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Abstract 
Background: Ocular hypertension (OH) is a condition characterized by 
elevated intraocular pressure (IOP) exceeding the normal range, 
without any evident damage to the optic nerve or visual field defects 
characteristic of glaucoma. It constitutes a significant precursor to the 
development of glaucoma, a leading cause of irreversible vision loss 
worldwide. Emerging evidence has shown that microcirculation 
alterations in eyes with OH could serve as predicting factors to identify 
eyes at high risk for progression to glaucoma. In view of the above, 
the purpose of our study is to investigate microcirculation alterations 
of the radial peripapillary capillary plexus using optical coherence 
tomography angiography (OCT-A) in patients with ocular hypertension 
(OH). 
Methods: A total of 192 eyes were included in this observational, 
comparative, single-centre study and were divided in two groups: OH 
eyes and healthy controls. OCT-A was performed to analyze 
microcirculation characteristics at the peripapillary area. Radial 
peripapillary capillary density was measured at the total area of the 
optic disc and at each separate region (superior, inferior, inside). The 
parameters of age, medical treatment for ocular hypertension, sex 
and retinal fiber layer thickness were evaluated.  
Results: Total radial peripapillary capillary density was significantly 
lower in patients with OH than in healthy controls Concerning the 
microcirculation characteristics at each separate region of the 
peripapillary area, the results were as follows: inferior radial 
peripapillary capillary density was significantly decreased in 
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individuals with OH than in controls, while measurements in the 
superior peripapillary area and internal optic disc were similar in both 
groups.   
Conclusions: Our study indicates decreased radial peripapillary 
capillary density in eyes with OH. Microcirculation alterations in the 
inferior peripapillary area could potentially comprise biomarkers for 
OH progression to glaucoma.
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peripapillary capillary plexus, intraocular pressure, optical coherence 
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Introduction
Glaucoma is one of the leading causes of progressive visual loss worldwide. Despite advances in our understanding of the
pathophysiology of glaucoma, the only proven efficacious intervention for preventing further progression of the optic
nerve impairment includes lowering of intraocular pressure.1–4 Although numerous risk factors have been identified
(family history, age, central corneal thickness), elevated intraocular pressure (IOP) remains the key element for the
development of glaucoma and the sole modifiable parameter at present. Patients with elevated IOP (>21mmHg in one or
both eyes) and no signs of detectable glaucomatous damage in the standard clinical tests are considered to have ocular
hypertension (OH). The prevalence of OH is estimated to range from 3–10% in the population over the age of 40 years,
while approximately 10% of them may eventually develop glaucoma. This high incidence of OH and the resultant
potential visual deterioration raises critical issues about identifying novel predicting factors and diagnostic tests to
determine the appropriate patients who are at risk of developing glaucoma.1–5,8–10

Neuronal degeneration is a firmly established characteristic that plays a central role in the development of glaucoma.
Recent evidence has documented vasculature changes in the optic nerve head and the peripapillary retina in the context of
this disorder highlighting the role of microcirculation dysfunction as a contributing factor to both the onset and
progression of the disease. The radial peripapillary capillary plexus is a distinct vascular layer located in the retinal
nerve fiber layer and provides oxygen and nourishment in the retinal ganglion cells. Indeed, the integrity of the optic nerve
blood supply and the resultant structural neuronal vulnerability may have an intimate association in the pathogenesis of
glaucoma.

Since the radial peripapillary capillary network could be primarily affected in primary open angle glaucoma (POAG) even
before structural alterations occur, the investigation of validated microcirculation biomarkers for early detection,
profound understanding of the pathogenesis and prompt treatment of glaucoma is a promising aspect.6–7,11 Optical
coherence tomography angiography (OCT-A) is a novel, non-invasive imaging technique that generates depth-resolved
angiograms and enables visualization and quantification of blood flow alterations in the retina and optic nerve. Radial
peripapillary capillary plexus parameters demonstrate considerable changes prior to neuronal degeneration in glauco-
matous eyes, thus providing new insights in our understanding of the pathobiology. These emerging findings have fuelled
recent research providing evidence that microcirculation alterations in eyes with OH could serve as predicting factors to
identify eyes at high risk for progression to glaucoma.

In the present study, we sought to characterize microvasculature alterations of the peripapillary area in patients with
OH. The aim of the study was to identify potential objective biomarkers that designate these eyes and contribute to
thorough clinical assessment that may provide evidence of further progression to glaucoma.1,12–22

Methods
In individuals of the OH group, the mean values of radial peripapillary capillary density in the inferior area were
significantly lower than those in healthy controls (p=0.025). The study was conducted between November 2019 and
March 2020 at the Glaucoma Clinic of Ophthalmiatreion Athenon in Athens, Greece after receiving approval from the
Ethics Committee of the National and Kapodistrian University of Athens (ID: 1819009698) (Date:08/11/2018) and
adhered to the tenets of the declaration of Helsinki. Written informed consent was obtained from each patient so that their
data could be used for research purposes.

The dates of recruitment were identical to the period of the study and the participants were not required to attend any
follow-up appointments.

This was an observational, retrospective, comparative, single-centre study. In order for the sample size to be arrived, we
recruited all patients who had a clinical diagnosis ofOH. To be included, eyes had IOP> 21mmHg and the optic nerve had
no structural glaucomatous damage on spectral domain - optical coherence tomography angiography (SD-OCT). Patients
that were under treatment with more than two IOP-lowering medications and had an increased risk for progression to
primary open angle glaucoma (POAG) and those who had undergone selective laser trabeculoplasty (SLT) were
excluded.1,2 Furthermore, exclusion criteria consisted of retinal pathology or any other ocular or systemic comorbidity
that could affect retinal vascular circulation, including diabetic and hypertensive retinopathy, retinal vein occlusion,
uveitis or eyes with concomitant vitreoretinal pathology. Finally, we excluded patients if the OCT-A images were of low
quality due to media opacities or motion artifacts.

Eyes were divided into two groups: eyes with OH and healthy controls. The control group comprised of healthy
individuals with no ocular or systemic comorbidities.
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A comprehensive ophthalmological examination was performed. The examination included anterior segment and dilated
fundus examination with slit lamp biomicroscopy (on Haag-Streit Slit Lamp Imaging Module 910), visual acuity
(LogMAR) and IOP measurement with Goldman applanation tonometer.

OCTwas performed for each patient to exclude any glaucomatous damage. OCT-A of the optic nerve was obtained for all
patients.

OCT-A imaging protocols
The scanning area was captured using the AngioVue HD software (OptoVue, Fremont, CA, USA) using the split
spectrum amplitude decorrelation angiography (SSADA). Eye tracking was employed to minimize motion artifacts, and
for each study participant, an optic nerve head scan was obtained. Subsequently, all OCT-A scans underwent a thorough
manual examination and correction of segmentation errors by two separate investigators. Additionally, the images were
assessed for quality, taking into account factors such as artifacts impacting microvasculature analysis, motion artifacts,
suboptimal fixation, and signal strength index (adequate quality was defined as a strength index of≥7 out of 10).OCT-A
imaging of the optic nerve head was acquired using a 4.5x4.5mm scan pattern. Radial peripapillary capillary plexus
(RPC) flow density was measured automatically by the device software (Beam Spot Size: 22μm, Depth: 3.0μm digital
resolution, Transverse: 2mm to 12mm, Scan Beam Wavelength: =840�10nm, Exposure Power at pupil: 750μW
maximum).

Patients were divided into two groups due to the absence of normative data regarding the RPC density values: a patient
group with eyes consistent with ocular hypertension (66.3%), and a control group (33.7%).

Statistical analyses
All analyses were performed using SPSS statistical software (version 22.0) (RRID:SCR_002865). We used inde-
pendent sample Student's t-tests to compare mean values between the control and patient groups. Quantitative
variables are expressed as mean (SD) values, while qualitative variables are expressed as absolute and relative
frequencies. Chi-squared tests were used to compare proportions. Multiple linear regression analysis was used with
dependence on the total peripapillary capillary density (PP) values. The regression equation included parameters such
as sex, age, and medical treatment for OH. Adjusted regression coefficients (β) with standard errors were computed
from the results of the linear regression analyses. All reported P-values are two-tailed. Statistical significance was set
at a P-value <0.05.

Results
After applying exclusion criteria, a total of 192 eyes with OH were included in the analysis. The OH group comprised of
127 eyes (66.3%) and the control group of 65 eyes (33.7%).24 The mean age was significantly higher in patients with OH
(63.5 years) than in healthy controls (53.6 years) (p<0.001). Our study included more female participants as compared to
men, thoughwithout significant differences between theOH and control group. The patients in the control groupwere not
under treatment for any ocular disorder.

Demographic characteristics are shown in Table 1.

Table 1. Sample characteristics of each group (absolute and relative frequencies for qualitative
characteristics, mean [standard deviation] for quantitative characteristics).

Group P-value

Controls N = 65; 100% Patients with ocular
hypertension N = 127; 66.3%

N (%) N (%)

Age, mean (SD) 53.6 (14.7) 63.5 (11.6) <0.001+

Sex

Female 34 (59.6) 66 (58.9) 0.928++

Male 23 (40.4) 46 (41.1)

Under medical treatment 0 (0.0) 56 (50.0) <0.001++

+Student’s t-test.
++Pearson’s chi-squared test.
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In individuals of the OHgroup, themean values of radial peripapillary capillary density in the total area were significantly
lower than those in healthy controls (p=0.041). Concerning the subgroup analysis in the superior, inferior and internal
disc area, the results were as follows. In individuals of the OH group, the mean values of radial peripapillary capillary
density in both the superior and internal optic disc area were lower, though not statistically significant, than those in
healthy controls, while the mean values of radial peripapillary capillary density in the inferior area were significantly
lower in individuals with OH than in controls (p=0.025). OCT-A parameters in both groups are shown in Table 2.

While accounting for age, sex and medical treatment we found similar PP measurements in both control and OH group
(Table 3). In contrast, a correlation was found between the decrease of PP and age increase. In all measurements, men
presented significantly lower PP values than women, while no noticeable association was found between medical
treatment and PP values.

Discussion
The current gold standards for establishing a diagnosis for glaucoma include clinical features of glaucomatous damage to
the optic nerve (deepening of excavation and bleeding of optic nerve), elevated IOP and morphological changes in
structural OCT (defects of the retinal nerve fiber layer). OH consists of the sole modifiable parameter that delays
progression of degeneration of the optic nerve.1,3–10 Objective biomarkers for identifying individuals with OH that are at

Table 3. Multiple linear regression analysis results with peripapillary capillary density (PP)measurements as
dependent variables and group, age, sex, and medical treatment as independent variables (regression
coefficients [β] and standard errors (SE)).

Total PP Superior Inferior Inside disc

β (SE)+ P β (SE)+ P β (SE)+ P β (SE)+ P

Group

Controls
(reference)

Patients with
ocular
hypertension

�0.07 (0.67) 0.920 �0.04 (0.8) 0.960 �0.17 (0.85) 0.844 0.58 (1.21) 0.630

Age �0.09 (0.02) <0.001 �0.09 (0.02) <0.001 �0.08 (0.03) 0.004 �0.07 (0.04) 0.078

Sex (reference)

Female

Male �1.77 (0.53) 0.001 �2.14 (0.64) 0.001 �1.73 (0.67) 0.011 �2.6 (0.96) 0.008

Medical treatment

No
(reference)

Yes �0.56 (0.64) 0.382 �0.16 (0.77) 0.837 �1.42 (0.81) 0.081 �0.61 (1.16) 0.603
+Regression coefficient (standard error).

Table 2. Peripapillary capillary density (PP) measurements of each study group (mean [standard deviation]
and p-value for Student’s t-test).

Group P+

Controls N = 65; 100% Patients with ocular
hypertension N = 127; 66.3%

Mean (SD) Mean (SD)

Total PP 52.3 (3.2) 51.1 (3.8) 0.041

Superior 52.4 (4.0) 51.4 (4.4) 0.145

Inferior 52.1 (3.4) 50.5 (4.9) 0.025

Inside disc 51.0 (6.4) 50.6 (6.1) 0.703
+Student’s t-test used to calculate p-value.
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risk for developing glaucoma prior to apparent neurodegeneration occurs consist a valuable and unmet need. In this
aspect, recent evidence has documented microvasculature alterations in the context of OH. Considering that impaired
neuronal function is a widely recognized concern among individuals with glaucoma, it is valuable to assess the potential
pathophysiological underpinnings of vascular decline as a predicting factor for patients with OH who are at risk for
developing glaucoma. In view of the above, by implementing OCT-A, we sought to assess microvasculature alterations
affecting the radial peripapillary capillary plexus in patients with OH in order to identify differences from healthy eyes.
Our study focuses on topographical changes of microcirculation in the peripapillary area. Our results indicate that
alterations of the peripapillary capillaries may comprise a potential biomarker of OH progression to glaucoma.

The Ocular Hypertension Treatment Study (OHTS) was a longitudinal trial. Besides assessing the impact of treatment on
individuals with ocular hypertension (IOP ranging from 24 mmHg to 32 mmHg), the study provided valuable insights
into various potential factors contributing to the transition from OH to glaucoma.

For ocular hypertension, validated predictive models utilize an individual's ocular parameters to ascertain the likelihood
of developing glaucoma.1,3–5,8–11

The risk factors and conditions pertaining to OH have been thoroughly analyzed in various studies.1–9 Critical features
predictive of POAG include older age, race (African American), sex (male), larger vertical cup-disc ratio, larger
horizontal cup-disk ratio, increased IOP, higher Humphrey visual field pattern standard deviation (SD), decreased
retinal nerve fibre layer (RNFL) values, heart disease, and thinner central cornea.1,3,4–10

In this study, we assessed microvasculature alterations in the peripapillary area, especially in total and in each separate
region of the optic nerve; superior, inferior and internal area. Our results indicate that the capillary plexus density was
decreased in the total peripapillary area in OH eyes as compared to healthy individuals. Interestingly, evaluation of retinal
blood flow in patients with OH has indicated that the typically robust peripapillary microvascular network shows a
reduction in both the superficial disc vasculature and the deep lamina cribrosa. Furthermore, lower PP values may be
associated with the decreased RNFL measurements that are usually found in OH. Therefore, RNFL thickness and RPC
densitymay be related to subsequent glaucomatous defects in the optic nerve head.1,16–22 Concerning the analysis of each
separate region of the optic nerve, our results indicate variability. In particular, capillary plexus density in the inferior
peripapillary area was decreased in OH eyes as compared to healthy controls, while the superior and inside the optic disc
microcirculation was similar between the two groups. These changes may be associated with a predisposition to future
structural changes in optic nerve head. The aforementioned hypothesis is in linewith the “ISNT” rule that has beenwidely
used in clinical practice as an early screening tool in terms of assessing the optic nerve head appearance.1,3,4,23 Indeed, a
potential correlation between RPC changes in the inferior part of the disc and the widely used “ISNT” pattern (inferior,
superior, nasal, temporal), referring to the normal optic disc rim width (inferior ≥ superior ≥ nasal ≥ temporal) may
support evidence indicating possible OH conversion to POAG in these eyes. Overall, our results suggest that the inferior
radial peripapillary capillary plexus alterations could be a biomarker for predisposition to structural changes of the optic
disc, which in turn might be an indicator of ocular hypertension progression to glaucoma.

According to the OHTSmen are more likely to progress to primary open-angle glaucoma (POAG). In our study we found
that men had consistently reduced PP measurements compared to women. Thus, this could also be considered as a factor
predictive of POAG.1,3–5

To date, a number of studies have shown evidence for microvasculature alterations in the peripapillary area in eyes with
OH.6–7 We consider this information highly relevant for clinical practise as blood changes could serve as a predicting
factor for the progression of OH to glaucoma, even before apparent structural neuronal changes. Identifying eyes who are
at risk for disease progression would optimise the outcomes for this subgroup of patients as well as provide evidence for
treatment options and prognostication. The aforementioned parameter along with the large cohort of patients that were
recruited may add strength to our study. In any case, our study contributes to a topic which warrants further investigation
in clinical practice. Inevitably, certain limitations should be considered. Firstly, in addition to peripapillary capillary
plexus vessel density, further vascular parameters should be analyzed in order to have amore detailed and comprehensive
investigation. Notwithstanding the fact that the total peripapillary area seems to be mainly affected, with the inferior part
of the optic nerve to indicate changes primarily, a proper correlation with the OCT structural changes would add value to
similar studies. Moreover, our control group was not age-matched and one could support that physiologic differences
among age groups could have contributed to the difference in vascular parameters, however this has not been proven in
clinical practice. Lastly, we should consider the intrinsic limitations of the OCT-A technology and the imaging artifacts
that could interfere with precise examination of the angiograms.
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In conclusion, this study points out that peripapillary capillary plexus alterations in eyes with OH indicate a close
association with the known risk factors for OH progression to glaucoma. Thus, on this basis we could assume that
microcirculation of the optic nerve may provide insight into further morphological changes and that could differentiate
healthy eyes from those with OH comprising potential predicting factor for the prompt diagnosis of glaucoma. The latter
comprises a pivotal finding which could be used as a unique screening tool for glaucoma specialists. Additional
prospective longitudinal studies are needed to validate our findings and determine the accuracy of OCT-A parameters
as predicting factors in clinical practice.

Data availability
Underlying data
Mendeley Data: Radial peripapillary capillary density as a predictive factor for glaucoma in eyes with ocular hyperten-
sion. https://doi.org/10.17632/h9tntd4gkf.1.24

This project contains the following underlying data:

• DATA.xlsx

Data are available under the terms of the Creative Commons Attribution 4.0 International license (CC-BY 4.0).
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The study provides valuable insights into the potential role of radial peripapillary capillary density 
as a biomarker of ocular hypertension and glaucoma. 
The control group is not age-matched with the OHT group, which could introduce bias as there is 
inverse correlation of RPC density with age.  
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This interesting study assessed if individuals with ocular hypertension have differences in the 
microcirculation of their radial peripapillary capillary plexus compared to unaffected individuals. A 
reasonably large sample size was available and a helpful file with the underlying data is included. 
 
I have two main points and a few minor suggestions 
 
MAIN POINTS: 
** Referencing and discussion of previous literature can be improved. I have highlighted below a 
few relevant sections. The main recommendation though is to include a few more sentences in the 
Discussion after the statement that "To date, a number of studies have shown evidence for 
microvasculature alterations in the peripapillary area in eyes with OH.6–7." For example, additional 
information on what these studies have shown would be of interest. 
 
** It would be helpful to elaborate a bit on the interpretation of the results of the linear regression 
analysis. Would these suggest that the study findings should be interpreted more cautiously? 
 
MINOR SUGGESTIONS 
 
Introduction 
** Please include references supporting the statements in the second paragraph 
 
Methods 
** The first sentence ("In individuals ... controls (p=0.025)") would be more appropriate for the 
Results section. Also, in this phrase and in other sentences in the Abstract and in the Results, the 
findings are described as significant. It would be less subjective and more precise to describe 
them as statistically significant (especially given that the differences between groups are small 
which makes it challenging to conclude about clinical significance) 
 
** Did the analysis focus on the left, the right, or the mean between eyes? 
 
** It is mentioned that "Radial peripapillary capillary plexus (RPC) flow density was measured " but 
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in the next subsection, it is stated that "Multiple linear regression analysis was used with 
dependence on the total peripapillary capillary density (PP) values." It would be helpful to clarify 
(for the non expert) what was the parameter/metric that was evaluated (is RPC flow density the 
same as PP?). It would also be worth considering minimising abbreviations and, potentially, 
including an illustrative image. 
 
Results 
** Not necessary but did the research team collect data on the refractive error (or axial length) of 
study participants? 
 
**  I assume that the primary analysis focused on total peripapillary capillary density and that the 
subgroup analyses in the superior, inferior and internal disc areas were secondary studies. could it 
be appropriate to apply multiple comparison correction (FDR or Bonferroni) for the 3 secondary 
analyses? 
 
** In Table 2, one of the headers mentions "Controls N = 65; 100%" while the other mentions 
"Patients with ocular hypertension N = 127; 66.3%". Should the former have 33.7% instead of 
100%? 
 
** Would it be worth considering including a plot with the linear regression findings? 
 
Discussion 
** Please consider amending the following slightly suboptimal sentence "Objective biomarkers for 
identifying individuals with OH that are at risk for developing glaucoma prior to apparent 
neurodegeneration occurs consist a valuable and unmet need." 
 
** Please add references to substantiate the statement that "In this aspect, recent evidence has 
documented microvasculature alterations in the context of OH." 
 
** Please include OHTS reference. 
 
** Paragraphs 2, 3 and 4 (from "The Ocular ..." to "central cornea") could be merged and 
rephrased to enhance the clarity and coherence of the text. 
 
References 
** Referencing is not standardised and key information (e.g. year of publication) is missing from a 
number of references (e.g. 5 and 6).
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This is a study comparing the retinal peripapillary capillary (RPC) plexus vessel density and intra-
disc vessels density in subjects with ocular hypertension (OHT) versus controls (no history of OHT) 
using optical coherence tomography angiography (OCTA). The study's main findings are:

The overall RPC density in OHT subjects were lower than controls. 
 

1. 

The inferior quadrant RPC density was significantly lower than controls but other quadrants 
were not significantly different and the intra-disc density was not significantly different. 
 

2. 

There was a significant inverse correlation of RPC density with age, and correlation of 
reduced RPC density with male gender versus female gender.

3. 

 
The authors consider that reduction in RPC may be a biomarker of risk of progression of OHT to 
glaucoma. 
 
The main concerns with the paper at present are the following issues:

There is an inverse correlation of RPC density with age and there is a difference in age 
between OHT patients (older) and control patients (younger). Although this is mentioned in 
the discussion, the statement in the last paragraph of page 6 of the discussion where age is 
discussed, where the authors state "however this has not been proven in clinical practice" 
does need some reference to clarify this point. 

1. 
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The Retinal nerve fibre layer thickness is measured in OHT subjects but the paper does not 
comment in correlation of RPC with this nor does it measure RNFL in control subjects. RNFL 
thickness may reduce in glaucoma subjects and in OHT subjects that are converting to 
glaucoma and it is not clear if RPC density follows RNFL thinning or precedes RNFL thinning. 
 

2. 

Other exclusion factors should be considered including abnormal axial length or high 
refractive errors, presence of narrow or occludable angles. 
 

3. 

There may be variation in test and retest and diurnal variation of blood flow, so 
measurements taken at different times could alter RPC density. Did the authors capture one 
set of images per patient or more than one to give an average value from at least 2 sets of 
images per patient? 
 

4. 

The manual segmentation of the images were done by investigators - please state whether 
or not they were masked to the group the patient belonged to. 

5. 
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