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Abstract

The red blood cell distribution width (RDW) is a simple and inexpensive laboratory parameter that can be linked to oxidative stress,
inflammation and microvascular flow resistance. For this research, we performed a large-sample case-control study to describe the
relationships between the RDW and primary angle-closure glaucoma (PACG). A total of 1191 PACG patients (422 males and 769
females), who were divided into mild, moderate and severe PACG groups, and 982 healthy controls (344 males and 638 females) were
recruited between January 2008 and June 2018. Detailed eye and physical examinations were performed for each subject. Based on the
laboratory results, the mean RDW was significantly higher (p < 0.001) in the PACG group (13.01 £ 0.82%) than in the control group
(12.65 £0.53%). Moreover, the mean RDW level was lower (p < 0.05) in the mild PACG group than in the moderate and severe PACG
groups. The Pearson correlation analyses showed significant positive correlations between the mean deviation and the RDW (»=0.141,
p<0.001) and the intraocular pressure and the RDW (= 0.085, p =0.004). After adjusting for the confounding factors, the logistic
regression analyses indicated that the odds ratio for the PACG group was 2.318 (p <0.001, 95% confidence interval 1.997, 2.690)
when compared to the control group. Additionally, an increased RDW was associated with the PACG severity, and this trend was also
observed in the gender and age subgroups. In summary, the results of our study showed that an elevated RDW was associated with
PACG and its severity. If future studies confirm this relationship, the use of an RDW assessment may help to predict the PACG severity
in each patient in order to better customise effective prevention treatments.
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Introduction

Primary glaucoma is one of the most common causes of irre-

Qiang Chen and Bin Zhao contributed equally to this work. versible blindness worldwide [1], and the rapid global in-
crease in glaucoma patients has placed a huge burden on their

>< Yong-jun Liu caregivers and communities [2]. Primary angle-closure glau-
lyjkmm@163.com coma (PACG) is the most common type of glaucoma diag-

nosed in China [2]. Although the underlying mechanisms
leading to glaucomatous atrophy in PACG cases are not fully
understood, several mechanisms have been suggested. For
example, inflammation [3], microangiopathy [4-9] and oxi-
dative stress [10, 11] are all currently being discussed in terms
of the leading factors causing PACG, which can damage the
optic nerve and lead to the progressive loss of retinal ganglion
cells and their axons.
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The red blood cell distribution width (RDW) is a simple
and inexpensive laboratory parameter that reflects the variabil-
ity in the size of the circulating erythrocytes [12]. The RDW
shows the heterogeneity degree of the erythrocyte volume,
and an elevated RDW means that some of the red blood cells
(RBCs) are relatively too large or too small. An increased
RDW mirrors a profound deregulation in the erythrocyte ho-
meostasis involving both impaired erythropoiesis and abnor-
mal RBC survival. This may be attributed to a variety of
underlying metabolic abnormalities, such as oxidative stress,
inflammation, a poor nutritional status and telomere length
shortening [12]. In addition, increased RDWs have been re-
lated to underlying oxidative stress, inflammation and micro-
vascular flow resistance [12, 13]. For example, Lippi et al.
[14] suggested that the RDW is associated with increased
high-sensitivity C-reactive protein levels and erythrocyte sed-
imentation rates. Semba et al. [ 15] reported that the total serum
carotenoid and selenium levels, which are part of the antiox-
idant defence system in humans, were significantly associated
with the RDW. Moreover, Akpinar et al. [13] showed that the
RDW is an independent predictor of a slow coronary blood
flow. As described above, the inflammatory response, micro-
angiopathy and oxidative stress all play pivotal roles in
PACG.

Unfortunately, data concerning the RDW and its associa-
tion with PACG is lacking. However, determining the RDW in
PACG patients may lead to a more efficient way to predict the
disease severity that is better tailored to the individual patient
[16]. For this reason, we conducted a large-sample cross-sec-
tional investigation designed to evaluate the associations be-
tween the RDW and the PACG risk and severity.

Methods

This study was approved by the ethical committee of the
Taishan Medical University Affiliated Hospital and the ethical
committee of the Taian City Central Hospital in Shandong,
China. In addition, this study was performed according to
the tenets of the Declaration of Helsinki, and written consent
was obtained from each patient before using their clinical data
for these research purposes.

A retrospective medical chart review of PACG patients
who were recruited consecutively from the Taishan Medical
University Affiliated Hospital and the Taian Central Hospital
was performed. A group of healthy controls was also recruited
from those individuals who participated in yearly health
screenings during the study period. All of the participants
were Chinese.

If both eyes were affected in the PACG patients, only the
right eye of each patient was included in the study. PACG was
diagnosed when the presence of angle closure with
glaucomatous optic neuropathy was detected. Angle closure
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was determined in those eyes in which at least 180° of the
posterior pigmented trabecular meshwork was not visible dur-
ing the gonioscopic examination in the primary position of the
gaze with no indentation. Glaucomatous optic neuropathy was
determined based on one or more of the following: The
neuroretinal rim had a vertical cup-to-disc ratio (VCDR) of
>0.7, the between-eye VCDR asymmetry was > 0.2 and the
focal notching of the neuroretinal rim had a visual field defect
(which is suggestive for glaucoma) [17]. Visual field tests
were performed using automated perimetry (Octopus; Haag-
Streit AG, Koeniz, Switzerland). After considering the learn-
ing curve of the visual field tests, the results of the first two
tests were excluded. Only the reliable (a false positive/
negative under 15% and a reliability factor under 15%) and
compatible visual field results were included in the data
analysis.

The patients who had histories of any other secondary glau-
comas, previous eye surgeries, and other eye diseases were
excluded from this study. Moreover, those patients with any
systemic diseases, such as acute infectious diseases, haemato-
logical diseases, metabolic syndrome, kidney diseases and
cancer, were also excluded. In total, 1973 patients who visited
the Department of Ophthalmology between 1 January 2008
and 1 September 2018 were enrolled in this study as PACG
subjects. Later, 782 of them were excluded. For the healthy
controls, 1400 individuals who participated in yearly health
screenings during the study period were consecutively recruit-
ed. Later, 418 of them were excluded. For an overview of the
study subjects, see the study cohort flow diagram in Fig. 1.

All of the subjects involved in this study underwent
standardised ophthalmic examinations that consisted of a
slit-lamp examination (Haag-Streit AG, Bern, Switzerland),
an intraocular pressure (IOP) measurement using Goldmann
applanation tonometry (Haag-Streit AG, Koeniz, Switzerland)
and a gonioscopic evaluation. A-scan ultrasound biometry
(Ultrasonic, Exton, PA, USA) was used to measure the axial
length, anterior chamber depth and central corneal thickness.
In addition, each study subject underwent a medical examina-
tion, including liver function, renal function, blood pressure,
heart rate [18] and body temperature assessments. The demo-
graphic information of each study subject was also collected,
including the age, gender, body mass index (BMI), systolic
blood pressure (SBP), diastolic blood pressure (DBP), diabe-
tes mellitus history and hypertension history.

The patients’ blood samples were taken before they
underwent treatment, and they were collected in ethylenedi-
aminetetraacetic acid tubes in order to prevent blood coagula-
tion. A 2-ml blood sample was used within 0.5 h after the
blood collection to perform a complete blood count, including
the RBC, white blood cell (WBC), RDW and haemoglobin
(HG) values, using an automated haematology analyser
(Sysmex Corporation, Tokyo, Japan). Then, another 4-ml
blood sample, which was obtained in the morning after the



EPMA Journal (2019) 10:185-193

187

Total sample of glaucoma
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(1) 167 not met diagnostic criteria
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(3) 135 poor data quality

(1) 53 refused to participate
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(1) 128 cataract

(2) 47 macular degeneration
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(4) 53 ocular surgery

(5) 92 other ocular disease
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1257 PACG subjects
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(4) 23 cancer

(5) 8 other systemic diseases

\

(1) 18 acute infectious diseases
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(4) 12 cancer

(5) 12 other systemic diseases

N

1191 PACG subjects
(Male=422, Female=769)

982 control subjects
(Male=344, Female=638)

Fig. 1 The study cohort flow diagram

subject had fasted for 8 h, was used for the biochemical mea-
surements. The aspartate transaminase (AST), alanine amino-
transferase (ALT), blood urea nitrogen (BUN) and creatinine
(Cr) serum levels were measured using a commercially avail-
able kit (Roche Diagnostics GmbH, Mannheim, Germany).
The statistical analysis was performed using IBM SPSS
Statistics for Windows (Version 20.0; IBM Corp., Armonk,
NY, USA). The results are presented as the mean + standard
deviation. The chi-squared test was used for the categorical
variables, while the independent Student’s ¢ test and the one-
way analysis of variance were used to compare the partici-
pants’ characteristics among the groups. Logistic regression
analyses were performed to identify the associations between
the RDW levels and the PACG severity and risk. A two-sided
p value of < 0.05 was considered to be statistically significant.

Results

A total of 1191 (422 males and 769 females) PACG patients
and 982 (344 males and 638 females) healthy controls were
recruited for this study. There were no significant differences
between the PACG and control groups (p > 0.05) with regard
to the mean age, gender, BMI, SBP, SDP, diabetes status,
hypertension status, smoking status and drinking status. The
baseline demographic and ocular parameters of the study sub-
jects are shown in Table 1.

Table 2 shows the mean RDW, WBC, RBC, HG, AST,
ALT, BUN and Cr values in the PACG and control groups.
A comparison of these results showed that the mean RDW
was significantly higher (» <0.001) in the PACG group
(13.01 £0.82%) than in the healthy control group (12.65+
0.53%) (Fig. 2). The PACG and control subjects were also
categorised into female and male subgroups, followed by an-
other categorisation into subgroups based on the age (<50,
40-50, 50-60 and > 70 years old). In all of the gender and
age subgroups, the mean RDW was significantly higher
(p<0.05) in the PACG group when compared to the control
group (Table 3 and Fig. 2).

Pearson correlation analyses were performed to identify the
associations between the IOP and the mean deviation (MD)
and the RDW. A significant positive correlation was found
between the MD and the RDW (r=0.141, p<0.001) and
the IOP and the RDW (r=0.085, p =0.004). A partial corre-
lation analysis was also performed to identify the associations
between the RDW and MD while adjusting for the IOP. A
significant positive correlation was found between the MD
and the RDW (r=0.116, p <0.001).

Logistic regression analyses were performed to identify the
associations between the RDW and the PACG risk in the
PACG and control groups using three models (A, B and C)
(Table 4). In model A, the odds ratio (OR) (after being adjust-
ed for the age and sex) for the PACG subjects was 2.318
[ <0.001, 95% confidence interval (CI) 1.997, 2.690] when
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Table 1 Characteristics of
subjects with PACG

PACG group (n=1191) Control group (n=982) t value p value
Age (years) 63.54+10.77 63.08+10.63 1.005 0.315
Gender (male/female) 422/769 344/638 0.038 0.845
BMI (kg/m?) 22.77+3.27 22.92+3.27 0.931 0.352
SBP (mm Hg) 130.40+15.77 130.10+£15.57 0.437 0.662
SDP (mm Hg) 75.07+9.33 75.17+9.36 0.248 0.804
Smoking (yes/no) 298/893 265/717 1.082 0.298
Drinking (yes/no) 366/825 323/659 1.161 0.281
Diabetes (yes/no) 109/1082 94/388 0.112 0.738
Hypertension (yes/no) 358/833 292/690 0.027 0.870
IOP (mm Hg) 30.92+11.83 13.67 +2.68 20.361 <0.001
VCDR 0.59+0.25 - - -
CCT (um) 546.54+49.23 - - -
ACD (mm) 1.87+£0.56 - - -
AL (mm) 22.40+1.25 - - -
MD (dB) 13.57+£8.21 - - -
MS (dB) 13.32+8.71 - - -

Data are expressed as mean + standard deviation (SD). The independent Student’s 7 test and x> tests were used

PACG primary angle-closure glaucoma, BMI body mass index, SBP systolic blood pressure, SDP diastolic blood
pressure, /OP intraocular pressure, VCDR vertical cup-disc ratio, CCT central corneal thickness, ACD anterior
chamber depth, AL axial length, MD visual fields mean deviation, MS visual fields mean sensitivity

compared to the control subjects. These results did not change
after adjusting the data for the BMI, SBP, SDP, smoking sta-
tus, drinking status, diabetes status and hypertension status in
model B (OR=2.139, p=0.001, 95% CI 1.369, 3.340) or
after adjusting the data for the WBC, RBC, HG, AST, ALT,
BUN and Cr values in model C (OR =2.116, p=0.002, 95%
CI 1.319, 3.397).

Based on the visual field MDs, the PACG subjects were
categorised into three subgroups of different disease severity
levels: 259 were classified as mild (MD <6 dB), 261 as mod-
erate (6 dB<MD <12 dB) and 671 as severe (MD > 12 dB).
The comparisons of the RDWs and the ocular parameters of
the PACG patients (stratified according to severity) are shown

in Table 5. The mean RDW was lower in the mild PACG
group (12.89+0.74%) when compared to the moderate
(13.05+0.75%) and severe (13.03 + 0.86%) groups, and these
comparisons were significant (p = 0.042) (Fig. 2).

Logistic regression analyses were performed to identify the
associations between the RDW and the PACG severities using
three models (A, B and C) (Table 6). In model A, an increased
RDW (after being adjusted for the age and sex) was found to
be associated with the PACG severity in the PACG patients.
These results did not change after adjusting the data for the
BMI, SBP, SDP, smoking status, drinking status, diabetes sta-
tus and hypertension status in model B, or after adjusting the
data for the WBC, RBC, HG, AST, ALT, BUN and Cr values

Table 2 Comparison of RDW

and other blood parameters PACG group (n=1191) Control group (n=982) t value p value

between PACG and control

subjects RDW (%) 13.01 + 0.82 12.65 + 0.53 12.162 <0.001
WBC (10°/1) 622 +1.76 6.19 £ 1.74 0.468 0.640
RBC (10'%/1) 441 £ 1.68 438 +1.42 0.361 0.718
HG (g/1) 131.40 + 13.91 133.43 + 12.62 3.569 <0.001
AST (U/) 2022 + 821 20.00 + 8.03 0.646 0.518
ALT (U/) 22.64 + 14.15 22.80 + 15.00 0.248 0.804
BUN (mmol/l) 5.83 +1.72 5.76 + 1.66 1.031 0.303
Cr (umol/l) 69.53 £ 16.95 68.83 + 16.17 0.983 0.326

Data are expressed as mean = standard deviation (SD). The independent Student’s # test was used

PACG primary angle-closure glaucoma, Cr creatinine, BUN urea nitrogen, AST aspartate transaminase, ALT
alanine aminotransferase, HG haemoglobin, RBC red blood cell, WBC white blood cell, RDW red blood cell

distribution width
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Fig. 2 Comparison of red blood cell distribution width level in the PACG group (including mild, moderate and severe) and in the control group. Each
data point represents one subject. The top of the box plot represents the mean, and the bar of each box represents the standard deviation

in model C. Moreover, similar results were found in the male
and female subgroups.

Discussion

PACG is a common cause of blindness, and its complexity has
long plagued clinicians [19]. Because of its chronic nature, the
progression of PACG brings with it severe living, economic
and psychological burdens to the patients, and most impor-
tantly, a decrease in vision that affects their quality of life
[20-22]. Therefore, it is essential to identify the factors that
initiate and contribute to the pathogenesis and progression of
PACG. The aim of the present study was to investigate the
associations between the RDW and PACG while taking po-
tential confounders into consideration. In this study, we
showed that the mean RDW was significantly higher
(p<0.001) in PACG patients when compared to the healthy
controls and that the mean RDW was lower in the mild PACG
group when compared to the moderate and severe groups.
Moreover, the logistic regression analyses suggested that an
increased RDW is a risk factor for PACG and that it is asso-
ciated with the PACG severity. Similar results were observed
in the gender and age subgroups. To the best of our knowl-
edge, such an association has not yet been demonstrated by
other studies. Overall, our findings indicate that an elevated
RDW has important associations with the PACG risk and
severity.

Previous studies have demonstrated that a higher RDW is
strongly associated with the all-cause mortality risk. One of
these studies predicted increased cardiovascular mortality in a
large community-based sample [23]. In another study, Tonelli
et al. reported that the participants with RDWs in the highest
quartile had an adjusted hazard ratio for death of 1.78 (95% CI
1.28, 2.47) when compared to those in the lowest quartile.
Higher RDWs have also been associated with increased risks
of coronary deaths/nonfatal myocardial infarctions, new

symptomatic heart failure and strokes [24]. In addition,
Montagnana et al. reviewed a larger number of previous stud-
ies, and they affirmed that the RDW could be useful because it
adds prognostic information to oncological disease cases [25].
Moreover, Garofoli et al. reported that high RDWs were risk
indicators in critically ill newborns [26]. Because of the po-
tential roles of inflammation, endothelial dysfunction and ox-
idative stress in the development of these diseases, mediators
reflecting these processes, such as the RDW, might be associ-
ated with the all-cause mortality risk. As such, the association
between the RDW and glaucoma has been suggested to be
mediated through oxidative stress [27], chronic inflammation
[28] and endothelial dysfunction [29].

The RDW can be used as a simple, rapid and reliable
parameter that reflects the size variability of the circu-
lating RBCs. RDW measurements do not require addi-
tional blood samples, and they are performed routinely

Table 3 Comparison of RDW between PACG and control subjects,
stratified according to age and gender
PACG group Control group t value p value
Male 12.96 + 0.84 12.65 + 0.53 6.349 <0.001
<50 12.63 + 0.61 12.34 + 0.52 2.250 0.027
40-50 13.08 + 1.07 12.67 + 0.56 3.287 0.001
50-60 12.96 + 0.82 12.65 + 0.50 4.002 <0.001
>70 13.00 + 0.68 12.75 + 0.53 2.951 0.004
Female 13.02 + 0.81 12.65 +0.52 10.452 <0.001
<50 13.17 + 1.08 12.62 + 0.55 3.640 <0.001
40-50 12.96 + 0.88 12.56 + 0.56 5.066 <0.001
50-60 12.94 + 0.63 12.64 + 0.50 6.015 <0.001
>70 13.14 £ 0.83 12.75 £ 0.53 5.804 <0.001

Data are expressed as mean + standard deviation (SD). The independent
Student’s ¢ test was used

PACG primary angle-closure glaucoma, RDW red blood cell distribution
width
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Table 4 Logistic regression analysis of the association between RDW with PACG

Model A Model B Model C

OR P (95% CI) OR P (95% CI) OR P (95% CI)
RDW (%) 2318 <0.001 (1.997-2.690) 2.139 0.001 (1.369-3.340) 2.116 0.002 (1.319-3.397)
Age (years) 0.998 0.706 (0.990-1.007) 1.005 0.709 (0.980-1.030) 1.003 0.830 (0.977-1.029)
Gender 0.956 0.626 (0.796-1.147) 0.892 0.655 (0.542—1.470) 0.891 0.830 (0.461-1.721)
BMI (kg/m?) 1.003 0.931 (0.929-1.084) 1.003 0.940 (0.925-1.088)
SBP (mm Hg) 0.998 0.811 (0.979-1.016) 0.997 0.794 (0.979-1.017)
SDP (mm Hg) 0.999 0.964 (0.971-1.029) 1.000 0.982 (0.972-1.030)
Diabetes 1.161 0.637 (0.625-2.155) 1.159 0.647 (0.617-2.174)
Hypertension 1.023 0.940 (0.566-1.847) 1.001 0.998 (0.545-1.836)
WBC (10°/1) 0.998 0.983 (0.862—1.157)
RBC (10'/1) 0.886 0.890 (0.159-4.930)
HG (g/) 1.000 0.994 (0.948-1.055)
AST (U/l) 1.008 0.669 (0.973—-1.043)
ALT (U/) 0.996 0.709 (0.974-1.018)
BUN (mmol/l) 0.981 0.805 (0.840—1.145)
Cr (umol/l) 1.005 0.537 (0.989-1.021)

Model A: adjusted for age and sex
Model B: adjusted for Model A covariates plus BMI, SBP, SDP, Smoking, Drinking, Diabetes, and Hypertension
Model C: adjusted for Model B covariates plus WBC, RBC, HG, AST, ALT, BUN, and Cr

PACG primary angle-closure glaucoma, RDW red blood cell distribution width, BMI body mass index, SBP systolic blood pressure, SDP diastolic blood
pressure, Cr creatinine, BUN urea nitrogen, AST aspartate transaminase, ALT alanine aminotransferase, /G haemoglobin, RBC red blood cell, WBC
white blood cell

with the complete blood count, which is frequently re- RDW was found to be a PACG risk factor, and it was
quired for clinical case management [26]. In this study, associated with the PACG severity. However, the specif-
after adjusting for the confounding factors, an increased ic biological mechanisms that substantiate the

Table 5 Comparison of RDW

and ocular biometry in subjects Mild (n =259) Moderate (n=261) Severe (n=671) p value

with PACG, stratified according

to glaucoma severity Age (years) 60.11+10.28 64.84+9.20 64.45+10.98 <0.001*
Gender (male/female) 89/170 79/182 254/417 0414
RDW (%) 12.89+0.74 13.05+0.75 13.03+0.86 0.042*°
IOP (mm Hg) 26.34+7.45 27.17+9.01 33.58+12.62 <0.001*¢
VCDR 043+0.15 0.49+0.18 0.72+0.25 <0.01%"¢
CCT (um) 542.09+45.36 549.75 +54.97 545.63+44.42 0.256
ACD (mm) 1.85+0.28 1.83+£0.42 1.89+0.70 0.422
AL (mm) 22.22+1.05 22.25+1.00 22.51+1.30 0.002*°
MD (dB) 3.28+1.65 8.79+1.78 21.08+5.30 <0.001*¢
MS (dB) 23.70+2.15 18.39+2.53 6.71+4.87 <0.001*b¢

Data are expressed as mean =+ standard deviation (SD). One-way ANOVA was used

PACG primary angle-closure glaucoma, RDW red blood cell distribution width, /OP intraocular pressure, VCDR
vertical cup-disc ratio, CCT central comeal thickness, AL axial length, ACD anterior chamber depth, D mean
deviation values for the visual field, MS mean sensitivity values for the visual field

# p <0.05 for the difference between mild PACG and severe PACG (one-way ANOVA with the LSD post hoc test)
® p <0.05 for the difference between mild PACG and moderate PACG (one-way ANOVA with the LSD post hoc
test)

€ p <0.05 for the difference between moderate PACG and severe PACG (one-way ANOVA with the LSD post hoc
test)
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Table 6 Logistic regression analysis of the association between RDW and severity of PACG

Model A Model B Model C

Severity OR p (95% CI) OR p (95% CI) OR p (95% CI)
PACG Mild (reference) 1.0 1.0 1.0

Moderate 1.336 0.021 (1.046-1.708) 1.327 0.027 (1.033-1.704) 1.276 0.091 (0.962—-1.693)

Severe 1.249 0.030 (1.022—-1.527) 1.253 0.029 (1.024-1.532) 1.253 0.045 (1.005-1.561)
Male Mild (reference) 1.0 1.0 1.0

Moderate 1.520 0.082 (0.948-2.435) 1.521 0.088 (0.939-2.464) 1.265 0.406 (0.727-2.200)

Severe 1.538 0.025 (1.055-2.242) 1.554 0.023 (1.062-2.276) 1.451 0.070 (0.970-2.169)
Female Mild (reference) 1.0 1.0 1.0

Moderate 1.410 0.027 (1.041-1.911) 1.393 0.036 (1.021-1.910) 1.507 0.020 (1.067-2.129)

Severe 1.308 0.044 (1.007-1.699) 1.321 0.039 (1.015-1.720) 1.535 0.009 (1.114-2.116)

Model A: adjusted for age and sex

Model B: adjusted for Model A covariates plus BMI, SBP, SDP, smoking, drinking, diabetes and hypertension
Model C: adjusted for Model B covariates plus WBC, RBC, HG, AST, ALT, BUN and Cr
PACG primary angle-closure glaucoma, RDW red blood cell distribution width

association between the RDW and PACG remain un-
known. In this case, we sup

pose that the RDW may be an independent PACG risk factor
in that it represents a marker of concomitant disorders, such as an
underlying inflammatory state, endothelial dysfunction and oxi-
dative stress damage. In addition, because chronic inflammation
plays an important role in the pathogenesis of glaucoma, it has
been suggested that multiple inflammatory cytokines are signif-
icantly involved in PACG, such as C-reactive protein, interleukin
(IL)-8, eotaxin, interferon gamma-induced protein (IP)-10, IL-9,
IL-17, tumour necrosis factor-alpha and macrophage inflamma-
tory protein-1-beta [30]. For example, Duvesh et al. [30] reported
significantly higher IL-8, eotaxin, IP-10 (p <0.001) and macro-
phage inflammatory protein-1-beta levels in the aqueous humour
of chronic PACG patients when compared to the controls. Li
et al. [3] suggested that the mean neutrophil, neutrophil to lym-
phocyte ratio and WBC values were higher in the PACG patients
than in the healthy controls and that they were the lowest in the
mild PACG group, followed by the moderate and severe groups.
It is worth noting that a state of inflammation has been regarded
as an important RDW determinant [31].

Another important factor regarding the PACG pathogene-
sis is oxidative stress. Goyal et al. [32] found that the super-
oxide dismutase and glutathione peroxidase activities were
significantly higher in the aqueous humour of PACG patients
and that the aqueous humour also had significantly lower vi-
tamin C and E levels. In another study, it was shown that the
total antioxidant status concentration had a statistically signif-
icantly lower pattern among glaucoma subjects [33]. Under
normal circumstances, reactive oxygen species are converted
by superoxide dismutase to H,O,, which, in turn, is reduced to
water by glutathione peroxidase or catalase. Any reactive ox-
ygen species that escape this system are available to react with

other RBC constituents, which leads to impaired erythropoie-
sis and abnormal RBC survival [34]. Impaired erythropoiesis
and abnormal RBC survival increase the RDW. As such, it has
been suggested that oxidative stress may reduce the erythro-
cyte lifespan and increase their haemolysis vulnerability [14].
For this reason, oxidative stress damage has also been
regarded as an important RDW determinant [12].

There has been a gradual accumulation of evidence suggest-
ing that peripheral vascular endothelial dysfunction and abnor-
mal ocular blood flow may play important roles in the PACG
pathophysiology [35-37]. For instance, Alattar et al. [38] showed
that the RDW correlates with the diastolic vascular and vascular
endothelial dysfunction markers [13]. Interestingly, several stud-
ies have reported that the vessel density in the optic nerve head
region was decreased in PACG patients. For example, Rao et al.
[39] found that the vessel density and structural measurements
were significantly lower (p <0.05) in the PACG patients when
compared to the healthy controls. Another study also reported
that the average peripapillary vessel density was significantly
lower in the PACG patients (52.7%) when compared to the
healthy controls (60.8%) [40]. We also considered the fact that
the RDW may be an independent factor in vascular function. It
has been hypothesised that the chronic inflammatory state, which
is common in patients with cardiovascular disorders, may also
play a role in increasing the anisocytosis degree in patients with
this condition [12]. Therefore, the RDW may be a cause of
PACG. Decreased RBC deformability among patients with
higher RDWs impairs the blood flow through the microcircula-
tion, resulting in the diminution of the oxygen supply at the tissue
level. A greater variation in the erythrocyte volume would in-
crease the blood viscosity and, concomitantly, impair the blood
flow through the microcirculation, thus triggering or amplifying
the adverse consequences of a pre-existing vascular occlusion
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[12]. Overall, in conjunction with the results of previous studies,
we hypothesised that the RDW may be an independent risk
factor and a marker of PACG.

There was a significant positive correlation between the MD
and the RDW in this study. We postulate that using the RDW as a
simple, rapid, inexpensive and reliable parameter may be an
important future tool for the prediction of the PACG severity.
Limited data is available in the literature with regard to the
RDW as a risk factor or a simple epiphenomenon of an underly-
ing biological or metabolic imbalance. Therefore, the following
two considerations arise [34]:

1. The RDW may be a PACG biomarker. Inflammation, mi-
croangiopathy and oxidative stress are currently being
discussed as leading factors causing PACG, which causes
damage to the optic nerve and leads to a progressive loss of
retinal ganglion cells and their axons. Oxidative stress, mi-
croangiopathy and inflammation can lead to impaired eryth-
ropoiesis and abnormal RBC survival. Impaired erythropoi-
esis and abnormal RBC survival cause an RDW increase.
Thus, the RDW increases with the disease onset, and the
RDW in PACG patients may reflect the disease severity.

2. The RDW may be a cause of PACG. Decreased RBC
deformability among patients with higher RDW values im-
pairs the blood flow through the microcirculation, resulting
in the diminution of the oxygen supply at the tissue level. A
greater variation in the erythrocyte volume would increase
the blood viscosity and, concomitantly, impair the blood
flow through the microcirculation, thus triggering or ampli-
fying the adverse consequences of a pre-existing vascular
occlusion and accelerating optic nerve injury.

This study did have several limitations. First, a cross-sectional
design was used, and as such, we cannot directly conclude that an
RDW increase is a risk factor for PACG development. For this
reason, future longitudinal studies should also evaluate the value
of the RDW in detecting PACG progression. Second, those
PACG subjects with acute infectious diseases were excluded,
whereas chronic subclinical inflammation in PACG patients is
usually more difficult to detect through a medical screening. This
may have led to a bias in the results.

Conclusions and expert recommendations

The field of blood analysis for an earlier diagnosis of glaucoma
and other ocular diseases has been undergoing a ‘seachange’
[41]. We found that an increased RDW was associated with the
PACG risk and severity in PACG patients. Inflammation, endo-
thelial dysfunction and oxidative stress, which are reflected by
the RDW, are currently being discussed as leading factors in the
cause of PACG. Moreover, an increased RDW is an indicator of
the all-cause mortality risk. Contextually, it makes good sense to
stratify PAGC patients according to the comorbidities noted in
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their patient records. Thus, the RDW, as a simple, rapid, inex-
pensive and reliable parameter, may be an important future tool
for a prediction of PACG severity. This paper contributes to the
paradigm shift from reactive medicine to predictive, preventive
and personalised medicine (PPPM), and it conforms with the
PPPM concepts presented in the 2012 European Association
for Predictive, Preventive and Personalised Medicine (EPMA)
white paper and the 2016 EPMA position paper [16, 42]. This
measure may also serve to improve personalised medicine for
patients as a step forward in realising PPPM strategies in the near
future.
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