 5.875+0.83 <0.001
LLT (nm) 57.05+£9.29 64.90+7.77 0.006
CFS score 1.10+1.17 0.90+£0.97  0.558
OSDI score 45.09+15.92 34.63+13.70 0.032
SIT (mm/5 minutes) 12.50+3.98 10.15+4.44 0.086
TMH (mm) 0.211+0.05 0.181+0.03 0.029

Incomplete blink rate (%) 51.50 £22.31 44.50+22.12 0.325

MGE: meibomian gland expressibility; MQ: meibomian gland quality;
NIKBUT: noninvasive keratograph, tear film break-up time; FBUT:
fluorescein break-up time; LLT: lipid layer thickness; OSDI: Ocular
Surface Disease Index; SIT: Schirmer TMH, tear meniscus height; CFS:
fluorescein staining score. Significant differences between MQ > 8 and MQ
< 8 values. The bold values mean significant results. *p < 0.05, ** p < 0.01,
*** p<0.001.

LLT are the major indexes of tear film stability. The values of
the NIKBUT, FBUT, and LLT in MGD subjects with high
MQ scores were significantly lower than those in MGD sub-
jects with low MQ score (NIKBUT: ***p <0.001, FBUT:
***p <0.001, LLT: **p = 0.006; Table 1). The OSDI score in
MQ > 8 subjects was mildly higher than that in subjects
MQ<8 (*p=0.032). Tear secretion was assessed by SIT
and TMH, and we found TMH and SIT was slightly higher
in MQ > 8 subjects than that in subjects MQ <8. TMH
showed a significant difference between the two group sub-
jects (*p=0.029), while no significant difference in SIT was
found (*p=0.086). The CFS and incomplete blink rate
showed no significant differences between MGD subjects
with high MQ scores and with low MQ scores.

3.2. Meibum Inflammation Cytokines. Five inflammatory
cytokines (MIG, IFN-y, IL-8, IP-10, and MCP-1) were
examined and analyzed in meibum samples in both group
subjects. Based on inflammatory cytokines results, MIG,
IP-10, and MCP-1 were found clearly elevated in MGD sub-
jects with high MQ score than that in MGD subjects with
low MQ score (MIG: *p =10.038, IP-10: *p =0.019, MCP-1:
*p=0.040; Table 2). No significant differences of IFN-y
and IL-8 levels were found in meibum inflammation cyto-
kines between the two group subjects (IFN-y: p=0.095,
IL-8: p=0.173; Table 2).

3.3. The Correlation between Meibum Cytokines and Ocular
Surface Parameters. The meibum cytokines were identified

MQ>8(n=20) MQ<8(n=20) pvalue
MIG (pg/mL) 768.40 £ 376.92 550.35 + 251.40 0.038
IFN-y (pg/mL) 150.46 +£31.43 136.33 £19.43 0.095
IL-8 (pg/mL) 135.48 £50.17 112.97 £52.30 0.173
IP-10 (pg/mL) 2472.16 £ 356.81  2159.75+446.96  0.019
MCP-1 (pg/mL) 101.82 £41.33 73.27 £43.74 0.040

MIG: monokine induced by IFN-y; IFN-y: interferon-gamma, IL-8:
interleukin (IL)-8; IP-10: interferon-inducible protein-10; and MCP-1:
monocyte chemotactic protein-1. Significant differences in inflammation
cytokines between MQ>8 and MQ<8 values. The bold values mean
significant results. *p <0.05, **p < 0.01, ***p < 0.001.

to be significantly affecting meibomian gland function and
tear film stability (Figure 1). The MGE was found positively
correlated with the level of MIG (r=0.600, ***p < 0.001),
IL-8 (r=0.465, **p=0.002), and IP-10 (r=0.719, ***p <
0.001) (Figure 1(a)). The MQ was found positively corre-
lated with the level of MIG (r = 0.579, ***p < 0.001), IFN-y
(r=0.321, *p=0.044), IL-8 (r=0.444, **p=0.004), and
IP-10 (r=0.601, ***p < 0.001) (Figure 1(b)). The lid margin
was found positively correlated with the level of MIG
(r=0.471, **p =0.002), IP-10 (r =0.569, ***p < 0.001), and
MCP-1 (r=0.496, ***p < 0.001) (Figure 1(c)). The meibo-
grade was found positively correlated with the level of MIG
(r=0.471, **p=0.002), IFN-y (r=0.489, **p =0.001), IP-
10 (r=0.325, *p=0.041), and MCP-1 (r=0.520, **p=
0.001) (Figure 1(d)).

Moreover, meibum chemokines seriously affected the
stability of the tear film. The NIKBUT was found negatively
correlated with the level of MIG (r =-0.438, **p =0.005),
IL-8 (r=-0.339, *p=0.032), and MCP-1 (r=-0.425,
**p =0.006) (Figure 1(e)). All five cytokines were found neg-
atively correlated with FBUT (MIG: r = —0.590, ***p < 0.001,
IFN-y: r = —0.399, *p =0.011, IL-8: r = —0.421, **p = 0.007,
IP-10: r=-0.388, *p=0.013, and MCP-1: r=-0.394, *p=
0.012) (Figure 1(f)). The LLT was found negatively corre-
lated with the level of MIG (r = -0.464, **p = 0.003), IFN-y
(r=-0.463, **p=0.003), and MCP-1 (r=—-0.716, *** p<
0.001) (Figure 1(g)). However, no significant correlation
was found between CFS and five meibum cytokines.

In tear secretion and OSDI, the concentrations of mei-
bum cytokines were also found partially correlated with
these parameters. The OSDI was positively correlated with
the level of MIG (r =0.561, ***p < 0.001), IFN-y (r =0.321,
*p=0.043), and IL-8 (r =0.641, ***p < 0.001) (Figure 1(i)).
MIG was positively correlated with TMH (r=0.324, *p=
0.041; Figure 1(j)), while no significant correlation was
found between SIT and five meibum cytokines (Figure 1(k)).

4. Discussion

MGD is a chronic disease with a high level of prevalence
among the human population and creates long-term damage
to the ocular surface [3]. In consideration of the importance
of inflammation in MGD, exploration and identification of
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correlations were found between MGE and other inflammatory cytokines (all p>0.05). (b) MQ score. The level of MIG (r=0.579,
***p <0.001), IFN-y (r=0.321, *p =0.044), IL-8 (r=0.444, **p=0.004), and IP-10 (r=0.601, ***p < 0.001) is positively correlated with
the MQ score. No significant correlations were found between MQ and MCP-1 (p >0.05). (¢) Lid margin score. The level of MIG
(r=0.471, **p=0.002), IP-10 (r=0.569, ***p < 0.001), and MCP-1 (r=0.469, ***p <0.001) is positively correlated with the lid margin
score. No significant correlations were found between lid margin and other inflammatory cytokines (all p > 0.05). (d) Meibograde score.
The level of MIG (r=0.382, *p=0.015), IEN-y (r=0.489, **p=0.001), and MCP-1 (r=0.520, **p=0.001) is positively correlated with
the meibograde score. No significant correlations were found between meibograde score and other inflammatory cytokines (all p > 0.05).
(e) NIKBUT. The level of MIG (r =—-0.438, **p =0.005), IL-8 (r = -0.339, *p =0.032), and MCP-1 (r = -0.425, **p = 0.008) is negatively
correlated with the NIKBUT. No significant correlations were found between NIKBUT and other inflammatory cytokine (all p > 0.05).
(f) FBUT. The level of MIG (r =—0.590, ***p < 0.001), IFN-y (r = —0.399, *p=0.011), IL-8 (r=-0.421, **p =0.007), IP-10 (r = —0.388,
*p=0.013), and MCP-1 (r=-0.394, *p=0.012) is negatively correlated with the FBUT. (g) LLT. The level of MIG (r=-0.464, **p =
0.003), IFN-y (r=-0.463, *p=0.044), and MCP-1 (r=-0.761, ***p <0.001) is negatively correlated with the LLT. No significant
correlations were found between LLT and other inflammatory cytokines (all p > 0.05). (h) CFS score. No significant correlations were
found between CFS scores and each inflammatory cytokine (all p > 0.05). (i) OSDI score. The level of MIG (r=0.561, ***p < 0.001),
IFN-y (r=0.321, *p=0.043), and IL-8 (r =0.641, ***p < 0.001) is positively correlated with the OSDI. No significant correlations were
found between OSDI and other inflammatory cytokines (all p>0.05). (j) TMH. The level of MIG (r=0.324, *p=0.041) is positively
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correlations with meibum inflammatory cytokines and ocular surface parameters. The bold values mean significant results. *p < 0.05,
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the potential inflammatory cytokines that are specifically
involved in the pathogenesis of MGD has a large signifi-
cance. Once a particular cytokine in meibum was found to
be tightly related to the severity of the disease, then the
inhibitor or agonist targeted to the particular cytokine could
be developed as a potential therapeutic agent of MGD. This
is the original purpose of our research, and some meaningful
data were obtained.

In the current study, the majority of ocular parameters in
MQ > 8 group exhibited more serious clinical characteristics,
and they were statistically significant in contrast to MQ < 8
group. About meibum inflammation cytokines, the levels
of 3 meibum inflammation cytokines (MIG, IP-10, and
MCP-1) of the 5 inflammatory cytokines we examined were

largely elevated in MGD patients with worse meibum
quality. Integrated with these two parts these results, a con-
clusion can be drawn that the increase of meibum inflamma-
tory cytokines accompanied with more serious disease
degree. A previous study [22] showed that increased levels
of various inflammatory cytokines in tears (IL-6, IL-8,
TNF-a, and IFN-y) were found in MGD patients than
normal people, and these inflammatory cytokines were also
associated with meibomian gland function and tear stability.
Another report [23] investigated the tear inflammation cyto-
kines between normal subjects and MGD patients, and it
was observed that the amount of inflammation cytokines
(such as TNF-a, IL-1f3, IL-6, IL-8, IL-12p70, and IFN-y)
was significant elevated in the tear of MGD patients, so
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inflammation may serve as the core characteristic in MGD
patients. These reports verified our conclusion that worse
meibomian gland function was closely associated with a
higher level of tear inflammation cytokines. Thus, an
inseparable relationship between the abnormalities of the
meibomian glands is in association with ocular surface
inflammation [9].

The 3 cytokines found robustly elevated in meibum are
all classified to the chemokine family. MIG and IP-10 were
included in CXCL family, while MCP-1 was included in
CCL family. MIG/CXCL9 and IP-10/CXCL-10, also named
“interferon-inducible CXC chemokine receptor 3 ligands”,
are ELR-negative CXC chemokines induced by IFN-y or
other stimuli during infection or inflammation in several
immune cell [24]. Several studies [25, 26] have demonstrated
that they can effectively activate and recruit T lymphocytes
to the target organ in vivo to exert immune chemotaxis
function. In the current study, the increases in MIG and
IP-10 levels were found positively correlated with worse
meibomian gland function, while they were negatively corre-
lated with tear stability. Combined the robust immunomod-
ulatory effect of CXCL family (MIG/CXCL-9 and IP-10/
CXCL-10) [27-29] with the highly expression of these two
chemokines in MGD patients, we speculated that MIG and
IP-10 play a critical role in the pathogenesis of MGD.

According to relevant studies [30], CXC chemokines
were pointed out to be associated with neovascularization,
and CXC chemokines which lack of ELR (MIG/CXCL-9,
IP10/CXCL-10) are potent inhibitors of angiogenesis and
microvascular. The antiangiogenesis effect of MIG and
IP10 have been applied and certified in the treatment of
various diseases [31, 32]. Neovascularization and microvas-
cular in lid margin can be found among many MGD patients
[6, 33], so the treatment targeted on neovascularization and
microvascular (IPL) in lid margin has been proved to be
effective in MGD patients [34]. Hence, we speculated that
the increase of MIG and IP-10 in meibum treatment
may potentially achieve the therapeutic effect on MGD
by downregulating angiogenesis cytokines to inhibit neo-
vascularization and microvascular in lid margin. Based
on the transitional inflammatory and obvious neovascular-
ization responses in MGD, systemic and topical treatment
which can combine anti-inflammation with antiangiogen-
esis should be accepted in regular strategies to maintain
the normal function of meibomian glands, and especially
novel molecular targeted on MIG and/or IP-10 may have
great prospects in clinical.

MCP-1, also named as CCL-2, is an inflammatory
cytokine that is specific for monocyte chemotactic proteins
and can bind to NF-«B nuclear factor DNA to induce dif-
ferent immune cell migration to the designated tissue and
trigger downstream signals to exert immune regulation
functions [35, 36]. Our study has identified that MCP-1
was closely related with NIKBUT and FBUT, while not
correlated with MGE and MQ. Compared to CCL chemo-
kine family, we inferred that CXCL chemokines should be
focused as the core pathogenesis of MGD. Based on the
transitional expression of CXCL chemokines in meibum
in MGD subjects, topical anti-CXCL-inflammation treat-
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ment have more potential to develop as novel strategies
in the treatment of MGD.

Furthermore, there was no significant difference in the
levels of IFN-y and IL-8 between the two groups, but rela-
tionships were found between partially ocular parameters
with these two cytokines in meibum. IL-8, also named as
CXCL-8, is the most well-known molecule in the CXCL che-
mobkine family, which has great attractive chemotactic effects
on neutrophils, lymphocytes and basophils [37]. In contrast
to normal people, IL-8 was found significantly elevated in
tears in all kinds of dry eye patients, not just limited to
MGD. Therefore, IL-8 may be positioned as the critical path-
ogenesis of various types of dry eye, and it strongly affects
ocular discomfort symptoms [23, 38]. IL-8, as a vital mem-
ber of the CXCL family, was confirmed to be related with
MGE and MQ, thus the key role of CXCL family in main-
taining normal meibomian gland function was confirmed
once more. IFN-y, the only member of type II interferon,
is mainly secreted by natural killer cells (NK) and natural
killer T cells (NKT) cells in the process of innate immunity
and is also secreted by CD4 Thl and CD8 cytotoxic T cells
in the process of antigen-specific immunity [39]. Similar to
IL-8, IFN-y has also been proved to be significant elevated
in most kinds of dry eye [23, 40]. OSDI, the only index
to assess the subjective symptoms of dry eye, was found
closely related to the levels of IL-8 and IFN-y. Therefore,
a combination therapy including anti-CXCL with anti-IL-8/
anti-IFN-y agent can simultaneously alleviate the ocular
parameters and mitigate the discomfortable symptoms in
MGD, to yield twice the result with half the effort.

Since the tear microenvironment is affected by various
aspects, including tear quantity secreted by the lacrimal
gland, meibum produced by the meibomian gland, and
mucins secreted by the corneal and conjunctival epithelium
[9], thus, the examination of the tear samples cannot be
directly extrapolated to evaluate the function of meibomian
gland. Meibum, as a noninvasive and convenient sample to
obtain from meibomian glands directly, is the best carrier
to reveal the microenvironment of meibomian glands.
Therefore, the data obtained from meibum may be more
accurate than the tear samples in the study of MGD. It is
worth noting that meibum samples from MGD subjects
were collected to more directly investigate the inflammation
of meibomian glands, and we found that the expression of
meibum inflammatory cytokines, especially chemokines
(MIG, IP-10, and MCP-1) increased with the aggravation
of MGD disease and can be detected as sensitive biomarkers
in pre-evaluation the extent of MGD.

Due to the limitation of the small number of subjects, the
inadequate number of inflammatory cytokines was also a
deficiency in the current study. Furthermore, inflammatory
cytokines have only been detected by Luminex chip without
rechecked by ELISA assay, which is a shortcoming of the
current study. Thus, further studies should be conducted
with a larger number of participants examined with more
analysis of meibum inflammatory cytokines using both
Luminex chip and ELISA assay, to explicit illustrate more
novel crucial cytokine biomarkers of MGD patients with
strong evidence.
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To the best of our knowledge, this study is the first to
identify the chemokines in meibum samples, and we found
that they were closely correlated with meibomian function
and tear film instability. As the most direct and available
carrier of meibomian gland secretion, the meibum sample
is clearly more ideal for exploring the microenvironment
of the meibomian glands than the tear sample. The current
study provides a solid foundation for the technical support
of meibum inflammatory cytokines in further meibomian
gland inflammation research. Moreover, to prove that che-
mokines, especially CXCL family, play an important role in
the pathogenesis of MGD, it can be well applied in develop-
ing novel therapeutic agents for MGD in clinical.
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Retinal vein occlusion (RVO) is one of the most common retinal vascular diseases leading to vision loss if not diagnosed and
treated in time. RVO can be classified into two types: CRVO (blockage of the main retinal veins) and BRVO (blockage of one
of the smaller branch veins). Automated diagnosis of RVO can improve clinical workflow and optimize treatment strategies.
However, to the best of our knowledge, there are few reported methods for automated identification of different RVO types. In
this study, we propose a new hypermixed convolutional neural network (CNN) model, namely, the VGG-CAM network, that
can classify the two types of RVOs based on retinal fundus images and detect lesion areas using an unsupervised learning
method. The image data used in this study is collected and labeled by three senior ophthalmologists in Shanxi Eye Hospital,
China. The proposed network is validated to accurately classify RVO diseases and detect lesions. It can potentially assist in
further investigating the association between RVO and brain vascular diseases and evaluating the optimal treatments for RVO.

1. Introduction

Early changes in the retina are influenced by many factors,
such as unfavorable environmental factors, including aging,
a high-carbohydrate diet, and a sedentary lifestyle [1], and
systemic diseases, including hyperglycemia [2], hyperlipid-
emia [3], and hypertension [4]. Retinal blood vessels are
the only blood vessels available for noninvasive imaging in
the human body. The pathological changes in retinal blood
vessels occur much earlier than clinical symptomatic lesions.
Therefore, retinal images have been widely used to detect
early signs of systemic vascular diseases. In recent years, with
an increase in the elderly population and the acceleration of
the aging society in China, the fundus diseases of the elderly
occur more frequently. Impaired vision can significantly

impact an older person’s quality of life and ability to live
independently [5].

Retinal vessels are important structures of our eyes [6],
and their detection and analysis are of great significance
for the study of ocular diseases. Patients with retinal diseases
may exhibit serious complications that cause severe visual
impairment owing to a lack of awareness of retinal diseases
and limited medical resources [7]. Retinal vein occlusion
(RVO) [8] is one of the important eye diseases considered
a risk factor for cardiovascular mortality and stroke in aging
people [9]. Its typical symptoms include exudate [10], capil-
lary nonperfusion [11], collateral formation [12], microa-
neurysm [13], sclerosed veins [14], and telangiectatic
vessels [15]. Ischemic RVO is usually complicated by macu-
lar edema (ME) [16] and retinal and iris neovascularization
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[17], resulting in significant visual loss. RVO is classified into
central and branch RVO (CRVO and BRVO). CRVO
involves superficial or deep retinal hemorrhages (HEs) [18]
that are scattered around the vein near the lamina cribrosa
[19], and BRVO involves hemorrhages occurring within
the occluded venule from the retinal sector to the blood sup-
ply sector, which is caused by arterial compression onto
veins [20] (see Figure 1). RVO is the second most common
retinal vascular eye disease after diabetic retinopathy (DR)
[21]. If RVO is not treated in a timely manner, it can lead
to serious complications that cause severe visual impairment
[22, 23]. So far, the number of patients with RVO has
increased [24], but our understanding of its pathogenesis,
our ability to modify the final visual outcome, and the avail-
ability of treatments to effectively intervene in the progres-
sion of the disorder are all relatively limited [25].

Diagnosing ophthalmological diseases through deep
learning models [26] has been used broadly in recent years
[27]. A convolutional neural network (CNN) is one of the
most famous deep learning architectures designed in 1989
[28]. Krizhevsky et al. [29] trained a large CNN architec-
ture with eight layers and millions of parameters using a
large ImageNet data set containing 1 million training
images. In the field of ophthalmology, Litjens et al. [27]
used a CNN to automatically segment macular edema
based on OCT images. Google used a CNN network to
automate the classification of diabetic retinopathy [30]
and obtained the experimental results of 99% referral
accuracy by training more than 100,000 data sets. The
technology has been approved by the FDA as an official
medical product. CNN is good at extracting feature infor-
mation of different colors, spaces, and edges of images by
using convolution modules of different scales and integrat-
ing all features into higher-order abstract features of
images through continuous nonlinear transformation com-
binations. High-order abstract features and basic features
are used together in the final learning process. CNN is
almost a conventional method for medical image analysis,
including color fundus images (CFIs) [27]. It is better in
configuring spatial information by taking images as input.
The achievements of CNN in autodiagnosis on different
medical aspects can be found in [27], and it has been
proved to surpass humans in some cases. So far, a hierar-
chical CNN architecture capable of distinguishing between
normal CFIs and BRVO CFIs has been proposed by
Zhang et al. [31] and developed by Zhao et al. [32]. Over
the past several years, many modified and deeper CNN
architectures have been proposed, which are not only used
in the medical imaging domain but also widely applied in
other domains [33].

Our study proposed an advanced model that can classify
all normal, CRVO, and BRVO CFIs and detect the visible
hemorrhage areas. It will help ophthalmologists realize
computer-aided diagnosis in pathological analysis [34] to
alleviate their pressure and discover and treat RVO as early
as possible [35]. We will illustrate the methods employed
in our model in the next chapter, followed by experimental
results and final remarks in the third and fourth chapters,
respectively.
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2. Materials and Methods

When dealing with medical images, the structural and con-
figuration information between adjacent pixels is a great
source for analysis. A CNN that combines convolutional
layers, pooling layers, and fully connected layers is more
capable of extracting this type of information from 2D or
3D images. Convolutional layers apply a convolution opera-
tion by processing images only in receptive fields and adapt-
ing the weights gradually during the learning process.
Pooling layers are usually followed by convolutional layers
to reduce the dimensions of their output. Fully connected
layers flatten data from previous layers to one dimension.
A simple CNN framework is shown in Figure 2.

In this study, we also use the same data sets to conduct
the control experiments on Resnet-34 [37], Inception-V3
[38], and MobileNet [39] models. Resnet [40] is the cham-
pion of the ImageNet large-scale visual recognition challenge
(ILSVRC) in 2015. Resnet-34 [37] model is mainly com-
posed of residual blocks, through which a deep network
can be built and residual learning can be carried out in the
feature extraction process. The Inception model is a deep
CNN architecture proposed by Szegedy et al. [41] in ILSVRC
2014. The asymmetric multiconvolution kernel structure of
the Inception-V3 [38] model performs the splitting opera-
tion on the larger convolution. Convolution kernels with dif-
ferent sizes are adopted so that receptive fields of different
sizes can exist. The calculation efficiency of model parame-
ters is improved, and the overfitting of the model is reduced.
The MobileNet [39] model was proposed by a Google team
[42] in 2017 and consists of a series of basic deep separable
convolution (DSC) units. The model has a high precision
and involves a small number of parameters and calculations.

2.1. Model Architecture. The study introduces a new CNN
framework to classify RVO types and detect lesions. It is
known as the VGG-CAM network, which utilizes a modified
VGG19 network, general average pooling (GAP), class acti-
vation mapping (CAM), and CAM attention.

VGG19 [43] is a CNN architecture introduced by
Simonyan and Zisserman. They used small receptive fields
(3 x 3 matrix) to detect features from different positions of
images and added the number of convolutional layers to
increase the reception area for these receptive fields. Our
VGG-CAM network reduces the number of fully connected
layers in the original VGG19 networks from three to one
and replaces them with a GAP layer. In the feature extrac-
tion stage, the auxiliary classifier and CAM attention layer
are introduced to further enhance the model’s activation
weight for the lesion area. An additional CAM layer is con-
nected with the GAP layer for lesion detection. SoftMax is
applied as an activation function for the final fully connected
layer, which predicts probabilities of different classes that the
CFI can be labeled. The 24-layer framework of the VGG-
CAM network is shown in Figure 3.

In the VGG-CAM network, the GAP layer preserves
more information from input images [44], which helps
detect lesion areas in the input image. Compared with aver-
age pooling, GAP only outputs one parameter from each
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FIGURE 1: (a) Normal retina images, (b) CRVO retina images, and (c) BRVO retina images.
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FIGURE 2: A simple CNN framework containing input, convolutional, pooling (subsampling), and fully connected layers (Heung-II, [36]).
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FiGure 3: Framework of VGG-CAM model for RVO classification and lesion detection.
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FIGURE 4: Examples of average pooling and GAP.

receptive field (see Figure 4). Compared with the former, it
uses less time to optimize the network. Lin et al. proved that
the reduction of parameters in GAP has no effect on the
accuracy of final networks [44].

The CAM layer’s computation is as follows:

C
CAM= Y w, x F, (1)
i=0

where C represents the number of channels in the feature
map of the previous GAP layer. For each feature channel,
the CAM layer augments products of weights w; from the
fully connected layer and feature maps F; before the GAP
layer, as seen in Figure 5.

The CAM layer first uses Equation (1) to compute the
class activation image of the original CFIs. It then applies

bilinear interpolation to turn the class activation image into
the size of the original image, followed by a threshold seg-
mentation to detect the lesion location.

In the feature extraction stage, some useless information
often affects the final classification accuracy; further, the
extraction of key pathological features is the key to classifica-
tion. The attention mechanism can guide the model to inde-
pendently select the lesion area to be noticed. The feature
weights are generated by introducing the auxiliary classifier
and CAM attention layer after the sixth pooling layer. The
feature weight is introduced into the feature map of the
10th layer to improve the model’s attention and learning of
the lesion area and further improve the final classification
effect and the accuracy of lesion detection.

2.2. Image Preprocessing. Input images were mainly prepro-
cessed by contrast limited adaptive histogram equalization
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FIGURE 5: RVO lesion detection by CAM.

(CLAHE) to increase contrast in original images [45]. Flip-
ping, twisting, and zooming were used as well to increase
the variety in our image database, which improves the
model’s ability to recognize various RVO images. Figure 6
presents the differences between original and preprocessed
input images.

2.3. Model Initialization

2.3.1. Transfer Learning. Transfer learning [46] applies pre-
trained weights on a network from another problem as the
initial weights for the same network in a different problem.
In the problem of image processing, the shallow network
of a neural network is mainly responsible for the feature
extraction of shallow elements in an image, such as points,
edges, and other such elements. Universal pretrained
weights can reduce the network’s learning time on a differ-
ent problem [47]. The VGG-CAM model used pretrained
weights from ImageNet as initial weights, which was trained
by over a million images containing over 1,000 labeled
images (https://www.image-net.org/).

2.3.2. Stage-Wise Training. Stage-wise training [48] assigns
priority to features of images. It separates the entire learning
process into several sublearning processes, and the ability to
extract different levels of image features is achieved through
different learning processes. It allows information from the
images to be processed gradually in the model [49]. In the
earliest stage (the first eight layers in our model), the net-
work accessed only a subset of the image, especially its
coarse-scale features. Following stage II (8th to 13th layers)
and stage III (13th to 18th layers), finer information was
extracted from the image, and the feedback was used to
evolve the previous stages for a better prediction. Stage III
is the only prior for feature learning of the final stage (the
fully connected layer).

2.3.3. Environment. Operating system: Ubuntu 18.04 LTS;
language: Python 3.6.8, Keras; GPU: GTX1080ti; CPU: Intel
i7; Memory: Kingston DDR4 16 G.

3. Results and Discussion

3.1. Evaluation Metrics. In this experiment, the ability to
identify unsupervised lesions was tested first, and then, the
classification performance of the VGG-CAM model was
tested in terms of sensitivity (Se), specificity (Sp), and
Kappa. The calculation formulas of each index are shown
below.

TP

= e—_— 2

S = NS TP 2)
TN

S = —| 3

P BTN 3)
P, —P

Kappa = IO_PE. (4)

e

In Equations (2) and (3), TP indicates that the positive
class is predicted as the positive class number, TN indicates
that the negative class is predicted as the negative class num-
ber, FN indicates that the negative class is predicted as the
positive class number, and FP indicates that the negative
class is predicted as the positive class number.

In Equation (4), P, represents the sum of the number of
samples correctly classified for each class divided by the total
number of samples, that is, the overall classification accu-
racy. Assume that the real number of samples of each class
is a,, a,, -+, a,, respectively, the predicted number of sam-
ples of each class is by, b,, --+, b,, respectively, and the total
number of samples is #; then, P, is expressed as

p_% xb, +a,xby+-+a, xb, (5)
e nxn '

3.2. Lesion Detection. Figure 7 presents examples of a
detected lesion in BRVO and CRVO CFIs. For BRVO CFlIs,
the VGG-CAM network is sufficiently capable of identifying
exudate, sclerosed veins, and hemorrhages. However, the
network only highlights parts of a hemorrhage when the
hemorrhage area is large. As for CRVO that has hemorrhage
spreading all over the retina, the VGG-CAM network only
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FIGURE 6: Input images before and after preprocessing.
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FIGURE 7: Lesion detection by VGG-CAM network on problematic areas of BRVO and CRVO.

indicates the central area of hemorrhage, namely, lamina
cribrosa.

3.3. RVO Classification. The performance of the VGG-CAM
network on the validation set is shown in Figure 8 and

Table 1. Model scores of the VGG-CAM network (see
Table 1) show that the model has a high sensitivity and spec-
ificity in classifying BRVO, CRVO, and normal CFIs. When
distinguishing between RVO and normal CFIs, the model
has only one misclassified image. When distinguishing
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FiGure 8: Confusion matrix of VGG-CAM network on validation
set.

TaBLE 1: VGG-CAM network model scores on RVO classification.

Prediction  Sensitivity ~ Specificity Kappa Number of CFIs
BRVO 0.94 0.99 0.97 151
CRVO 0.99 0.96 0.88 93
Normal 0.98 0.99 0.98 53

TaBLE 2: Comparison of the results of various methods on RVO
classification.

Model Sensitivity ~ Specificity
Resnet-34 0.92 0.92
Inception-V3 0.90 0.91
MobileNet 0.89 0.90
VGG-CAM without CAM attention 0.95 0.94
VGG-CAM attention 0.97 0.96

between BRVO and CRVO CFlIs, it mislabeled eight CRVO
images as BRVO. However, the sensitivity and specificity
of classifying the three labels are above 94%, and the speci-
ficity is above 96%. The results of BRVO and normal CFIs
are over 97% in the Kappa coefficient, but the results of
CRVO CFlIs are only 88%.

From the experimental results in Table 2, it can be seen
that the sensitivity and specificity of the model after adding
CAM and CAM attention layers are significantly improved
when compared with the current classification models with
better effects. From the results with CAM attention and
without CAM attention, it can be seen that the CAM atten-
tion layer enables the model to more effectively extract lesion
areas to enhance the final classification effect.

The following ROC curve (see Figure 9) plots the false
positive rate (FPR) against the true position rate (TPR).

7
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FiGure 9: ROC curve of VGG-CAM network performance on RVO
classification.

The closer the curve is to (0,1), the more sensitive and accu-
rate the model is. It shows that the area of all curves in the
VGG-CAM model reaches 0.99, where the area under the
curve of the normal label (1.00) indicates the model is capa-
ble of distinguishing between normal CFIs and RVO CFIs.
The curves of the BRVO and CRVO labels have an area of
0.99, which indicates a slight probability of mislabeling
between each other.

4. Conclusions

This study proposes a hybrid CNN, VGG-CAM, for RVO
classification and lesion detection. The CAM attention layer
was introduced to enhance the model’s attention to the
lesion area, and the network parameters learned from the
ultralarge data set were used for the initialization of this net-
work by migration learning. Stage training was used to
reduce the training time of the model and improve the
parameter optimization ability. Further, based on unsuper-
vised learning method, the global average pooling and class
activation methods were also used for lesion detection. The
experimental results showed that the proposed model can
accurately classify BRVO, CRVO, and normal fundus
images, detect the lesion areas, and give the prediction
results and clinical basis for the resulting judgment.
However, BRVO did not perform as well as CRVO and
normal CFIs in sensitivity. For CRVO, the current lesion
detection branches cannot achieve a high-precision predic-
tion. This proposed model was only used for the preliminary
study of fundus images in the field of view with a 55-degree
lens. We concluded that the samples lacked diversity under
the specific shooting field of the equipment. In future works,
we will improve the model performance with image data
from different medical devices and different fields of view



and further improve the lesion detection accuracy of the
model through a supervised learning method.
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1. Introduction
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Objective: The study aimed to investigate the value of pulmonary function test (PFT) in evaluating and predicting pulmonary
arterial hypertension (PAH) in patients with connective tissue disease (CTD). Methods: This was a prospective observational
study recruiting patients diagnosed with CTD-PAH. Patients with interstitial lung disease and pulmonary hypertension
induced by other causes were not eligible for enrollment. All patients were assessed for PAH every 1-3 months. A patient was
considered to have clinical improvement if the grade of risk stratification declined or at least two parameters improved during
follow-up, otherwise no improvement. Results: A total of 31 patients with CTD-PAH were recruited in this study. Nearly 70%
of patients had declined forced vital capacity (FVC), 60% had declined total lung capacity and maximum expiratory flow at
50% of vital capacity, and 95% had normal or mild decline in forced expiratory volume in 1 second (FEV1)/FVC. A decline in
diffusing capacity of the lung for carbon monoxide (DLCO) was present in 96% of patients, and 60% were moderate to severe.
Furthermore, 50% of patients had an FVC/DLCO ratio of less than 1.4. Univariate analysis showed that FEV1/FVC, DLCO,
and FVC/DLCO were associated with disease prognosis. After adjusting for age as a confounding factor, multivariate logistic
regression analysis revealed that DLCO was an independent predictive factor for the prognosis of CTD-PAH. Conclusion: The
pulmonary function of patients with CTD-PAH is abnormal in parameters such as lung volume, small airway, and gas
exchange. PFT can reveal complex pathophysiological changes in the lungs of CTD-PAH patients and predict prognosis.

terization (RHC) is the gold standard for the diagnosis of
PAH, but it is not suitable for the screening and evaluation

Pulmonary hypertension (PH) refers to a pathophysiological
syndrome of right heart failure caused by a variety of etiolo-
gies that cause pulmonary vascular bed involvement to pro-
gressively increase pulmonary circulatory resistance [1].
Among many causes of PH, connective tissue disease-
associated pulmonary arterial hypertension (CTD-PAH)
accounts for about 25% [2]. PAH is one of the serious com-
plications of CTDs [3]. Compared with idiopathic pulmo-
nary arterial hypertension (IPAH), patients with CTD-
PAH have a worse prognosis [4]. Early identification, regular
assessment, and targeted treatment are important strategies
to improve the prognosis of PAH [5, 6]. Right heart cathe-

of PAH because of its invasiveness and complicated opera-
tion [7]. Echocardiography is usually used clinically as the
primary screening method for PAH, but there are certain
differences compared with the results of RHC [8-11]. In
PAH, pulmonary vascular endothelial proliferation, thicken-
ing of the vascular wall, and reduction of pulmonary vascu-
lar bed can lead to a decrease in diffusing capacity of the
lung for carbon monoxide (DLCO), and the decline in
DLCO is related to the severity of PAH [12, 13]. It is gener-
ally believed that PAH does not have ventilatory disorders
[14]. Therefore, pulmonary function test (PFT) is recom-
mended as a simple and easy auxiliary screening method
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for PAH [15]. However, some studies have found that
peripheral small airway obstruction is common in all types
of PH, including CTD-PAH [16-18]. The higher the World
Health Organization functional class (WHO FC), the more
serious the peripheral small airway obstruction [18]. In addi-
tion, there are studies showing that PAH has restrictive ven-
tilation difficulties [19]. Although many studies believe that
the decline of DLCO can be used as a clue for screening
PAH, Mukerjee, George, and Knight believe that DLCO
lacks sensitivity and specificity in systemic sclerosis (SSc)-
associated PAH [20]. This study aimed to investigate the
value of PFT in evaluating and predicting CTD-PAH.

2. Materials and Methods

2.1. Subjects and Study Design. This was a prospective obser-
vational study recruiting patients diagnosed with CTD-PAH
at the First Affiliated Hospital of Nanchang University from
January 2021 to July 2021. All enrolled patients met interna-
tional diagnostic or classification criteria for different types
of CTD [21, 22]. The diagnostic criteria for PAH were as fol-
lows: mean pulmonary arterial pressure (mPAP) >20 mmHg,
pulmonary artery wedge pressure (PAWP)<15mmHg,
pulmonary vascular resistance (PVR)>3 Wood units,
measured by RHC, or systolic pulmonary arterial pressure
(sPAP) >40 mmHg by transthoracic echocardiography [23].
Patients with interstitial lung disease (ILD) and PH induced
by other causes, such as IPAH, congenital heart disease,
chronic obstructive pulmonary disease, and pulmonary
thromboembolism, were not eligible for enrollment. The study
conformed to the principles of the Declaration of Helsinki and
was approved by the Ethics Committee of the First Affiliated
Hospital of Nanchang University. Written informed consent
was obtained from all individual participants.

All patients were assessed for PAH every 1-3 months by
including N-terminal prohormone of brain natriuretic pep-
tide (NT-proBNP), PFT, echocardiography, 6-minute walk-
ing distance (6MWD), WHO FC, and risk stratification
according to the 2015 European Society of Cardiology
(ESC)/European Respiratory Society (ERS) Guidelines for
the diagnosis and treatment of PH [24] and were followed
up for 6 months. A patient was considered to have clinical
improvement if the grade of risk stratification declined or
at least two parameters improved during follow-up, other-
wise no improvement.

2.2. PFT. The MasterScreen PFT System (Jaeger, Baglia, Ger-
many) was used to measure the pulmonary function of
patients. Parameters including forced vital capacity (FVC),
forced expiratory volume in 1 second (FEV1), maximum expi-
ratory flow at 50% of vital capacity (MEF50), total lung capac-
ity (TLC), and DLCO were tested. The data were expressed as
the percentage of the measured value to the predicted value,
and the percentage <80% was considered abnormal.

2.3. Statistical Analysis. For statistical analysis, the SPSS ver-
sion 22.0 (IBM, Armonk, NY, USA) and GraphPad Prism 9
(GraphPad Software, San Diego, CA, USA) were used. Con-
tinuous variables were expressed as the mean + standard
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TaBLE 1: Baseline clinical characteristics of patients with CTD-
PAH.

Characteristics Value
Total number 31
SLE 22 (76.3%)
SSc 9 (23.7%)
Age (years) 42.32+£13.82

30 (96.8%)
966.16 + 906.13
21 (67.7%)

Female
NT-proBNP (ng/L)
Stabilization of CTD

sPAP (mmHg) 47.84+9.56
RAA (cm?) 18.52 +2.51
RVBD (cm) 3.59+1.42
RAP (mmHg) 9.03 £ 3.69
TAPSE (mm) 16.17 +3.24
6MWD (m) 381.26 £ 69.42
WHO FC
I 6 (19.4%)
11 13 (41.9%)
111 9 (29.0%)
v 3 (9.7%)
Risk stratification
Low risk 8 (25.8%)
Intermediate risk 15 (48.4%)
High risk 8 (25.8%)
FVC (%) 78.56 + 15.76
FEVI/EVC (%) 83.00 + 10.65
MEF50 (%) 70.27 + 31.29
TLC (%) 80.97 + 13.44
DLCO (%) 56.84+17.39
FVC/DLCO 1.52+£0.72

SLE: systemic lupus erythematosus; SSc: systemic sclerosis; CTD: connective
tissue disease; NT-proBNP: N-terminal prohormone of brain natriuretic
peptide; sPAP: systolic pulmonary arterial pressure; RAA: right atrial area;
RVBD: right ventricular basal diameter; RAP: right atrial pressure;
TAPSE: tricuspid annular plane systolic excursion; 6MWD: 6-minute
walking distance; WHO FC: World Health Organization functional class;
FVC: forced vital capacity; FEV1: forced expiratory volume in 1 second;
MEF50: maximum expiratory flow at 50% of vital capacity; TLC: total
lung capacity; DLCO: diffusing capacity of the lung for carbon monoxide.

deviation for normally distributed data or the median [inter-
quartile range (IQR)] for nonnormally distributed data. Cat-
egorical variables were described as a number and a
percentage of the total. To compare the differences between
two groups, we used the independent samples t-test or
Mann-Whitney U test for continuous variables and the
chi-square test or Fisher’s exact test for categorical variables.
A one-way analysis of variance (ANOVA) was employed to
compare differences among three groups. Logistic regression
analysis was used to analyze the predictive value of pulmo-
nary function parameters for the prognosis of CTD-PAH.
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FEV1/FVC

m FVC > 80%

170 <FVC < 80%

B 60 <FVC <70%
FVC < 60%

m TLC > 80%

170 < TLC < 80%

B 60 < TLC < 70%
TLC < 60%

(©)

= FEV1/FVC = 80%
B 60 < FEVI/FVC < 70%
I 70 <FEVI/FVC < 80%
FEVI/FVC < 60%
(b)
MEF50

m MEF50 > 80%

70 < MEF50 < 80%
H 60 < MEF50 < 70%
" MEF50 < 60%

(d)

FiGure 1: Continued.



17.31%

DLCO = 80%

70 < DLCO < 80%
H 60 < DLCO < 70%
B DLCO < 60%
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FVC/DLCO

31.82%

m FVC/DLCO < 1.0

1.0 < FVC/DLCO < 1.2

B 12<FVC/DLCO< 14

1.4 <FVC/DLCO < 1.9

® FVC/DLCO > 1.9

®

FIGURE 1: Pie chart of different pulmonary function parameters. FVC: forced vital capacity; FEV1: forced expiratory volume in 1 second;
MEF50: maximum expiratory flow at 50% of vital capacity; TLC: total lung capacity; DLCO: diffusing capacity of the lung for carbon

monoxide.
TaBLE 2: Comparisons of pulmonary function parameters among different risk groups.

Parameters Low risk Intermediate risk High risk P value
FVC (%) 81.23 £15.20 76.80 +£12.57 67.09 +22.31 0.104

FEV1/FVC (%) 85.03 £ 15.54 93.17 £ 8.65 83.03+7.43 0.029

MEF50 (%) 69.88 +39.40 71.12 +£26.32 35.81+22.93 0.021

TLC (%) 82.25+10.44 78.58 £11.29 74.59 £ 15.08 0.287

DLCO (%) 69.67 +£7.62 48.89 +13.22 44.65 + 16.44 <0.001
FVC/DLCO 1.18+£0.29 1.71+0.74 1.52+0.18 0.014

Bold values are statistically significant (P < 0.05). FVC: forced vital capacity; FEV1: forced expiratory volume in 1 second; MEF50: maximum expiratory flow

at 50% of vital capacity; TLC: total lung capacity; DLCO: diffusing capacity of the lung for carbon monoxide.

All statistical tests were two-tailed, and pvalue < 0.05 was
considered statistically significant.

3. Results

3.1. Baseline Characteristics. A total of 31 patients with
CTD-PAH, including 22 patients with systemic lupus ery-
thematosus (SLE) and 9 patients with systemic sclerosis
(SSc), were recruited in this study. All patients were treated
with PAH target therapy. Only 3 patients at low risk were
treated with monotherapy, and the rest were treated with
combination therapy. The baseline clinical characteristics
were shown in Table 1.

As shown in Figure 1, nearly 70% of patients had
declined FVC, 60% had declined TLC and MEF50, and
95% had a normal or mild decline in FEV1/FVC. A decline
in DLCO was present in 96% of patients, and 60% were
moderate to severe. Furthermore, 50% of patients had an
FVC/DLCO ratio of less than 1.4.

3.2. Comparisons of Pulmonary Function Parameters among
Different Risk Groups. The ANOVA test indicated that
FEV1/FVC, MEF50, DLCO, and FVC/DLCO were signifi-
cantly different among low risk, intermediate risk, and high
risk groups (Table 2). In particular, DLCO declined signifi-
cantly with the rise of risk stratification of PAH, while
FEV1/FVC and FVC/DLCO were also significantly different
among different risk groups, but there was no declining
trend. Multiple comparisons showed that there was no sig-
nificant difference in MEF50 between the low and interme-
diate risk groups, but there was a significant decline in the
high risk group compared with the lower risk group.

3.3. Predictive Value of Pulmonary Function Parameters.
After 6 months of follow-up in all patients, 17 patients were
clinically improved and 14 were not. Univariate analysis
showed that FEV1/FVC, DLCO, and FVC/DLCO were asso-
ciated with disease prognosis (Table 3). After adjusting for
age as a confounding factor, multivariate logistic regression
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TaBLE 3: Comparisons of pulmonary function parameters between
groups with and without improvement.

Group with

Group without . P
Parameters . lmprOVement
improvement (n = 14) value
(n=17)
FVC (%) 7421 +19.34 79.01+11.85  0.558
55‘;’” FvC 90.09 + 7.67 87.57+14.80  0.020
0
MEF50 57.24 +30.81 71.64+34.09 0553
(%)
TLC (%) 75.03 +13.71 82.71+854  0.058
DLCO (%) 43.13 +13.20 65.76+9.47  0.001
FVC/
1.8240.72 122402
= 82+0.7 0.25 0.002

Bold values are statistically significant (P < 0.05). FVC: forced vital capacity;
FEV1: forced expiratory volume in 1 second; MEF50: maximum expiratory
flow at 50% of vital capacity; TLC: total lung capacity; DLCO: diffusing
capacity of the lung for carbon monoxide.

TaBLE 4: Logistic regression analysis for the predictive value of
pulmonary function parameters.

Parameters OR 95% CI P value
TLC (%) 0911 0.817-1.017 0.096
FEV1/FVC (%) 1.044 0.950-1.147 0.371
DLCO (%) 4.813 1.039-22.300 0.045

OR: odds ratio; 95% CI: 95% confidence interval. Bold values are statistically
significant (P < 0.05). FVC: forced vital capacity; FEV1: forced expiratory
volume in 1 second; DLCO: diffusing capacity of the lung for carbon
monoxide.

analysis revealed that DLCO was an independent predictive
factor for the prognosis of CTD-PAH [odds ratio (OR)
4.813, 95% confidence interval (CI) 1.039-22.300] (Table 4).

4. Discussion

CTD-PAH belongs to group I of PH, and its pathophysiolo-
gical changes are pulmonary vascular endothelial dysfunc-
tion, vascular remodeling, and progressive occlusion of
small pulmonary arteries <200 ym in diameter [25, 26].
PFT can reflect the information of various physiological
and pathological changes of the lung, including the ventila-
tion function of the airway and the gas exchange function
of the vascular interstitium [18]. The relationship between
group I of PH and parameters related to pulmonary ventila-
tion function is still controversial, but the decline of DLCO,
a parameter reflecting gas exchange function, is considered
to be a characteristic change of pulmonary function in most
patients with PAH [27, 28]. The decline in DLCO is the
comprehensive result of endothelial cell proliferation leading
to thickening of alveolar capillary membranes, increased
PVR leading to decreased pulmonary vascular blood vol-
ume, decreased right ventricular output, and local thrombo-
sis [29]. In this study, 96% of patients with CTD-PAH had a
decline in DLCO, and 60% of patients had a DLCO below

60%. Moreover, DLCO declined with rising risk stratifica-
tion. Importantly, multivariate analysis found that DLCO
was an independent predictive factor for the prognosis of
CTD-PAH.

Studies have shown that TLC in 20-50% of patients with
IPAH decline, but some studies have not found it [30]. This
study indicated that 60% of CTD-PAH patients had declined
FVC and TLC. The reason for lung volume limitation in
patients with PAH remains unclear. One explanation is that
pulmonary vascular enlargement may have a direct physical
effect on the airway, limiting tracheal dilation by mechanical
pressure on the airway [31]. In addition to the factors of
enlarged pulmonary vessels, the subsequent enlargement of
the atria and ventricles may lead to the displacement of lung
tissue within the thoracic cavity and affect the lung volume
[32]. Most studies show that FEV1/FVC is normal in group
I of PH [33]. This study showed that 95% of patients with
CTD-PAH had an FEV1/FVC above 70%. Nevertheless, it
is not sufhicient to conclude that there is no airway obstruc-
tion in PAH, because FEV1 does not change much when
small airways are obstructed, and extensive small airway
obstruction only causes a small decline in FEV1. This study
showed that MEF50, a sensitive marker of small airway,
declined in 60% of patients with CTD-PAH, of which 42%
had a MEF50 below 60%. Moreover, the MEF50 in the high
risk group was significantly lower than that in the low risk
group, while there was no significant difference between
the low and intermediate risk groups, suggesting that small
airway obstruction was more common in CTD-PAH
patients with high risk stratification [34]. As with lung vol-
ume, the cause of obstruction of the small airways in patients
with PAH is also unclear. A possible histological explanation
is that pulmonary artery thickening invades the adjacent air-
ways, impairing airflow and causing airway obstruction [31,
32]. Some studies have also suggested that inflammatory
cytokines in lung tissue not only play a role in pulmonary
vascular remodeling but may also overflow from vessels to
the airways, resulting in airway inflammation [35, 36]. Some
substances that play a key role in the pathogenesis of PH,
such as endothelin-1 and nitric oxide, can also affect the
contraction and dilation of bronchi in vivo and vitro [37,
38]. We also observed improvement in TLC and FEV1/
FVC after treatment of PAH, suggesting that the decrease
in TLC and FEV1/FVC were related to PAH.

Some studies suggest that patients with PAH can have a
mild decrease in FVC, but the decline in DLCO should be
more significant [18]. Meanwhile, FVC and DLCO
decreased synchronously in patients with ILD. Therefore, it
is recommended to use FVC/DLCO to differentiate PAH
from ILD. When FVC/DLCO is less than 1.4, the possibility
of ILD is high, and when it is greater than 2, the diagnosis of
PAH should be taken into consideration [39]. There are also
studies finding that FVC/DLCO greater than 1.9 has a sensi-
tivity and specificity of 87.5% and 100% in predicting PAH
[40]. However, the results of this study showed that the
FVC/DLCO of more than half of the patients with CTD-
PAH was below 1.4, and only 10% of the patients had a ratio
above 1.9, suggesting that the value of FVC/DLCO as a pre-
dictor of PAH is limited.



The study has several limitations. First, different types of
CTD have different mechanisms of PAH, resulting in no sig-
nificant difference in FVC/DLCO in this study. Second, only
two types of CTD-PAH were included, which may lead to
biased results. Third, the sample size was not large enough.
A large-scale and multicenter study is needed in the future.

5. Conclusion

The pulmonary function of patients with CTD-PAH is
abnormal in parameters such as lung volume, small airway,
and gas exchange. PFT can reveal complex pathophysiologi-
cal changes in the lungs of CTD-PAH patients and predict
prognosis. Exploring the mechanism of abnormal pulmo-
nary function may provide new directions for the treatment
of CTD-PAH.
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Objective. To investigate the prognosis and influencing factors of early microsurgery for severe hypertensive brainstem
hemorrhage. Methods. The clinical data of 19 patients with severe hypertensive brainstem hemorrhage treated in the
Department of Neurosurgery of the Second Affiliated Hospital of Shandong First Medical University between January 2018
and December 2021 were retrospectively analyzed. The clinical efficacy and risk factors affecting the prognosis were analyzed
by chi-square test and multivariate logistic regression. Results. A total of 19 patients with severe hypertensive brainstem
hemorrhage were treated by early microsurgery, including 14 cases by subtemporal approach and 5 cases by retrosigmoid
approach. After 3 months of follow-up, 6 patients died and 13 patients survived. The 30-day and 90-day mortality rates were
21.1% and 31.6%, respectively, and the good prognosis rate was 15.4%. Univariate analysis showed that hematoma volume and
hematoma clearance rate might be the factors affecting the prognosis of patients with severe hypertensive brainstem
hemorrhage; the observed difference was statistically significant (P < 0.05). Multivariate logistic regression analysis further
confirmed that hematoma volume was an independent factor affecting the death of patients with brainstem hemorrhage
(P <0.05), while hematoma volume (B: 2.909, OR: 18.332, 95% CI: 1.020-329.458, P: 0.048) was a risk factor. Conclusion.
Hematoma volume resulted as an independent factor affecting the death of patients with severe hypertensive brainstem
hemorrhage. Early microsurgical clearance of brainstem hematoma contributed to reducing the 30-day and 90-day mortality

and improving the prognosis of patients.

1. Introduction

Hypertensive brainstem hemorrhage (HBSH), which is char-
acterized by acute onset, rapid progress, high mortality, and
disability rate, is one of the most dangerous types of hemor-
rhagic stroke [1, 2]. According to previous studies, its annual
incidence is about 2-4/100,000 [3, 4], and it mostly affects
patients 40 to 60 years old, being more common in men than
in women [2]. A hematoma usually forms rapidly after
brainstem hemorrhage, leading to coma, central fever, tetra-
plegia, respiratory and circulatory failure, and other symp-
toms [2, 5, 6]. Conservative treatment can be used for
patients with a small amount of brainstem hemorrhage
and clear consciousness [7]; However, for patients with
severe hypertensive brainstem hemorrhage (SHBSH) (bleed-

ing volume >5mL, GCS score <8 points), conservative treat-
ment cannot effectively prevent the progress of the disease,
and the mortality is as high as 80-100% [8]. Scholars in
China and abroad have been working meticulously to
improve the treatment of brainstem hemorrhage, reduce
the mortality and disability rate, and improve the prognosis
of patients.

Due to its complex anatomy, an important function, and
high operation risk, the brainstem has long been regarded as
the “forbidden area of neurosurgery” [9]. With the in-depth
study of the anatomical structure and physiological function
of the brainstem, it was confirmed that there is a relatively
“safe operation area” in the brainstem [10-12]. Microsur-
gery is expected to become one of the most important ways
to improve the prognosis of SHBSH patients [2, 11].
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Nevertheless, whether surgical treatment could improve the
prognosis of patients with brainstem hemorrhage still
remains controversial [13, 14]. Rohde et al. [7] and Haines
and Mollman [15] argued that patients with brainstem hem-
orrhage accompanied by instant coma and severe neurolog-
ical deficit had a low probability of survival and were not
suitable for surgical treatment. The United States and Euro-
pean Guidelines for Spontaneous Intracerebral Hemorrhage
also do not recommend surgical treatment for patients with
HBSH [16, 17]. Recent studies have reported that some
patients with HBSH had their symptoms improved after
microsurgical treatment [3, 4, 18, 19]. However, there are
few reports on the microsurgical treatment of SHBSH, and
its safety and effectiveness have not been fully elucidated.
In this study, we retrospectively analyzed the data of 19
patients with SHBSH treated by microsurgery in the early
stage and further discussed its clinical efficacy and risk fac-
tors affecting the prognosis of patients.

2. Materials and Methods

2.1. General Information. A total of 19 patients with SHBSH
treated by microsurgery in the Department of Neurosurgery
of the Second Affiliated Hospital of Shandong First Medical
University from January 2018 to December 2021 were
included in the study. There were 13 males and 6 females,
with the age range from 32 to 64 years old and an average
of 49.1 years old. Glasgow Coma Scale (GCS) showed 17
cases with 3-5 points and 2 cases with 6-8 points.

This study was approved by the ethics committee of the
Second Affiliated Hospital of Shandong First Medical Uni-
versity, and the patients’ families signed the informed
consent.

2.2. Inclusion and Exclusion Criteria. Inclusion criteria were
the following: (1) brainstem hematoma volume >5ml con-
firmed by brain CT; (2) GCS score <8 points, with/without
progressive aggravation of consciousness; (3) onset time
<24 hours and stable circulation and respiration; and (4)
complete clinical case data.

Exclusion criteria were (1) secondary brainstem hemor-
rhage caused by vascular malformation, cavernous hemangi-
oma, metastasis, etc.; (2) GCS score of 3 points and unstable
vital signs; and (3) complicated with important organ failure
or coagulation disorders.

2.3. Imaging Examination. Brainstem hemorrhage was con-
firmed by brain computed tomography (CT) examination
in all of the 19 patients, and the hemorrhage location was
limited to the pons. According to the Tada formula [20],
the amount of hemorrhage was calculated. The hematoma
amount was 5-10ml in 12 cases and >10ml in 7 cases.
Among them, 2 patients were complicated with acute
obstructive hydrocephalus.

2.4. Surgical Analysis. All of the 19 patients were operated
within 24 hours after onset. Before the operation, the loca-
tion of the hematoma was determined based on brain CT
scanning and MPR (multiplanar reformatting), and the indi-
vidualized surgical approach was designed according to the
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TaBLE 1: The modified Rankin scale (mRS).

Level Details of the modified Rankin scale

0 No symptoms.

1 No significant disability. Able to carry out all usual
activities, despite some symptoms.

’ Slight disability. Able to look after own affairs without

assistance, but unable to carry out all previous activities.

Moderate disability. Requires some help, but able

3 to walk unassisted.
Moderately severe disability. Unable to attend to own
4 bodily needs without assistance, and unable to walk
unassisted.
5 Severe disability. Requires constant nursing care
and attention, bedridden, incontinent.
6 Dead.

anatomical location and expansion direction of the hema-
toma. Among these patients, 14 were managed by a subtem-
poral approach. During the operation, the tentorium
cerebelli was incised to expose the lateral brainstem opera-
tion area, and the location of the brainstem hematoma was
determined according to the condition. Next, the brainstem
was incised longitudinally, and the hematoma clearance
operation strictly limited in the hematoma cavity was per-
formed under the microscope. The operation did not exceed
the boundary of the hematoma in order to avoid brainstem
injury as much as possible. In 5 cases with retrosigmoid
approach, the location of the hematoma was identified under
a microscope, and the lateral pontine was incised under
direct vision to clear the brainstem hematoma. In case of
active hemorrhage, low-power bipolar electrocoagulation
was used to stop bleeding. When patients were combined
with acute obstructive hydrocephalus, the lateral ventricle
was drained first.

2.5. Efficacy Evaluation. The rehemorrhage rate, infection
rate, and 30-day and 90-day survival rate of patients were
analyzed after the operation. The patients were followed up
for 1 and 3 months, respectively. The survival of patients
was investigated, and the prognosis of surviving patients
was evaluated by a modified Rankin scale (mRS) [21]
(Table 1), where mRS <3 points indicated good prognosis
and mRS with 4-6 points indicated poor prognosis.

2.6. Statistical Analysis. Statistical analyses were performed
by SPSS software (version 25.0). The enumeration data were
represented as a number of cases or rates. The chi-square
test of the cross table was used to compare the differences
in univariate analysis, after which the factors with statistical
significance in the chi-square test were further analyzed with
ordinal logistic regression. A P value <0.05 was considered
to be statistically significant.

3. Results

3.1. The 30-Day and 90-Day Mortality in Patients with
Brainstem Hemorrhage. Among the 19 patients with severe
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TaBLe 2: The 30-day and 90-day mortality in patients with
brainstem hemorrhage.

Number of Mortality
cases (n) Yes No rate (%)
30-Day mortality rate n=19 4 15 21.1
90-Day mortality rate n=19 6 13 31.6

hypertensive brainstem hemorrhage treated by microsur-
gery, 6 died and 13 survived. The 30-day and 90-day mortal-
ity rates were 21.1% and 31.6%, respectively (Table 2). The
mRS score of 13 surviving patients was 4.08 +0.64 at 3
months of follow-up and 4.09+0.70 at 6 months of
follow-up. Among surviving patients, 2 had mRS score <3
points, and the good prognosis rate accounted for 15.4% of
the total number.

3.2. Univariate Analysis of Prognosis of Patients with
Brainstem Hemorrhage. Univariate analysis (Table 3)
showed that the effects of factors including GCS score,
onset-operation time, complicated with hydrocephalus, gen-
der, age, and hematoma type had no significant difference on
prognosis (all P> 0.05). However, the differences in the
influence of hematoma volume and hematoma clearance
rate on prognosis showed statistical significance (P < 0.05),
suggesting that these factors might affect the prognosis of
brainstem hemorrhage.

3.3. Multivariate Logistic Regression Analysis for the
Prognosis of Patients with Brainstem Hemorrhage. Taking
death (death/survival: 1/0) as the dependent variable and
the hematoma volume (>10 ml/5-10 ml: 1/0) and hematoma
clearance rate (>80%/<80%: 1/0) as the independent vari-
ables for multivariate logistic regression analysis with the
input method revealed that the independent factor affecting
the death of patients with brainstem hemorrhage was the
hematoma volume (P < 0.05), while the hematoma volume
(B: 2.909, OR: 18.332, 95% CI: 1.020-329.458, P: 0.048)
was also a risk factor (Table 4).

3.4. Typical Cases of Patients with Severe Brainstem
Hemorrhage (Figure 1)

4. Discussion

HBSH accounts for 6-10% of all hypertensive intracerebral
hemorrhages [14], with pons hemorrhage being the most
common [22]. Hemorrhage mainly originates from the per-
forating artery of the paramedian branches supplying the
brainstem [3]. Hypertension and atherosclerosis are the
most common causes of brainstem hemorrhage [2, 9]. Previ-
ous studies suggested that the following are mechanisms of
pathological injury caused by brainstem hemorrhage: First,
the mechanical destruction of hematoma directly leads to
the primary injury of the brainstem; second, the compres-
sion of hematoma leads to the secondary injury of the brain-
stem such as local tissue ischemia, edema, or inflammatory
reaction caused by hematoma catabolic products [9]. It was
previously confirmed that the necrosis of brain tissue around

the hematoma begins within 6 hours of the onset of intrace-
rebral hemorrhage, increases after 12 hours, and reaches the
peak within 24 hours [23]. Therefore, the prompt clearance
of the brainstem hematoma after the onset of SHBSH is
essential for reducing the primary injury and preventing sec-
ondary injury, which is conducive to the protection of brain-
stem nerve function [9, 23].

Hematoma clearance by craniotomy and stereotaxis and/
or navigation-guided hematoma puncture and drainage are
the main surgical methods for treating PBSH [2, 9]. Early
studies have reported that stereotaxis or navigation-guided
puncture of brainstem hematoma could benefit some
patients, but hematoma cannot be completely cleared with
such an approach, and once the bleeding starts, it cannot
be stopped under direct vision, thus limiting its application
[24, 25]. Hematoma clearance by craniotomy is a classic sur-
gical method of PBSH, which can be performed under direct
vision, with accurate hemostatic effect and decompression at
the same time [2]. The optimal approach is essential for suc-
cessful brainstem hemorrhage surgery [2]. Due to the com-
plex anatomical structure of the brainstem, the principle of
the shortest approach and least injury must be followed
when planning the surgical path so as to avoid iatrogenic
injury [26]. In this study, we followed Brown’s Rule [27],
i.e, multiplanar reformatting of brain CT scanning was
combined, and individualized surgical approaches were
adopted. There were 14 cases of hematoma cleared by sub-
temporal approach and 5 cases by retrosigmoid approach.
If it is suspected that the hematoma is located in the middle
and upper ventrolateral part of the pons, the subtemporal
approach can be adopted. During the operation, the tempo-
ral lobe was gently lifted to expose the superior petrosal
sinus, and the tentorial edge of the cerebellum was cut so
that the middle and upper sides of the pons could be
reached. Through this area, it was possible to reach the focus
quickly, and it was safer to cut the brainstem, which was
consistent with the previous literature [19]. For patients with
ventrolateral pontine hematoma, the retrosigmoid approach
could be adopted, by which the supratrigeminal and lateral
pontine safety entry zones could be reached [28]. The diffi-
culty of hematoma clearance by craniotomy is the localiza-
tion of brainstem hematoma during operation. If the
hematoma breaks through the surface of the brainstem, a
hematoma can be easily located and identified, and the cav-
ity could be accessed through the break [9]. If the hematoma
is close to the surface of the brainstem, color changes or local
uplift occurs, and the hematoma cavity can be accessed by
cutting the brainstem longitudinally in the local lesion [9,
19]. If the hematoma is confined to the brainstem tissue
and there is no change on the surface, the hematoma cavity
can be accessed through the safe entry zone [11, 12]. In addi-
tion, during the hematoma clearance, the brainstem supply-
ing arteries and draining veins should be avoided as much as
possible so as to avoid iatrogenic injury.

Whether microsurgery can improve the prognosis of
SHBSH patients remains controversial. In their study, Lan
et al. found that the mortality of SHBSH patients in the con-
servative treatment group was 70.42%, while that in the cra-
niotomy group was 30.43% [8]. The mortality in this study
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TaBLE 3: Univariate analysis of prognosis of patients with brainstem hemorrhage.
Death (n=16) Survival (n=13) Mortality rate (%) P
GCS score 1.000
3-5 points 11 353
>6 points 2 0.0
Hematoma volume 0.010
5-10 ml 11 8.3
>10 ml 5 2 71.4
Operation time 0.605
7-24h 16.7
<6h 5 8 38.5
Combined hydrocephalus 0.071
Yes 3 1 75.0
No 3 12 20.0
Age 44.67 £ 8.38 51.54+6.89 — 0.076
Gender 0.320
Male 3 10 23.1
Female 3 3 50.0
Hematoma clearance rate 0.041
>80% 1 10 9.1
<80% 5 3 62.5
Hematoma type 0.511
Bilateral tegmental type 3 5 37.5
Massive type 1 1 50.0
Basal tegmental type 2 3 40.0
Unilateral tegmental type 0 4 0.0
Complicated with hydrocephalus 1.000
No 5 12 29.4
Yes 1 1 50.0
Complicated with intracranial infection —
No 6 13 31.6
Yes 0 —
Complicated with intracranial hemorrhage 0.222
No 4 12 25.0
Yes 2 1 66.7
Complicated with patient vegetative survival 1.000
No 5 11 31.3
Yes 1 2 333

Two independent sample ¢ tests were used to compare the difference in age between death and survival groups, and Fisher’s exact test was used to compare

other indicators.

TaBLE 4: Multivariate logistic regression analysis for the prognosis of patients with brainstem hemorrhage.

95% CI for OR

SE Wald df P OR Lower Upper
Hematoma volume (ml) 1.474 3.895 1 0.048 18.332 1.020 329.458
Hematoma clearance rate 24 h 1.501 2.407 1 0.121 0.097 0.005 1.846
Constant 1.210 0.886 1 0.346 0.320

was 31.6% (6/19), which was consistent with the previous lit- ~ day mortality was 49.8%, and the 90-day good function recov-
erature report. Jang et al. reported that the 30-day mortality =~ ery rate was 9.6% [6]. The 30-day and 90-day mortality rates in
of patients with brainstem hemorrhage was 39.1%, the 90-  this study were 21.1% and 31.6%, respectively, and the good
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F1GURE 1: Forty-eight years old, male, who was admitted to the hospital with sudden unconsciousness for 3 hours. Physical examination: The
patient was in coma with respiratory failure and tracheal intubation. Bilateral pupils were 1.5 mm, and the light reflex was negative. The
patient was quadriplegic and bilateral Babinski’s sign positive. Preoperative brain CT showed that the brainstem hematoma was located
in the upper part of the pons, which was of unilateral tegmental type (a). The hematoma was cleared by subtemporal approach. Brain
CT at 24 hours after operation showed that pons hemorrhage was cleared satisfactorily (b). Fifty-four years old, male, admitted to the
hospital with sudden unconsciousness for 1 hour. Physical examination: The patient was in coma with bilateral miosis and negative for
light reflex. The patient presented with quadriplegia, hypotonia, and bilateral Babinski’s sign positive. Preoperative brain CT showed that
the hematoma was located in the middle and lower part of the pons, which was of bilateral tegmental type (c). The hematoma was
cleared through the retrosigmoid sinus approach. Brain CT at 24 hours after operation showed that pons hematoma was completely

cleared and the fourth ventricle was clear (d).

prognosis rate was 15.4% (2/19), which was better than the
survival rate reported in the previous literature [6, 8].
Although previous studies argued that brainstem hemor-
rhage requires early surgery, there is no unified standard in
China and abroad for the best timing of HBSH surgery.
Lan et al. [8] found that the nervous system recovery in
the early operation group (< 6h) of PBSH patients was bet-
ter than that in the late operation group (> 6h), so they sug-
gested that the best operation timing might be to receive

surgical treatment within 6 hours after the onset of the dis-
ease. In their study, Chen et al. [3] retrospectively analyzed
the data of 52 patients with brainstem hemorrhage and
found that 12-48 hours after the onset of PBSH was the best
timing for surgery. The consensus of Chinese experts recom-
mends 6-24h after hemorrhage as the best timing for sur-
gery [9]. Some studies suggested that the surgery timing
was an important factor affecting the prognosis of brainstem
hemorrhage. Yet, our results revealed that the operation



timing was not statistically significant (P > 0.05), which was
inconsistent with the previous studies, and may be related to
the small sample size [8].

At present, the prognosis and influencing factors of
hypertensive supratentorial hemorrhage have been well
studied [16, 17]. However, brainstem hemorrhage-related
studies are inadequate. Raison et al. believe that the progno-
sis of SHBSH patients depends on the location of hematoma,
extent of hemorrhage, and the condition at the time of onset
[29]. When the hematoma volume exceeds 10 ml, the mor-
tality comes close to 100% [30]. Our results confirmed that
the mortality of patients with hematoma volume >10ml
was 71.4% (5/7), and the mortality of patients with hema-
toma volume of 5-10 ml was <8.3% (1/11). Univariate anal-
ysis showed a significant difference in the influence of
hematoma volume and hematoma clearance rate on progno-
sis (P < 0.05), suggesting that hematoma volume and hema-
toma clearance rate may be factors affecting the prognosis of
brainstem hemorrhage. Multivariate logistic regression anal-
ysis confirmed that the hematoma volume was an indepen-
dent factor affecting the death of patients with brainstem
hemorrhage (P < 0.05), while the hematoma volume was a
risk factor (P: 0.048). The results were consistent with those
previously reported in the literature [29]. Chung and Park
classified brainstem hemorrhage into four types based on
the characteristics of brain CT imaging, of which the survival
rate of unilateral tegmental hemorrhage was 94.1%; how-
ever, the survival rates of basal tegmental type, bilateral teg-
mental type, and giant type were 26.1%, 14.3%, and 7.1%,
respectively [29]. In the present study, we found that the sur-
vival rate of patients with unilateral tegmental brainstem
hemorrhage was close to 100%, and the other types had
higher mortality, which was consistent with the previous lit-
erature reports. Other studies argued that the GCS score
could be used as an independent risk factor for SHBSH
death [19]. In this study, two patients with preoperative
GCS score>6 points survived, while the mortality rate of 17
patients with a preoperative GCS score of 3 to 5 points was
35.3% (6/17). Univariate analysis showed that the GCS score
had no statistical significance for the prognosis of patients with
brainstem hemorrhage (P =1.000), which was inconsistent
with previous literature reports, and may be related to the
small sample size in this study. According to previous studies,
about 39.5% of PBSH broke into the ventricular system [2],
and the incidence of hydrocephalus was as high as 30.3% when
the hemorrhage was located around the fourth ventricle and
midbrain aqueduct, with a significantly increased risk of death
and poor prognosis [22, 31]. We found that the presence of
hydrocephalus was not associated with surgical results
(P =0.071), which was inconsistent with the literature and
could be attributed to the small sample size. In addition, it
was confirmed that men were significantly more affected by
brainstem hemorrhage than women; however, we found no
significant difference in gender and age, which was consistent
with the literature [22].

This study has a few limitations. This is a single-center,
retrospective study with a small sample size and short
follow-up time. Further prospective multicenter studies are
needed to confirm the long-term efficacy.

Disease Markers

In conclusion, early microsurgical treatment can reduce
mortality and improve the prognosis of SHBSH patients.
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The development of low-cost and effective natural products for treating neuron degenerative diseases have proven to be safe and
potentially effective. Echium amoenum L. (Boraginaceae) is an annual herb that grows wildly in Europe and western Asia. The aim
of this study was to evaluate the neuroprotective properties of an ethanol extract of E. amoenum L. The effects of E. amoenum L.
extract on oxidative stress were measured in the rat R28 retinal precursor cell line. Furthermore, the protective role of the extract
on the glutamate-induced and optic nerve crush (ONC) injury-induced cell death were evaluated in vitro and in vivo, respectively.
Our results showed that the ethanol extract of E. amoenum L. prevented the glutamate-induced decrease in cell viability and
increase in cell death in R28 cells and suppressed the overproduction of ROS induced by glutamate. Moreover, the extract
significantly inhibited microglial activation and optic nerve damage induced by ONC injury in mice. In addition, the
mechanism was attributed to the ability of the extract to decrease NF-xB pathway activation and its downstream inflammatory
cytokine production. In conclusion, E. amoenum L. ethanol extract had a potent neuroprotective effect against glutamate-

induced and ONC-induced cell death. This is likely due to its antioxidant and anti-inflammatory properties.

1. Introduction

Degenerative diseases of the central nervous system (CNS),
injury, and trauma lead to axonal damage, representing
major causes of mortality and disability worldwide [1, 2].
Adult CNS neurons in mammals have reduced regenerative
potential, leading to permanent impairments and disabilities
following injury. Thus, identifying compounds that could be
used to protect neurons or help them regenerate after injury
is of clinical interest. Currently, the most accepted approach
for neuroprotection is oxidative stress reduction using anti-
oxidants, antiapoptotic drugs, anti-inflammatory agents,
antiangiogenic agents, and neurotrophic factors [3]. Multi-
ple natural or nutraceutical-based antioxidants have been

used as neuroprotective agents to control or slow the devel-
opment of neurodegenerative ailments, including Alzhei-
mer’s disease, amyotrophic lateral sclerosis, ischemic and
hemorrhagic stroke, and Parkinson’s disease [4-6].

In recent years, the development of low-cost and effec-
tive natural products for treating various human ailments
has expanded based on large-scale efforts in the screening
of crude plant extracts for their biological activities. Com-
mercially, the most important step in developing naturally
derived pharmaceuticals is the extraction procedure. The
solvent used, yield, and validation assay to assess the phar-
macological activities of the extract, availability of raw mate-
rial, cost, safety of required solvents, and applicability for
large-scale production are all important factors to be
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F1GURE 1: Antioxidant activities of E. amoenum ethanol extract. The free radical-scavenging activities of E. amoenum ethanol extract were
measured using ABTS (a), DPPH (b), and f-carotene bleaching (c) assays. Data are shown as the mean + SEM from three experiments.

considered. E. amoenum L. is an annual herb that grows in
most parts of Europe, the Mediterranean region, and north-
ern mountains of Iran. The flowers, stems, roots, and leaves
of this plant are used for medicinal purposes. The petals of E.
amoenum are traditionally brewed or boiled in water, and
the flowers and leaves have been used as anti-inflammatory,
antioxidant, antibacterial, analgesic, antiviral, anxiolytic,
antidepressant, and mood-enhancing agents, and a possible
protective effect against cancer has also been proposed [7, 8].
Although E. amoenum is extensively used as a medicinal herb
in the Middle East, to date, no scientific report has evaluated
its potential neuroprotective properties. Therefore, this study
assessed the potential neuroprotective features of E. amoenum
ethanol extract and screened for components that may con-
tribute to such effects.

Optic nerve injury induces the death of 70-75% of reti-
nal ganglion cells (RGCs) within 7 days and 80-90% of cells

within 4 weeks, mainly because of apoptosis [9]. RGC death
is accompanied by multiple progressive alterations, includ-
ing glutamate excitotoxicity, ion imbalance, and oxidative
stress [10, 11]. The ease of accessibility, coupled with the
reproducibility of optic neurodegeneration, makes the optic
nerve a highly effective structure for assessing CNS trauma
and helps to understand the ensuing traumatic events that
activate neuronal apoptosis [12, 13].

Current therapeutic options for neurodegenerative ail-
ments are mainly based on symptomatic relief and not on
changing the disease course or progression. Thus, the main
aims of this study were to assess whether (a) the potential
antioxidant effect of E. amoenum ethanol extract could
explain its neuroprotective activity and (b) the extract could
attenuate the inflammatory reaction associated with optic
nerve crush (ONC) injury sustained in the mouse optic
nerve. Toward this end, we first analyzed the compounds
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TaBLE 1: Chemical composition of the ethanol extract of E. amoenum determined using GC-MS.
Peak no. R. time Compound Ref  Quality Peak height % area  RI
1 10.29 Palmitic acid, methyl ester 100707 99 703156 1.56
2 10.62 n-Hexadecanoic acid 92228 96 561497 3.78 4194
3 11.11 9,12-Octadecadienoic acid, methyl ester 114374 99 1667189 241 13948
4 11.15 Tricosane 113306 99 1123829 1.77  1479.7
5 11.22  Heptadecanoic acid 16-methyl-, methyl ester (methyl isostearate) 116689 98 562581 0.85 1627.2
6 11.43 9,12-Octadecadienoic acid 106289 99 701410 1.70  2026.6
7 11.95 Campesterol 107653 96 6852862 9.35  2300.1
8 12.36 Tetracosane 136482 95 782762 1.19 23999
9 13.76 Linolenic acid, (methyl ester) 130016 97 6070549 11.84 2699.9
10 13.24 Docosane 123096 95 471347 1.05  2600.1
11 15.06 Gamma-sitosterol 158131 99 3341735 9.14 2948.6
12 19.38 Eicosane 156589 91 445259 514 37711
13 20.88 Nonacosane 159285 99 604971 5.57  4056.9

present in E. amoenum ethanol extract and measured their
antioxidant activity. We further established mouse and cell
models of optic neuropathy to assess the neuroprotective
effects of E. amoenum ethanol extract in vitro and in vivo.
This study evaluates the potential neuroprotective properties
of E. amoenum ethanol extracts on the optic nerve at the cel-
lular and molecular levels. These findings could help to pro-
mote the clinical treatment of glaucoma optic neuropathy.
We also investigated new, effective, and selective natural
compounds derived from plants for optic nerve protection
to lay an important foundation for the clinical application
and large-scale production of natural compounds derived
from E. amoenum L.

2. Material and Methods

2.1. Preparation and Extraction of E. Amoenum. Fresh petals
of E. amoenum were harvested from a farm located 80 km
north of Ghazvin, Iran, and authenticated by the Herbarium
Unit, School of Biological Sciences, University of Science
Malaysia (voucher reference 11525). The extraction was per-
formed as previously described [14]. Briefly, pulverized
petals were extracted using the maceration method by add-
ing 800 mL of 98% ethanol to 200 g of plant material at room
temperature (RT; 25 + 2°C) for 48 h with intermittent shak-
ing. The resulting extract was filtered and concentrated
under reduced pressure using a rotary evaporator (BUCHI,
Germany) at 35°C and lyophilized in a freeze dryer (Lab-
conco, USA). The stock solution was stored at 2-8°C until use.

2.2. Total Phenolic Content Assessment. The total phenolic
content of the extract was obtained as described previously
[15], with gallic acid as the standard. One milliliter of gallic
acid (1-30 pug/mL) in distilled water was added to 0.5mL of
Folin-Ciocalteu reagent (Merck, Darmstadt, Germany),
incubated for 4min at RT, and mixed with 20% Na,CO,
(1mL) and distilled water (6 mL). The mixture was incu-
bated in the dark for 2h at RT, and the absorbance at
765nm was measured using a Tecan microplate reader.

The E. amoenum ethanol extract stock solution (1 mg/mL)
was prepared using methanol. To determine the total pheno-
lic content of the extract, Folin-Ciocalteu reagent, Na,CO,,
test samples, and distilled water were added to a test tube,
followed by the same procedures described above for gallic
acid. Folin-Ciocalteu reagent is an acidic solution with a yel-
low color, which changes to blue as a result of molybdenum-
tungsten blue complex production through the electron
transfer mechanism. The data are presented in units of ug
gallic acid equivalents (GAE)/g extract.

2.3. Total Flavonoid Level Assessment. A colorimetric assay
was employed to determine the total flavonoid levels in the
extract, with quercetin as a reference. Stock solutions of
2mg/mL E. amoenum ethanol extract and 1 mg/mL querce-
tin were prepared in methanol. For the assay, 1 mL of stan-
dard solution (1-30ug/mL in distilled water) or extract
was added to 4mL of distilled water and 0.3mL of 5%
sodium nitrite. The sample was incubated for 5min at RT,
followed by the addition of 0.3 mL of 10% (w/v) aluminum
chloride. Subsequently, 2mL of 1 M NaOH was added with
distilled water to reach a volume of 10 mL. The optical den-
sity (OD) was measured at 510 nm using a Tecan microplate
reader. For the blank assay, sodium nitrite and aluminum
chloride were replaced with water.

2.4. Gas Chromatography-Mass Spectroscopy (GC-MS). GC-
MS was used to detect the volatile constituents of the extract
[16] on an Agilent GC-MS system (6890 N/59731) equipped
with a single quadruple detector and an HP-5 MS capillary
column (0.25 mm x 30 m x 0.25 ym). The injection volume
used was 1uL. The E. amoenum components were con-
firmed using the NIST library identified with standards
(retention time and mass spectra).

2.5. Radical Scavenging Activity

2.5.1. 2,2-Azinobis (3-Ethyl-Benzothiazoline-6-Sulfonic Acid)
(ABTS) Assay. Radical scavenging activity was first tested
using the ABTS assay, with some modifications regarding
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FIGURE 2: Protective effects of the E. amoenum ethanol extract on glutamate-induced R28 cell death. (a) Effects of 50 and 100 yg/mL E.
amoenum ethanol extract on the viability of R28 cells treated with 10 mM glutamate for 24 h, as measured by the CCK-8 assay. (b) Effects of
50 and 100 pug/mL E. amoenum ethanol extract on the death of R28 cells treated with 10 mM glutamate for 24 h. (c) Quantification of the
percentage of propidium iodide (PI)-positive cells. (d) Fluorescence-activated cell sorting to detect ROS production in glutamate-treated R28
cells. Scalebar =20 ym. Data are mean + SEM (n=6); *P <0.05, **P <0.01, and ***P <0.001 versus the negative control group. ECA:
E. amoenum ethanol extract; Glu: glutamate; ROS: reactive oxygen species.

sample volumes and the ABTS solution. This assay assesses
the capacity of compounds to scavenge the stable ABTS rad-
ical cation (ABTS"). Fresh ABTS radicals were obtained by
mixing 2.45mM potassium persulfate and 7mM ABTS
aqueous solutions (2.5 mL each), and the mixture was main-
tained in the dark for 16-20h at RT. This solution was
adjusted to an OD at 734 nm of 0.70 + 0.02. A stock solution
of the test extract and standard (ascorbic acid) at 1 mg/mL
was diluted in methanol to provide a series of working solu-

tions of 1, 5, 10, 20, and 30 yg/mL. Final reaction mixtures
consisting of 0.9 mL of ABTS and 0.1 mL of test sample solu-
tions at various concentrations were thoroughly mixed and
incubated for 6 min at RT. For blank samples, methanol
(0.9mL) was added to the sample solution at different con-
centrations (0.1 mL). ABTS solution (0.9mL) was mixed
with methanol (0.1 mL) as a negative control. The OD value
was measured at 518 nm using a Tecan microplate reader.
The percentage scavenging antioxidant activity was
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FiGure 3: Neuroprotective effects of E. amoenum ethanol extract in the optic nerve crush (ONC) mouse model. (a) Retinas from different
groups were harvested on day 7 after ONC, and flat-mounted retinas were subjected to immunostaining with RBPMS and Tuj1 antibodies.
(b) Quantification of the number of RGCs in 1-mm? retina sections. (c) Expression of the optic nerve protein NF-L determined by
immunoblotting. (d) Quantification of the NF-L levels. Relative protein levels were calculated using Image] software. Results were
obtained from three independent experiments. Scalebar = 50 ym. Data are mean + SEM; *P < 0.05, **P <0.01, and ***P <0.001. RGC:

retinal ganglion cell; ECA: E. amoenum ethanol extract.

calculated as ([A, - (A; - A,)]/A,) x 100, where A, A,, and
A, are the OD values of the control sample, test extract/stan-
dard, and corresponding blank, respectively.

2.5.2. 2,2-Diphenyl-1-Picrylhydrazyl (DPPH) Assay. The
DPPH assay was performed as previously described [17].
The E. amoenum ethanol extract was diluted in methanol
to concentrations of 1, 5, 10, 20, and 30 pg/mL. The samples
(2.5mL) in methanol:water (1:1) were then mixed with
1 mL of 0.3mM DPPH in methanol. For the blank samples,

methanol (1 mL) was mixed with various extract concentra-
tions. Rutin concentrations of 1, 5, 10, 20, and 30 ug/mL
were used as the reference standard. As a negative control,
2.5mL methanol and 1 mL of 0.3mM DPPH were mixed.
The mixtures were incubated at RT for 30 min to allow sta-
ble DPPH radicals to be reduced to diphenyl-
picrylhydrazine by antioxidants in various solutions. OD
values were obtained at 517 nm, and the background value
was subtracted. Data are presented as half-maximal inhibi-
tory concentration (IC,,)+standard error of the mean
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FIGURE 4: E. amoenum ethanol extract suppressed the inflammation response triggered by optic nerve crush (ONC) injury. (a) Retinas from
different groups were harvested on day 7 after ONC and subjected to frozen-section immunostaining with Ibal. (b) Quantification of
microglia in the retina. (c) Expression of p-p65 in different groups determined by immunoblotting. (d) Quantification of the p-p65 levels
in each group. (e) Retinas from different groups were harvested 7 days after ONC and subjected to real-time PCR analysis to determine
the relative mRNA levels of IL-6, iNOS, and IL-1f. Data are shown as the mean + SEM (n = 3); *P < 0.05, **P <0.01, and ***P < 0.001.

(SEM), representing the concentration with a scavenging
activity of 50%. The percentage of free radical-scavenging
activity was calculated as ([A, - (A; - A,)]/A,) X 100, where
Ay, A, and A, are the OD values of the control sample, test
extract/standard, and corresponding blank, respectively.

2.5.3. 3-Carotene Bleaching Assay. The 3-carotene bleaching
assay was performed as previously described [18]. First, 1 mL
of 3-carotene in chloroform (0.2 mg/mL) was added to lino-
leic acid (20 mg) and 200 mg Tween 40. After the chloroform
was removed using a rotary evaporator, distilled water
(50 mL) was used for emulsification. Emulsion aliquots were
mixed with 0.2 mL of the E. amoenum ethanol extract at 1, 5,
10, 20, and 30 ug/mL. Butylated hydroxytoluene (BHT; 0.5,
1, 5, 10, and 20 ug/mL) was used as the reference standard.
The initial OD was obtained at 470 nm on a Tecan micro-
plate reader immediately after emulsion addition. The sam-
ples were incubated at 50°C in a water bath, and OD
values were obtained every 20 min until a color change in
the control samples was observed. Antioxidant activity was
calculated as (final 8 — carotene amount/initial 3 — carotene
amount) x 100. The IC;, value of the extract was obtained
from the curve of antioxidant activity percentage versus
the extract level.

2.6. Cell Viability and Cell Death Assays in R28 Cells. Rat ret-
inal precursor R28 cells were used as an in vitro model owing
to their similar characteristics to retinal neurons (Kerafast,
Boston, MA, USA). Cell viability was measured using the
Cell Counting Kit-8 (CCK-8 NCM Biotech, China).
Hoechst 33342-propidium iodide dual staining (Beyotime,

Shanghai, China) was used to detect cell death, according
to the manufacturer’s instructions.

2.7. Reactive Oxygen Species (ROS) Production. R28 cells
were treated with the ethanol extract of E. amoenum (50 or
100 yg/mL) and 10mM glutamate for 12h, digested with
collagenase IV (Gibco, Waltham, MA, USA), and then sus-
pended in medium containing 10uM of the fluorescent
probe 2'-7'-dichlorofluorescin diacetate (Sigma-Aldrich, St.
Louis, MO, USA). After 30 min of incubation at 37°C in
the dark, the cells were centrifuged at 1000 g, resuspended
in fresh medium, and subjected to fluorescence activated cell
sorting analysis. The mean fluorescent intensity was com-
pared between the treated groups and control group using
FlowJo 7.6 software (Tree Star Inc., Ashland, USA). The
experiments were repeated three times.

2.8. Animals. BALB/c mice were used in this study. All ani-
mal experiments were conducted in accordance with the
Animal Ethics Guidelines of Xiangya Hospital, Central
South University (permit number: 202108022). During the
experimental period, all mice were maintained in standard
cages in an animal room under normal environmental con-
ditions. All surgery was performed under anesthesia, and all
efforts were made to minimize suffering. Twelve male mice
(8-12 weeks old) were randomly divided into four groups:
the normal control and negative control groups and two
groups of test animals (1 =3 per group). The two control
groups were fed a normal diet. For the two test groups, the
mice were orally administered 200 mg/kg and 400 mg/kg of
ethanol extract once daily for 10 days. Subsequently, ONC



was performed as described below. In this study, no partici-
pants have involved in this basic research, so there is no need
to provide informed consent.

2.9. ONC Model. Mice were anesthetized by intraperitoneal
injection of ketamine (90 mg/kg) and xylazine (10 mg/kg).
Unilateral ONC injury was induced in the negative control
and test groups, as described previously [19]. The optic
nerve of the left eye was pressed 0.5mm posterior from the
globe for 10s using Jeweler’s forceps without damaging the
ocular blood vessels. The contralateral eye was used as the
uncrushed control.

2.10. Immunocytochemistry and Immunostaining of Flat-
Mounted Retinas. For the retina immunohistochemistry
analysis, the eyes were dissected and fixed in 4% paraformalde-
hyde at RT for 2h and dehydrated in 20% sucrose before
embedding in O.C.T. mounting medium. Frozen sections
(16 um) were then cut using a cryostat microtome (CM1860;
Leica, Nussloch, Germany). Immunohistochemistry was per-
formed using anti-Ibal rabbit antibody (Abcam, ab178847, 1/
300). The nuclei were stained with 4',6-diamidino-2-phenylin-
dole (DAPI) for 2min. Slides were examined using a fluores-
cence microscope (Leica, Wetzlar, Germany). Ibal-positive
cells were quantitatively analyzed using Image] software.

For immunostaining of flat-mounted retinas, the eyes of
mice in the ONC group with or without E. amoenum etha-
nol extract treatment were enucleated and fixed in 4% para-
formaldehyde for 1h at RT. The retinas were peeled off,
prepared as flattened whole mounts, and permeabilized in
0.5% Triton X-100 in phosphate-buffered saline (PBS) for
15min at RT. The flat-mounted retinas were then washed
with PBS and incubated overnight at 4°C with anti-RBPMS
rabbit polyclonal antibody (Thermo Fisher Scientific, PA5-
31231, 1/300) and anti-Tujl mouse monoclonal antibody
(Millipore, MAB1637, 1/300). The nuclei were stained with
DAPI for 2min, and flat-mounted retinas were examined
using a fluorescence microscope (Leica). Each image was
obtained from eight 20x fields around the peripheral retina
(two in each quadrant) for each whole-mounted retina.
The number of RBPMS-positive cells, as a marker of RGCs,
in each image was quantified using Image] software as
described previously [20].

2.11. Immunoblotting. Immunoblotting was performed as
described previously [21], with the following primary anti-
bodies: mouse anti-Neurofilament light chain (NF-L) (Cell
Signaling Technology, 2837S, 1/1000), antiphospho-NF-«B
p65 (Ser536) rabbit antibody (Cell Signaling Technology,
30338, 1/1000), anti-NF-xB p65 rabbit antibody (Cell Signal-
ing Technology, 8242S, 1/1000), and mouse anti-actin (Cell
Signaling Technology, 3700S, 1/5000). Mouse retinas of each
group were isolated and sonicated in 150 4L of homogeniza-
tion buffer (20mM Tris/HCl, pH7.4, containing 2mM
EDTA, 0.5mM EGTA, 1% sodium dodecyl sulfate, 0.1 mM
phenylmethylsulfonyl fluoride, 50 yug/mL aprotinin, 50 ug/
mL leupeptin, and 50 ug/mL pepstatin A). An equal volume
of sample buffer (62.5mM Tris/HCI, pH 7.4, containing 4%
sodium dodecyl sulfate, 10% glycerol, 10% mercaptoethanol,
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and 0.002% bromophenol blue) was immediately added, and
samples were boiled for 2-3min. The protein content was
determined using a bicinchoninic acid protein kit (Sigma-
Aldrich). Equal amounts of protein were separated by electro-
phoresis on 10% polyacrylamide gels containing 0.1% sodium
dodecyl sulfate. Proteins were transferred to nitrocellulose
membranes and the blots were incubated for 2 h at room tem-
perature with primary antibodies. Detection was performed
using the appropriate horseradish-conjugated secondary anti-
bodies for 1 h at RT. Bands were visualized using an enhanced
chemiluminescence solution and quantified using Image]J soft-
ware (Wayne Rasband, National Institutes of Health,
Bethesda, MD, USA).

2.12. Quantitative Real-Time Polymerase Chain Reaction
(PCR). Total RNA of mouse retinas was obtained using
RNeasy® Kit (Qiagen), according to the manufacturer’s
instructions, and quantified on a NanoDrop 1000 spectropho-
tometer (Thermo Scientific, Waltham, MA, USA). Reverse
transcription was performed using Oligo dT and Superscript
III reverse transcriptase (Invitrogen, 11732020). Primers were
manufactured by Sangon Biotech (Shanghai, China), and the
following primer sequences were used: 1I6 (forward 5'-
GTGGCTAAGGACCAAGACCA-3" and reverse 5'-ACCA
CAGTGAGGAATGTCCA-3"), Ilib (forward5' -GCAACG
GGAAGATTCTGAAG-3' and reverse 5'-TGACAAACTTC
TGCCTGACG-3'), iNOS (forward 5-ACGAGACGGAT
AGGCAGAGA-3' and reverse 5'-CACATGCAAGGAAGGG
AACT-3), and beta-actin (forward 5'-CACGATGGAGG
GGCCGGACTCATC' and reverse 5-TAAAGACCTCTATG
CCAACACAGT-3).

Real-time PCR was performed with SYBR Green I Master
mix (Applied Biosystems) in triplicate reactions (20 uL) con-
taining 1 uL of cDNA template with 500 nM primers, at 95°C
(10min), followed by 40 cycles of 95°C (15s) and 60°C
(I min), and finally 78°C for 20s. Melting curve generation
was performed using Dissociation Curves software (Applied
Biosystems). The 2““" method was used for the data analysis.

2.13. Statistical Analysis. Statistical analyses were performed
using GraphPad Prism software (version 8.0). One-way
analysis of variance with Tukey’s multiple comparison test
was used for normally distributed variables or the Kruskal-
Wallis test was used for variables with a skewed distribution.
Data are presented as the mean percentage of control + SEM
. Statistical significance was set at P < 0.05.

3. Results

3.1. Antioxidant Activities of the E. amoenum Ethanol
Extract. The total phenolic content of the dry E. amoenum
ethanol extract was 1390 + 22 ug GAE/g. The total flavonoid
content of the dry extract was 9360 + 83 ug QE/g. Figure 1(a)
shows the free radical-scavenging activity of the E. amoenum
ethanol extract in the ABTS assay, with an IC;, value of
15.59 pg/mL. Ascorbic acid, the reference antioxidant, displayed
an ICy, 0f 4.97 + 0.06 pg/mL. Figure 1(b) shows that the extract
had a strong antioxidant effect, as indicated by the low IC;, of
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10.81 pg/mlL; the reference rutin had an IC;, of 3.23 + 0.02 ug/
mL. These findings indicated that the extract potently scav-
enged the stable free radical DPPH. The f3-carotene bleaching
effects of the extract are shown in Figure 1(c). The ICy of the
standard (BHT) was 0.89 +0.04 ug/mL. The low IC,, of
9.49 ug/mL of the extract indicated its high -carotene bleach-
ing activity. GC-MS analysis revealed the presence of 13 phyto-
chemical constituents in the extract (Table 1), with linolenic
acid, campesterol, and y-sitosterol as the major components.

3.2. Protective Effects of the E. amoenum Ethanol Extract on
Glutamate-Induced R28 Cell Death. R28 cells treated with
10 mM glutamate for 24 h showed significantly reduced via-
bility (15.3% compared with the control). Moreover, treat-
ment with 50 and 100 yg/mL E. amoenum ethanol extract
increased cell viability by approximately 21.6% and 36.6%,
respectively (Figure 2(a)). Further support for the neuropro-
tective effect of E. amoenum ethanol extract was obtained by
propidium iodide dual staining (Figures 2(b) and 2(c)).
Administration of 10 mM glutamate resulted in massive cell
death. More specifically, the percentage of PI-positive cells in
the glutamate-treated group for 24 h was 90.4% + 3.6. Treat-
ment with 50 and 100 yg/mL E. amoenum ethanol extracts
reversed these glutamate-induced effects, with higher effi-
cacy found for the higher dose (the percentage of PI-
positive cells decreased to 63.9% +8.4 and 48.9% +8.7,
respectively). As shown in Figure 2(d), R28 cells treated with
glutamate showed a massive increase in ROS production,
which was significantly decreased with treatment of E. amoe-
num ethanol extract (50 and 100 yg/mL). Collectively, these
results demonstrated that E. amoenum ethanol extract pro-
tects against glutamate-induced oxidative stress and cell death.

3.3. Neuroprotective Effects of E. amoenum Ethanol Extract
in ONC Mouse Model. After image acquisition and data
recording of flat-mounted retinas, the number of
RBPMS-positive cells (representing RGCs) was calculated
in a 1-mm? section. ONC induced a significant decrease
in RGCs, whereas the number of RGCs in animals admin-
istered 200 mg/kg and 400 mg/kg of E. amoenum ethanol
extract was markedly increased compared with that in
the ONC group, suggesting attenuation of RGC injury in
response to ONC (Figures 3(a) and 3(b)). Neurofilament
light chain (NF-L) is a neuronal intermediate filament in
optic nerve axons that has been used as an indicator of
optic nerve injury. ONC also reduced the NF-L protein
levels, whereas administration of E. amoenum ethanol extract
(200 or 400mg/kg) significantly alleviated this effect
(Figure 3(c)). Specifically, the decrease rates for NF-L protein
after ONC in the negative control, 200 mg/kg E. amoenum
ethanol extract, and 400 mg/kg E. amoenum ethanol extract
groups were 87.6%, 47.2%, and 28.6%, respectively
(Figure 3(d)). Taken together, these findings demonstrate that
E. amoenum ethanol extract has a neuroprotective effect in an
in vivo ONC model.

3.4. E. amoenum Ethanol Extract Suppressed the ONC-
Induced Inflammation Response. To determine the anti-
inflammatory effects of E. amoenum ethanol extract in the

ONC mouse model, Ibal-positive cells were detected in the
frozen sections of each group as a marker of ameboid
microglia cells. The E. amoenum ethanol extract group
showed a reduced number of activated microglia cells
(Figures 4(a) and 4(b)). To explore the mechanism underly-
ing the anti-inflammatory effect of E. amoenum ethanol
extract, phospho-NF-xB p65 levels in ONC mice treated
with or without E. amoenum ethanol extract were compared
by immunoblotting. Interestingly, phospho-p65 levels in the
200 and 400 mg/kg groups were significantly decreased com-
pared with the control values (Figures 4(c) and 4(d)). As the
downstream targets of NF-«B activation, the elevated mRNA
levels of proinflammatory cytokines such as IL-6, iNOS, and
IL-1p triggered by glutamate were significantly decreased upon
E. amoenum ethanol extract treatment (Figure 4(e)). Taken
together, these results suggest that inhibition of the NF-«xB
pathway by E. amoenum ethanol extract blocks ONC-induced
microglial activation and proinflammatory cytokine release.

4. Discussion

The complex process of neurodegeneration can be initiated as
a result of serious acute traumatic injury or chronic intermit-
tent and progressive damage by ischemic and hypoxic condi-
tions associated with oxidative stress, e.g., in Alzheimer’s,
Parkinson’s, and Huntington’s diseases, as well as in optic
neuropathies. Neuroprotection refers to any therapeutic strat-
egy for the prevention, delay, or reversal of neuron damage or
death associated with a given pathology [1, 2, 4, 22].

E. amoenum extract has shown anti-inflammatory, anti-
oxidative effects and neuroprotective activity in traditional
medicine. Recently, a study reported that E. amoenum
extract could modulate the inflammatory modes of the mac-
rophages through the inhibition of iNOS and COX2
enzymes as well as through cytokines expression [23], It
has also been suggested the pharmacological effects of E.
amoenum extract in treating patients with depression, gener-
alized anxiety disorder, or Alzheimer’s disease [24, 25].
However, its role in alleviating or protecting against CNS
injury and the underlying mechanisms remain unclear.
Here, we demonstrated that the simple crude ethanol extract
of E. amoenum showed antioxidant capacity in the ABTS
and DPPH tests, as well as in the 3-carotene bleaching assay.
These results confirmed that the extract is a potent antioxi-
dant, as supported by previous studies [7, 26]. The extract
also showed free radical-scavenging and neuroinflammatory
mediator effects in an ONC mouse model. Thus, the current
study is the first to assess the neuroprotective features of
E. amoenum and to highlight the potential application of
this herb as a model of neuronal injury in a mouse model
of retinal neurodegeneration.

Further phytochemical screening of the extract revealed
various constituents such as linolenic acid, y-sitosterol, and
campesterol, which together may exert synergistic effects lead-
ing to the observed neuroprotective activity. These three com-
pounds were also found in a Rhus coriaria extract, which
showed beneficial effects in a mouse model of ischemic optic
neuropathy [27], supporting the results of the present study.
Another study showed the beneficial effects of these compounds
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in Drosophila models of neurodegenerative diseases [28]. In
addition, since linolenic acid, y-sitosterol, and campesterol
were found at high levels in the extract, they could be used
as markers for the standardization of E. amoenum ethanol
extract and its development as a functional neuroprotective
agent.

Microglia undergo different phenotypic changes in dif-
ferent disease states, and several studies have found that
the activation of microglia has both protective and damag-
ing effects. When the inflammatory state persists for a
long time, the reaction products of microglia may cause
damage to the surrounding tissues and even affect healthy
cells, especially neurons. Many studies have shown that
microglia-mediated inflammation is involved in RGC
death, and thus inhibiting the immune response of
microglia has a protective effect on RGCs [29, 30]. A sim-
ilar phenomenon was observed in the present study as E.
amoenum ethanol extract inhibited microglial activation
and cytokine production. NF-«B is involved in many sig-
naling pathways, including inflammation, development,
cell growth, and apoptosis [31]. Glutamate-associated apo-
ptosis and NF-«B expression are correlated in vascular
endothelial cells, cardiomyocytes, and RGCs [31, 32].
Therefore, NF-xB is considered a potential drug target
for novel treatments that reduce inflammation and apo-
ptosis [33]. Consistent with these previous studies, the
present study showed that ONC upregulated the expres-
sion of molecules associated with the NF-«B pathway,
whereas E. amoenum ethanol extract significantly down-
regulated NF-xB expression and its downstream cytokine
production. Of course, there is a strong possibility that
other pathways might be involved in the observed effects,
and thus additional studies are needed to determine the
exact mechanisms of E. amoenum ethanol extract.

In summary, E. amoenum ethanol extract demon-
strated potent neuroprotective effects in an in vivo model
of retinal neurodegeneration, likely because of its antioxi-
dant and anti-inflammatory properties. Accordingly, the
present findings support the premise that E. amoenum is
a bioactive herb that should be further evaluated as an
adjunctive neuroprotective agent for preventing neurode-
generative ailments such as glaucoma and neurodegenera-
tive diseases.
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Bulbar conjunctival microcirculation is a microvascular system distributed in the translucent bulbar conjunctiva near the corneal
limbus. Multiple ocular diseases lead to bulbar conjunctival microcirculation alterations, which means that bulbar conjunctival
microcirculation alterations would be potential screening and diagnostic indicators for these ocular diseases. In recent years,
with the emergence and application of a variety of noninvasive observation devices for bulbar conjunctiva microcirculation and
new image processing technologies, studies that explored the potential of bulbar conjunctival microcirculation alterations in
the diagnosis of ocular diseases have been emerging. However, the potential of bulbar conjunctival microcirculation alterations
as indicators for ocular diseases has not been exploited to full advantage. The observation devices, image processing methods,
and algorithms are not unified. And large-scale research is needed to concrete bulbar conjunctival microcirculation alterations
as indicators for ocular diseases. In this paper, we provide an update on the progress of bulbar conjunctival microcirculation
alterations in the diagnosis of ocular diseases in recent five years (from January 2017 to March 2022). Relevant ocular diseases
include contact lens wearing, dry eye, conjunctival malignant melanoma, conjunctival nevus, and diabetic retinopathy.

1. Introduction

The bulbar conjunctiva is a microvascular-rich translucent
membrane that covers the sclera. Microcirculation refers to
the microvessels between arterioles and venules, which is
the basic functional unit of blood circulation. The bulbar
conjunctival microcirculation is an uneven reticulated sys-
tem adjacent to the corneal limbus, supplied primarily by
the anterior ciliary artery and the palpebral artery arch.
The anterior ciliary artery separates a small upper branch
of the sclera 3 to 5mm outside the corneal limbus to form
a blood vessel network and is distributed in the bulbar con-
junctiva. The palpebral artery arch crosses the tarsal plate
and is distributed in the palpebral conjunctiva, conjunctival

fornix, and bulbar conjunctiva 4 mm or more from the cor-
neal limbus. The bulbar conjunctival microcirculation is rich
in branches and anastomosis, the ratio of arterioles to
venules is about 1:2, the diameter of microvessels is between
5 and 70 um, and the blood flow velocity is between 0.52 and
3.26 mm/s [1, 2]. A variety of ocular diseases affect the bul-
bar conjunctival microcirculation, and due to the translucent
nature of the bulbar conjunctiva, noninvasive observations
of the bulbar conjunctival microcirculation can be made.
The observation of the bulbar conjunctival microcircula-
tion initially adopted the invasive method represented by fluo-
rescein angiography and indocyanine green contrast and
could only be made qualitatively or semiquantitatively. In
2004, minimally invasive confocal fluorescence microscopy
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was applied to microcirculation in vivo observations at the
bulbar conjunctiva of mice [3]. Since then, noninvasive
methods such as digital slit-lamps, computer-assisted intravi-
tal microscopy (CAIM), retinal function imager (RFI), orthog-
onal polarization spectroscopy (OPS), EyeFlow™, functional
slit-lamp microscopy (FSLB), and optical coherence tomogra-
phy angiography (OCTA) have emerged and enabled accurate
quantitative observations combined with image processing
techniques [4].

With the emergence and application of advanced bulbar
conjunctival microcirculation observation equipment and
new image processing techniques, bulbar conjunctival
microcirculation observation has been objective, quantita-
tive, noninvasive, and easy to operate. However, at the same
time, due to the lack of unified standards between different
devices and the inconsistent observation processes between
laboratories, the data obtained by different laboratories are
less comparable. In addition, because of the location and
physiological characteristics of the bulbar conjunctiva, the
bulbar conjunctival microcirculation is susceptible to multi-
ple internal and external environmental factors, making bul-
bar conjunctival microcirculation alterations lack specificity.

To provide an update on the progress of bulbar con-
junctival microcirculation alterations in the diagnosis of
ocular diseases in recent five years, a computerized search
from January 2017 to March 2022 of the online electronic
database PubMed was performed, using the MeSH terms
“bulbar conjunctiva” and “vessel”. More generalized com-
plementary research regarding bulbar conjunctival micro-
circulation alterations was also obtained from the PubMed
database. A total of 37 records were initially identified.
After exclusion of nonrelevant, non-English, and duplicate
studies, a total of 17 records were found eligible, all of
which were included in this review. Relevant ocular diseases
include contact lens wearing, dry eye, conjunctival malig-
nant melanoma, conjunctival nevus, and diabetic retinopa-
thy as reviewed below.

2. Bulbar Conjunctival
Microcirculation Parameters

Commonly used bulbar conjunctival microcirculation
parameters include bulbar conjunctival blood flow velocity,
bulbar conjunctival vessel diameter, bulbar conjunctival
blood flow rate, and bulbar conjunctival vessel density.

Bulbar conjunctival blood flow velocity is often calcu-
lated by the distance of red blood cells in several consecutive
shots of the bulbar conjunctiva, and the accuracy of the mea-
surement is interfered with by eye movements. Jo et al. [5]
developed a motion correction algorithm based on deep
learning, which opened up a new idea for solving the prob-
lem of motion illusion in the measurement of bulbar con-
junctival blood flow velocity.

There are many ways to measure bulbar conjunctival
vessel diameter, and in the early days, one or more places
were manually selected on the image of the bulbar conjunc-
tival vessels for measurement. Uji et al. [6] defined the vessel
diameter index as the total area of the region representing
the blood vessels in the binary image divided by the total
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length of the blood vessels in the vascular skeleton image.
Jiang et al. [2] calculated bulbar conjunctival vessel diameter
by the distance between two points at half of the maximum
brightness in the vertical direction of vessels in the bulbar
conjunctival vessels image.

Bulbar conjunctival blood flow rate is calculated by the
blood flow velocity and the vessel diameter, and the formula is

nD?
Q=V5T- (1)

In the formula, Q is the bulbar conjunctival blood flow
rate, V is the average blood flow velocity of the cross section
of the bulbar conjunctiva vessels, and D is the inner diameter
of the bulbar conjunctival vessels (the diameter of the vascular
cavity). V is estimated by the axial blood flow velocity of the
bulbar conjunctiva vessels, and the commonly used conver-
sion formula [1] is
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In the formula, V is the axial blood flow velocity of the
bulbar conjunctiva vessels and D, is the diameter of human
erythrocytes, taking 7.65um [1]. This conversion formula
takes into account the uneven velocity of blood flow across
the cross section of the blood vessels.

One way to define bulbar conjunctival vessel density is
the ratio of the area occupied by blood vessels in the image
to the total area of the image, which can be calculated by
counting the number of pixels occupied by blood vessels
divided by the total number of pixels. However, this method
is affected by vessel diameter. The use of bulbar conjunctival
vessel length density, i.e., the length of bulbar conjunctival
vessels per unit area [6], can exclude the effect of vessel
diameter. Another way is fractal, an algorithm that reflects
structural complexity and irregularities, and fractal dimen-
sions can reflect the complexity and density of blood vessels
[7]. Liu et al. [8] confirmed that the fractal dimension of the
bulbar conjunctival vessels is positively correlated with the
bulbar conjunctival vessel density obtained by pixel
counting,.

In addition to the above four main bulbar conjunctival
microcirculation parameters, Cheung et al. [9] summarized
15 identifiable abnormal alterations in bulbar conjunctival
microcirculation in diabetic patients, including abnormal
vessel diameter, abnormal vascular wall thickness, beading,
curvature, congestion, distension, injury, hemosiderin depo-
sition, microaneurysm, abnormal vascular distribution,
abnormal arteriovenous ratio, ischemic area, obstruction,
intermittent blood flow, and abnormal blood flow velocity,
and defined the severity index (SI) of abnormal alterations
in the bulbar conjunctival microcirculation, that is, the num-
ber of anomalous alterations in the bulbar conjunctival
microcirculation above, used for CAIM semiquantitative
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observation of bulbar microcirculation
alterations.

The microcirculation parameters of the bulbar conjunc-
tiva are greatly influenced by physiological factors such as
respiration and heartbeat, and patients are often allowed to
sit still for 10 minutes before measurement [10]. The bulbar
conjunctival microcirculation was observed several times a
day, and the measured blood flow velocity, vessel diameter
[11], and vessel density [12] of the bulbar conjunctiva were
stable. In the two observations with a long interval (17 + 12
weeks apart), vessel density and blood flow rate of the bulbar
conjunctiva were still stable [10]. A study on the stability of
bulbar conjunctival vessel density in observations with a dis-
tant interval is lacking.

The bulbar conjunctival microcirculation is regulated by
the nervous and endocrine systems and has a complex self-
regulatory mechanism. Alterations in the microcirculation
parameters of the bulbar conjunctiva caused by different
pathological conditions are often the same, so the alterations
in the microcirculation parameters of the bulbar conjunctiva
are nonspecific and their significance needs to be discussed
under specific pathological conditions. For example, in dry
eye, the faster bulbar conjunctival blood flow velocity, the
larger bulbar conjunctival vessel diameter, the greater bulbar
conjunctival blood flow rate, and the greater bulbar conjunc-
tival vessel density, indicating that the inflammation of the
patient’s ocular surface is more serious; in diabetes mellitus,
a larger SI indicates that the patient has more serious dia-
betic vasculopathy, and with the progression of diabetic vas-
culopathy, bulbar conjunctival blood flow velocity, vessel
diameter, and vessel density vary differently.

conjunctival

3. Bulbar Conjunctival Microcirculation
Alterations in Ocular Diseases

3.1. Contact Lens Wearing-Related Bulbar Conjunctival
Microcirculation Alterations. With the increasing demand
for refractive correction, myopia prevention, and control
and medical cosmetology, the number of contact lens
wearers is increasing. However, adverse effects of contact
lenses are issues to be paid close attention to. Conjunctival
congestion is one of the most common adverse effects of
contact lenses [13]. The existing diagnosis of conjunctival
congestion mainly relies on qualitative indicators, which
are subjective, such as the degree of congestion and vascular
contour clarity. Bulbar conjunctival microcirculation alter-
ations can be used to quantitatively analyze bulbar conjunc-
tival congestion, facilitate its early diagnosis, and correct
grading and can be used to further predict adverse effects
of contact lens wearing and guide contact lens wearing.
Contact lens wearing causes bulbar conjunctival micro-
circulation alterations through 2 different mechanisms.
One is the direct physical action between the corneal contact
lens and the bulbar conjunctiva, such as friction causing bul-
bar conjunctival hyperplasia and the tear crescent, which
mainly acts on the corneal limbus. The limbal SI was signif-
icantly higher in patients who wore soft contact lenses (>2
years) than in those who did not wear contact lenses. The
results showed that vessel diameter at the limbus was signif-

icantly increased, blood flow velocity was significantly
decreased, and bulbar conjunctiva microvessel injury, hemo-
siderin deposition, congestion, intermittent blood flow, and
bulbar conjunctiva microvessel curvature were significantly
increased [14]. The effect of orthokeratology (Ortho-K) on
bulbar conjunctiva microcirculation was similar, and the
limbal SI of patients who wore Ortho-K (>1 year) was signif-
icantly higher than that of those who did not wear contact
lenses [9].

The other is that wearing contact lenses can indirectly
cause bulbar conjunctiva microcirculation alterations
through compensatory mechanisms for inadequate blood
supply to the bulbar conjunctiva in the contact area of the
corneal contact lens, such as dilation and reopening of bul-
bar conjunctival vessels [15]. The bulbar conjunctival blood
flow velocity, blood flow rate, vessel diameter, and vessel
density in the area without contact with the soft contact lens
were significantly higher in the patients wearing contact lens
(>6 months) than in controls [16, 17], where blood flow
velocity was positively correlated with the length of time
per day and the number of days per week that contact lenses
were worn [16]. Even after a full night’s rest, bulbar conjunc-
tival blood flow velocity, blood flow rate, and vessel density
in habitual (>3 years) contact lens wearers were still greater
than those in noncontact lens wearers [17], suggesting that
contact lens wearing may cause chronic inflammation of
the ocular surface and short periods of rest is not enough
to restore damage caused by contact lenses. In addition,
wearing contact lenses can also cause short-term alterations
in the bulbar conjunctival microcirculation parameters.
Blood flow velocity, blood flow rate, vessel diameter, and
vessel density of bulbar conjunctiva increased after 6 hours
of wearing the soft contact lens, regardless of whether the
subjects have worn contact lenses previously [2, 15]. More-
over, the comfort degree of contact lens wearers was posi-
tively correlated with bulbar conjunctival blood flow
velocity and negatively correlated with bulbar conjunctival
vessel density [18].

However, there are currently no studies of bulbar con-
junctival microcirculation alterations associated with the
wearing of rigid gas-permeable contact lenses. In addition,
most of the research on the bulbar conjunctival microcircu-
lation alterations associated with the wearing of contact
lenses is limited to observation, and there is a lack of explo-
ration of the diagnosis and grading of conjunctival hyper-
emia using bulbar conjunctival microcirculation alterations.

3.2. Dry Eye-Related Bulbar Conjunctival Microcirculation
Alterations. Dry eye is a multifactorial ocular surface disease
characterized by homeostasis of the tear film and accompa-
nied by symptoms of ocular discomfort, which seriously
affects the quality of life. At present, most clinical dry eye
examination and diagnostic methods have the limitations
of high subjectivity and lack of objective quantitative indica-
tors and analysis. Ocular surface inflammation is one of the
main pathophysiological mechanisms of dry eye [19], and its
primary clinical manifestation is conjunctival hyperemia.
When the ocular surface is inflamed, due to the increase in
the secretion of vasomotor substances such as NO, the



vessels dilate and congest, bulbar conjunctival vessel diame-
ter and blood flow velocity increase, and if chronic inflam-
mation occurs, vessel density will also increase under the
action of angiogenesis factors such as VEGF [20]. The use
of bulbar conjunctival microcirculation alterations allows
for quantitative analysis of bulbar conjunctival hyperemia,
which helps to improve the sensitivity, specificity, and effi-
ciency of dry eye diagnosis [21].

According to Chen et al. [22], blood flow velocity, blood
flow rate, vessel diameter, and vessel density of bulbar con-
junctiva in patients with dry eye were significantly higher
than those in healthy people. Among them, the areas under
the curve of the receiver operating characteristic with bulbar
conjunctival vessel diameter and blood flow rate as diagnos-
tic indicators of dry eye were 0.861 and 0.856, respectively,
comparable with the ocular surface disease index (OSDI)
[23] and the noninvasive tear film break-up time [24, 25],
indicating that bulbar conjunctival vessel diameter and
blood flow rate have good sensitivity and specificity as diag-
nostic indicators for dry eye. In addition, bulbar conjunctival
vessel density in patients with dry eye was positively corre-
lated with their OSDI, which may mean that bulbar conjunc-
tival vessel density can reflect the symptoms and subjective
feelings of patients with dry eye [22]. Moreover, patients
with dry eye have significantly reduced bulbar conjunctival
blood flow velocity, blood flow rate, vessel diameter, and ves-
sel density after receiving local anti-inflammatory therapy
[26], which further demonstrated that the bulbar conjuncti-
val microcirculation alterations reflected the severity of ocu-
lar surface inflammation and contributed to the monitoring
of the effect of dry eye treatment.

3.3. Conjunctival Malignant Melanoma- and Conjunctival
Nevus-Related ~ Bulbar  Conjunctival ~ Microcirculation
Alterations. Conjunctival malignant melanoma is a poten-
tially fatal tumor, while conjunctival nevus is a congenital
benign hamartoma derived from the neuroectoderm, which
is rarely malignant, and the differential diagnosis of the
two is difficult, requiring histopathological examination
[27] and the difference in the bulbar conjunctival microcir-
culation alterations at the lesion is one of the potential dis-
tinguishing indicators. In the past, fluorescein angiography
was used to observe the bulbar conjunctival microcirculation
alterations at the lesion, which had the disadvantages of
invasive, time-consuming, and qualitative observation.
Brouwer et al. [28] attempted to use OCTA to distin-
guish conjunctival nevus from conjunctival malignant mela-
noma. They examined the density and curvature of the
bulbar conjunctiva vessels in the lesions of conjunctival
nevus, conjunctival malignant melanoma, and primary
acquired melanosis and found that there was no significant
difference between vessel density at the site of conjunctival
malignant melanoma lesion and conjunctival nevus; both
of which were lower than the normal vessel density, and
the vessels were more curved than the normal bulbar con-
junctival vessels, while vessel density at primary acquired
melanosis was similar to that at the normal bulbar conjunc-
tiva. Their study failed to distinguish conjunctival nevus
from conjunctival malignant melanoma. Future studies using
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bulbar conjunctival microcirculation alterations to identify
conjunctival malignant melanoma and conjunctival nevus
could consider exploring more bulbar conjunctival microcir-
culation parameters or switching to other imaging devices.

3.4. Diabetic Retinopathy-Related Bulbar Conjunctival
Microcirculation Alterations. Diabetic retinopathy (DR) is
the most common retinal vasculopathy and is one of the
leading blinding ocular diseases in people over 50 years of
age [29]. According to the severity, retinopathy can be
divided into nonproliferative diabetic retinopathy (NPDR)
and proliferative diabetic retinopathy (PDR). Patients with
DR are visually impaired and difficult to reverse, but reason-
able interventions can be implemented to stop their progres-
sion [30]. Therefore, the prevention and early diagnosis of
DR are very important. The gold standard for DR diagnosis
is ophthalmic fundus examination, which often requires
dilated pupils and is not suitable for large-scale screening
[31]. Alterations in the bulbar conjunctival microcirculation
reflect the severity of diabetic vasculopathy, with sensitivity
and specificity as diagnostic indicators of type 2 diabetes
reaching 78.70% and 69.08% [32]. And its observation has
the advantages of simple operation, short time consumption,
and no need to pretreat patients, and it is promising to be
applied to the early diagnosis or large-scale screening of dia-
betic retinopathy.

Patients with DR have multiple bulbar conjunctival
microcirculation alterations. Schuerch et al. [33] found that
there was no significant difference between bulbar conjunc-
tival vessel density in no clinically visible diabetic retinopa-
thy (NDR) patients and healthy controls, while DR
patients (did not distinguish between NPDR and PDR) had
significantly lower bulbar conjunctival vessel density than
healthy people. NDR and NPDR patients had larger bulbar
conjunctival venule diameter than healthy people [34].

Patterns of alterations in bulbar conjunctival blood flow
velocity in DR patients are complex and controversial.
Khansari et al. [34] found that the bulbar conjunctival arte-
riolar blood flow velocity in NDR patients was significantly
smaller than that in healthy people, but there was no signif-
icant difference between the arteriolar blood flow velocity in
NPDR patients and healthy people. In patients with PDR,
the bulbar conjunctival arteriolar blood flow velocity was
not significantly different from that of healthy people, but
the venular blood flow velocity was greater than that of
healthy people. Hwang et al. [35] found that the venular
blood flow velocity showed a pattern of first increasing and
then decreasing in healthy people, diabetic patients without
diabetic complications, and diabetic patients with diabetic
complications. Both patients with NDR and diabetes without
diabetic complications had lower levels of diabetic vasculop-
athy, but in the two studies described above, the alterations
in bulbar conjunctival blood flow velocity in the two studies
were reversed, possibly due to the different types of blood
vessels observed (arterioles/venules), different blood vessel
diameters, or different circumstances of studying ethnicity,
age, and whether subjects have other diseases within each
group. Despite the controversy, both studies suggested that
early diabetic vasculopathy causes alterations in bulbar
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conjunctival blood flow velocity, which has the potential to
screen for early diabetic vasculopathy, particularly retinopa-
thy. Further studies should focus on how to synthesize the
bulbar conjunctival microcirculation parameters to improve
the sensitivity and specificity of diabetic retinopathy screen-
ing. And longitudinal cohort studies are desperately needed
to determine whether bulbar conjunctival microcirculation
alterations can predict the occurrence of diabetic retinopa-
thy before other abnormalities are found.

4. Conclusions

The translucent nature of the bulbar conjunctiva makes it
possible to assist in the diagnosis of ocular diseases by asses-
sing bulbar conjunctival microcirculation alterations nonin-
vasively. In recent years, with the continuous emergence and
application of new image acquisition devices and image pro-
cessing techniques, bulbar conjunctival microcirculation has
played an important role in the diagnosis of many ocular
diseases and has become more and more refined and
automated.

There are still some problems with the current study of
bulbar conjunctival microcirculation. The vast majority of
studies have been limited to the use of bulbar conjunctival
microcirculation alterations as a means of basic study, with
fewer assessments of their diagnostic potential. There are
two main reasons for this; first, a variety of diseases and
physiological states may trigger bulbar conjunctival micro-
circulation alterations in a similar way, which makes the bul-
bar conjunctival microcirculation alterations cannot be
independently used as a diagnostic indicator of a disease,
but only as an auxiliary diagnostic indicator or grading indi-
cator. In addition, the data obtained by different imaging
equipment, image processing methods, and algorithms are
not uniform, and there is no standardized procedure for bul-
bar conjunctival microcirculation exploration, which makes
the data obtained by different laboratories not comparable.

There is still a wide range of exploration space for
research on bulbar conjunctival microcirculation alterations.
It will be a series of emerging fields to study and analyze the
differences between multiple imaging equipment, image pro-
cessing methods, and algorithms, update imaging equipment
and algorithms, and concrete bulbar conjunctival microcir-
culation alterations as indicators for ocular diseases with
large-scale research.
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This study is aimed at developing an intelligent algorithm based on deep learning and discussing its application for the
classification and diagnosis of retinal vein occlusions (RVO) using fundus images. A total of 501 fundus images of healthy eyes
and patients with RVO were used for model training and testing to investigate an intelligent diagnosis system. The images
were first classified into four categories by fundus disease specialists: (i) healthy fundus (group 0), (ii) branch RVO (BRVO)
(group 1), (iii) central RVO (CRVO) (group 2), and (iv) macular branch RVO (MBRVO) (group 3), before being diagnosed
using the ResNetl8 network model. Intelligent diagnoses were compared with clinical diagnoses. The specificity of the
intelligent diagnosis system under each attention mechanism was 100% in group 0 and also revealed a high sensitivity of over
95%, F1 score of over 97%, and an accuracy of over 97% in this group. For the other three groups, the specificities of diagnosis
ranged from 0.45 to 0.91 with different attention mechanisms, in which the ResNet18+coordinate attention (CA) model had
the highest specificities of 0.91, 0.88, and 0.83 for groups 1, 2, and 3, respectively. It also provided a high accuracy of over 94%
with a coordinate attention mechanism in all four groups. The intelligent diagnosis and classifier system developed herein
based on deep learning can determine the presence of RVO and classify disease according to the site of occlusion. This
proposed system is expected to provide a new tool for RVO diagnosis and screening and will help solve the current challenges
due to the shortage of medical resources.

1. Introduction two primary categories depending on the site of occlusion:
branch RVO (BRVO) and central RVO (CRVO) [4]. Sight-
threatening complications of RVO include macular edema,

macular ischemia, and vitreous hemorrhage due to retinal

Retinal vein occlusion (RVO) is a common retinal vascular
degenerative disease with an increasing prevalence in indi-

viduals aged 30-89 years, which makes the blindness rate
higher than that of other retinal vascular disorders besides
diabetic retinopathy [1]. Characterized by retinal vein filling,
proximal vascular occlusion, distal vascular dilation, retinal
hemorrhage, and edema due to ischemia and hypoxia, possi-
ble causes of RVO include external compression or disease
of the vein wall, such as vasculitis [2, 3]. Based on the loca-
tion of the blocked blood vessels, RVO can be divided into

neovascularization. This damages the visual function of
patients and even causes permanent and irreversible vision
loss [5-7].

The treatment of RVO mainly focuses on its etiology
including hypertension, arteriosclerosis, and inflammation
and complications, such as macular edema, ischemia, and
neovascularization [8]. Currently, intravitreal therapy is an
economical and effective method for the treatment of this
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disease [9]. In addition, laser photocoagulation has been
recommended for patients with neovascularization and
macular edema, and many surgical treatment modalities
have been reported for critical patients [8, 10]. The choice
of treatment should be personalized to the individual patient
for different subtypes of RVO; therefore, diagnosis and
differential diagnosis are important. Fundus examination
and fundus photography are important methods for the pre-
liminary evaluation of RVO. Other imaging diagnostic
methods, such as fluorescein angiography (FA) and optical
coherence tomography (OCT), are also widely used for
detection and evaluation [11].

With the wide application of deep learning in the field of
image recognition, an increasing number of ophthalmolo-
gists and intelligent technologists have begun to explore
image recognition and classification technologies based on
deep learning and apply it to the clinical diagnosis and treat-
ment of retinal diseases. Chandrakumar et al. [12] classified
fundus images using a 13-layer convolutional neural
network. Ardiyanto et al. [13] proposed a compact deep
learning algorithm with small, embedded plates for detecting
diabetic retinopathy. Kermany et al. [14] established a classi-
fier system for screening age-related macular degeneration
(AMD) and diabetic macular edema, utilizing transfer learn-
ing on a dataset of OCT images. Li et al. [15] proposed an
OCT image segmentation algorithm based on a 3D neural
network to solve the problem of retinal fluid segmentation.
Wan [16] presented a convolutional neural network named
EAD-Net that can achieve pixel-level accuracy for different
types of lesions in diabetic retinopathy. Xu et al. [17] pro-
posed two biomarker segmentation schemes integrating the
semiautomatic localization technique and the low-rank and
sparse decomposition theory to locate the leakage area in
laser surgery of chronic central serous chorioretinopathy.
Promoting the deep integration of artificial intelligence
(AI) and medical care will help alleviate problems due to
shortage of specialized medical resources in China and will
improve the efficiency of disease screening. This study is
aimed at developing an intelligent algorithm based on deep
learning and discussing its application for the classification
and diagnosis of RVO using fundus images, expected to
aid in promoting the early diagnosis and treatment of treat-
able RVO cases, thereby achieving better prognosis.

2. Materials and Methods

2.1. Ethical Approval. This study was approved by the Insti-
tutional Research Ethics Committee of Nanjing Medical
University and followed the tenets of the Declaration of
Helsinki. All fundus photographs were anonymized before
inclusion and contained no information of the patients,
except for the diagnoses.

2.2. Image Acquisition and Preprocessing. The dataset used in
this study was acquired from the Eye Hospital affiliated with
Nanjing Medical University and contained 501 fundus
images. All photographs were taken using a nonmydriatic
fundus camera over 45° of the posterior pole. The fundus
images were complied with Chinese annotation and quality
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control specifications for fundus colour photographs [18],
and data anonymization was applied before the study.

The images were classified into four categories by fundus
disease specialists as follows: (i) healthy fundus (group 0),
(ii) BRVO (group 1), (iii) central CRVO (group 2), and
(iv) MBRVO (group 3) (as shown in Figure 1). Then, they
were randomly allocated into the test, training, and valida-
tion sets. The samples of the training set and the other two
sets were divided in a ratio of 2:8 (Table 1).

The dataset covering 501 photographs was not adequate
for the deep convolutional neural network in this study;
therefore, it was augmented to decrease the phenomenon
of overfitting. Only the original data were appropriately
transformed without changing the amount of original data
or introducing any irrelevant data to increase the sample
data and improve the generalizability of the model. Data
augmentation was applied only to the training set in an
online form, which was omitted from the statistics. The
methods of adjustment included image inversion, image
rotation, image compression, image random cropping,
brightness adjustment, and gamma correction.

2.3. Model Training and Evaluation. The main network
framework used in this study was a convolutional neural
network called ResNet18, which is a fusion of the inception
and residual networks. The basic architecture of the
ResNet18 model includes convolutional, max pooling, and
activation layers and a fully connected layer (Figure 2).
The batch size of the model was four per card, and the grad-
ual warmup method was used for learning rate optimiza-
tion. A total of 50 epochs were trained, with a learning
rate set between 10 and 107°. The best learning rate was
selected by comparing the output results for different learn-
ing rates. One of the three attention mechanisms, coordi-
nate attention (CA), convolutional block attention module
(CBAM), and squeeze and excitation network (SENet),
was added to the basic network model of ResNet18 for the
controlled study. Networks with different attention mecha-
nisms were trained on the same dataset and treated them
in the same way.

Intelligent diagnosis was performed based on fundus
images. The same images were consulted by three retinal
specialists in a double-blind trial. Final clinical diagnostic
results were created for two or more identical grading diag-
noses, taken as the expert diagnosis. The sensitivity, specific-
ity, F1 score, and accuracy of the intelligent diagnosis system
were calculated by comparing the results of expert and
intelligent diagnoses.

2.4. Statistical Analysis. Statistical analyses were conducted
by SPSS 24.0. Enumeration data were represented by the
number of images and indicators including accuracy, speci-
ficity, sensitivity, and F1 score.

3. Results

In this study, 501 fundus images were used to evaluate the
proposed intelligent grading and diagnosis system for
RVO. According to the analysis of the above results, the
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Fi1GURE 1: Four categories of the fundus images. (a) Group 0: healthy fundus. (b) Group 1: branch retinal vein occlusion (BRVO). (c) Group
2: central retinal vein occlusion (CRVO). (d) Group 3: macular branch retinal vein occlusion (MBRVO).

TaBLE 1: Dataset.

n Test set Training set Validation set Total
Group 0 (healthy fundus) 62 166 31 259
Group 1 (BRVO) 24 76 17 117
Group 2 (CRVO) 14 45 10 69
Group 3 (MBRVO) 12 36 8 56
Total 112 323 66 501
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FIGURE 2: Architectural diagram of ResNet18.

training effect of the model achieved the best results, with a
learning rate of 10”°. Therefore, the learning rate was set at
10~ and the other parameters remained unchanged. The
training results of different networks were compared.
Compared with the expert diagnosis, the positive predic-
tive value (PPV) and specificity of the intelligent diagnosis
system under each attention mechanism were almost 100%

in group 0. The method also provided a high sensitivity of
over 95% and an accuracy of over 97% in this group. For
the other three groups, the specificities of diagnosis differed
from 0.45 to 0.91 with different attention mechanisms, in
which the ResNet18+CA model had the highest specificities
0f 0.91, 0.88, and 0.83 in groups 1, 2, and 3, respectively. The
highest sensitivities for the intelligent diagnosis were 100%



4 Disease Markers
TaABLE 2: Evaluation index results of different models.
Group
Model Evaluation indicators Group 0 Group 1 Group 2 Group 3
Specificity 1.0000 0.5333 0.5556 0.5000
Sensitivity 0.9516 0.6667 0.3517 0.5833
ResNet18
F1 score 0.9752 0.5926 0.4348 0.5385
Accuracy 0.9732 0.8036 0.8839 0.8929
Specificity 1.0000 0.6500 0.6923 0.4500
Sensitivity 0.9516 0.5417 0.6429 0.7500
ResNet18+SE
F1 score 0.9752 0.5909 0.6667 0.5625
Accuracy 0.9732 0.8393 0.9196 0.8750
Specificity 1.0000 0.6800 0.6429 0.6667
Sensitivity 0.9839 0.7083 0.6429 0.6667
ResNet18+CBAM
F1 score 0.9919 0.6939 0.6429 0.6667
Accuracy 0.9911 0.8661 0.9107 0.9286
Specificity 1.0000 0.9091 0.8750 0.8333
Sensitivity 1.0000 0.8333 1.0000 0.8333
ResNet18+CA
F1 score 1.0000 0.8696 0.9333 0.8333
Accuracy 1.0000 0.9464 0.9821 0.9643

in group 0 and 100% in group 2. Overall, the intelligent diag-
nosis system provided a high accuracy of over 94% with a
coordinate attention mechanism in all four groups (Table 2).

4. Discussion

The aim of this study was to investigate the possibility of
constructing an intelligent diagnosis of RVO from fundus
photographs using deep learning-based algorithms. Owing
to the lack of fundus specialists, screening for RVO is diffi-
cult in areas lacking medical resources. The results of this
study show that the deep learning model has high specificity,
sensitivity, and accuracy for RVO detection and diagnosis. It
also enables mass screening for fundus diseases in remote
and rural areas.

Anitha et al. [19] evaluated 420 abnormal retinal images
from four different categories (nonproliferative diabetic
retinopathy (DR), CRVO, central serous retinopathy, and
central neovascularization membrane). The authors used
95 images from CRVO for image classification using an
identification technique for abnormal fundus images based
on the Kohonen neural network (KNN). It showed a sensi-
tivity of 0.97, specificity of 0.99, and an accuracy of 98%
for CRVO detection. Zheng et al. [20] proposed a five-
category intelligent auxiliary diagnosis model for common
fundus diseases, including RVO, high myopia, glaucoma,
and DR. The evaluation indicators of sensitivity, specificity,
and F1 score were 88.27%, 95.99%, and 83.14%, respectively,
in the RVO group. Overall, these results indicate that Al can
identify RVO efliciently based on their appearance.

Previous studies have focused on RVO. Nagasato et al.
[21, 22] created a deep convolutional neural network
(DNN) model and trained it using preprocessed image data

of CRVO and BRVO cases and that of non-RVO samples.
The findings suggested that the proposed DNN model may
be useful in diagnosing RVO by identifying suspected retinal
hemorrhages, and the deep learning model has higher sensi-
tivity, specificity, and AUC values than the support vector
machine model for detecting RVO in fundus photographs.
Thus, the proposed intelligent technique can aid in accurate
diagnosis based on fundus images without human input and
can be used for RVO screening and early diagnosis at a low
cost for a large number of patients.

In this study, the network performance improved when
the attention mechanism was added, among which the
ResNet18+CA achieved the best performance. The classifica-
tion effect of the different networks for group 0 was better
than that of the other three groups. The possible reason
was that group 0, as healthy fundus images, accounted for
the largest percentage in the whole dataset, and the number
of the other three groups, including CRVO, BRVO, and
MBRVO, shares an uneven proportion. In addition, the
quality of the fundus images of different RVO types in the
dataset varied greatly. The fundus images of BRVO, CRVO,
and MBRVO showed significant differences in size, shape,
brightness, and other aspects (Figures 3-5), whereas the
healthy fundus images showed minimal difference in these
aspects and were better in quality than the other three types
(Figure 6). Therefore, the training results for the fundus
images of group 0 were better than those for the other three
groups. Similar findings were reported by Chen et al. [23].

Despite the above findings, this study had a few limita-
tions. As suggested in the results, the intelligent diagnosis
was less sensitive in groups 1 to 3 than in group O,
indicating further optimization and investigation of the
diagnostic model. In future studies, the samples for model
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F1GURE 3: Examples of group 1 (BRVO).

FIGUre 5: Examples of group 3 (MBRVO).

FIGURE 6: Examples of group 0 (healthy fundus).

training should be enlarged, and the quality of the images
should be controlled, as these elements are significant for
model training and testing. With the development of arti-
ficial intelligence in ophthalmology, eye care practitioners
have a better understanding of intelligent diagnosis than
other professional technicians [24]. We expect more coop-
eration between ophthalmologists and experts in the field
of artificial intelligence in attempt to define a more concise
network model to reduce operating costs. Proceeding to
the next stages, we consider comparing the accuracy of
RVO diagnosis system with ophthalmologists of different
stage and incorporating research on single RVO disease
in multiple fundus diseases, to make the intelligent diag-
nosis system a better landing in clinic. Due to the lack
of specialized ophthalmologists in remote or rural areas,
screening for fundus diseases such as RVO still faces a
huge gap. We expected to help promote the integration
of artificial intelligence and healthcare and to solve the

current medical resource shortage in the “last kilometer”
in China.

5. Conclusions

This proposed system is expected to provide a new tool for
RVO diagnosis and screening and will help solve the current
challenges due to the shortage of medical resources.

This study focused on expanding the core theoretical
models and key techniques required in the intelligent diag-
nosis for RVO. Based on deep learning algorithm, the
intelligent diagnosis and classifier system developed herein
can determine the presence of RVO and preferably classify
disease according to the site of occlusion, and the intelli-
gent diagnosis achieved was highly consistent with clinical
diagnosis in all groups with the addition of the ResNet18
+CA model.



Data Availability

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

Conflicts of Interest

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

Authors’ Contributions

Wei Xu, Zhipeng Yan, and Nan Chen contributed equally to
this work. Wei Xu acquired and analyzed the data and
drafted the manuscript. Zhipeng Yan and Nan Chen
acquired and analyzed the data. Yuke Ji and Yuxin Luo
drafted the manuscript. Minli Wang and Zhe Zhang
designed the research, acquired the clinical information,
and revised the manuscript.

Acknowledgments

This study was supported by the Medical Science and Tech-
nology Development Project Fund of Nanjing (Grant No.
YKK21262).

References

[1] P.Song, Y.Xu, M. Zha, Y. Zhang, and I. Rudan, “Global epide-
miology of retinal vein occlusion: a systematic review and
meta-analysis of prevalence, incidence, and risk factors,” Jour-
nal of Global Health, vol. 9, no. 1, 2019.

[2] A.Patel, C. Nguyen, and S. Lu, “Central retinal vein occlusion:
a review of current evidence-based treatment options,” Middle
East African Journal of Ophthalmology, vol. 23, no. 1, pp. 44—
48, 2016.

[3] J. P. Ehlers, S. J. Kim, S. Yeh et al., “Therapies for macular
edema associated with branch retinal vein occlusion: a report
by the American Academy of Ophthalmology,” Ophthalmol-
ogy, vol. 124, no. 9, pp. 1412-1423, 2017.

[4] M. Laouri, E. Chen, M. Looman, and M. Gallagher, “The bur-
den of disease of retinal vein occlusion: review of the litera-
ture,” Eye, vol. 25, no. 8, pp. 981-988, 2011.

[5] N. L. B. Christoffersen and M. Larsen, “Pathophysiology and
hemodynamics of branch retinal vein occlusion,” Ophthalmol-
0gy, vol. 106, no. 11, pp- 2054-2062, 1999.

[6] P.S.Prasad, S. Oliver, R. E. Coffee, J. P. Hubschman, and S. D.
Schwartz, “Ultra wide-field angiographic characteristics of
branch retinal and hemicentral retinal vein occlusion,” Oph-
thalmology, vol. 117, no. 4, pp. 780-784, 2010.

[7] R.FE. Spaide, “Retinal vascular cystoid macular EDEMA,” Ret-
ina, vol. 36, no. 10, pp. 1823-1842, 2016.

[8] G. Coscas, A. Loewenstein, A. Augustin et al., “Management of

retinal vein occlusion—-consensus document,” Ophthalmolo-

gica, vol. 226, no. 4-28, 2011.

A. Pielen, N. Feltgen, C. Isserstedt, J. Callizo, B. Junker, and

C. Schmucker, “Efficacy and safety of intravitreal therapy in

macular edema due to branch and central retinal vein occlu-

sion: a systematic review,” PLoS ONE, vol. 8, no. 10,

p. €78538, 2013.

o
X0

Disease Markers

[10] I. L. Mcallister, “Chorioretinal anastomosis for central retinal
vein occlusion: a review of its development, technique, compli-
cations, and role in management,” Asia-Pacific Journal of Oph-
thalmology, vol. 9, no. 3, pp. 239-249, 2020.

[11] C. F. Coscas, A. Glacet-Bernard, A. Miere et al., “Optical
coherence tomography angiography in retinal vein occlusion:
evaluation of superficial and deep capillary plexa,” American
Journal of Ophthalmology, vol. 161, pp. 160-171.e2, 2016.

[12] T. Chandrakumar and R. Kathirvel, “Classifying diabetic
retinopathy using deep learning architecture,” International
Journal of Engineering ¢ Technical Research, vol. V5,
no. 6, pp. 19-24, 2016.

[13] L. Ardiyanto, H. A. Nugroho, and R. L. B. Buana, “Deep
learning-based diabetic retinopathy assessment on embedded
system,” in International Conference of the IEEE Engineering
in Medicine and Biology Society, pp. 1760-1763, 2017.

[14] D.S.Kermany, W. Goldbaum, W. Cai et al., “Identifying med-
ical diagnoses and treatable diseases by image-based deep
learning,” Cell, vol. 172, no. 5, pp. 1122-1131.e9, 2018.

[15] M. X. Li, S. Q. Yu, W. Zhang et al., “Segmentation of retinal
fluid based on deep learning: application of three-
dimensional fully convolutional neural networks in optical
coherence tomography images,” International Journal of Oph-
thalmology, vol. 12, no. 6, pp. 1012-1020, 2019.

[16] C. Wan, Y. Chen, H. Li et al., “EAD-Net: a novel lesion seg-
mentation method in diabetic retinopathy using neural net-
works,” Disease Markers, vol. 2021, Article ID 6482665, 13
pages, 2021.

(17] J. Xu, J. Shen, Q. Jiang, C. Wan, Z. Yan, and W. Yang,
“Research on the segmentation of biomarker for chronic cen-
tral serous chorioretinopathy based on multimodal fundus
image,” Disease Markers, vol. 2021, Article ID 1040675, 11
pages, 2021.

[18] X. Zhang, Y. Xu, and W. Yang, “Annotation and quality con-
trol specifications for fundus color photograph,” Intelligent
Medicine, vol. 1, no. 2, pp. 80-87, 2021.

[19] J. Anitha, C. Vijila, A. L. Selvakumar, A. Indumathy, and
D. Jude Hemanth, “Automated multi-level pathology identifi-
cation techniques for abnormal retinal images using artificial
neural networks,” British Journal of Ophthalmology, vol. 96,
no. 2, pp. 220-223, 2012.

[20] B. Zheng, Q. Jiang, B. Lu et al., “Five-category intelligent aux-
iliary diagnosis model of common fundus diseases based on
fundus images,” Translational Vision Science & Technology,
vol. 10, no. 7, p. 20, 2021.

[21] D. Nagasato, H. Tabuchi, H. Ohsugi et al., “Deep-learning
classifier with ultrawide-field fundus ophthalmoscopy for
detecting branch retinal vein occlusion,” International Journal
of Ophthalmology, vol. 12, no. 1, pp. 94-99, 2019.

[22] D. Nagasato, H. Tabuchi, H. Ohsugi et al, “Deep neural
network-based method for detecting central retinal vein occlu-
sion using ultrawide-field fundus ophthalmoscopy,” Journal of
Ophthalmology, vol. 2018, Article ID 1875431, 6 pages, 2018.

[23] Q. Chen, W. Yu, S. Lin et al., “Artificial intelligence can assist
with diagnosing retinal vein occlusion,” International Journal
of Ophthalmology, vol. 14, no. 12, pp. 1895-1902, 2021.

[24] B. Zheng, M. Wu, S. Zhu et al., “Attitudes of medical workers
in China toward artificial intelligence in ophthalmology: a
comparative survey,” BMC Health Services Research, vol. 21,
no. 1, p. 1067, 2021.



