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Comparison of the number of
peripapillary perforating scleral
vessels between glaucomatous
eyes and healthy eyes

Satoko Fujimoto?!, Kazuichi Maruyama®2*“, Takashi Nishida?, Akira Tanikawa?,
Yuri lwamoto?, Shiyi Liv*, Zhenguo Wang*, Nobuhiko Shiraki!, Kenji Matsushita?,
Masahiro Akiba® & Kohji Nishida-®7>*

This study aimed to compare the number of peripapillary perforating scleral vessels (PPSVs) between
eyes with and without glaucoma. A retrospective case-control analysis was performed on patients with
glaucoma and control participants who underwent swept-source optical coherence tomography (SS-
OCT) at a single institution. The number of PPSVs around the optic disc was counted on deep-learning
assisted en face SS-OCT images created from 6 x 6 mm? peripapillary volumetric scans. The study
included 33 eyes from 33 participants (21 eyes from 21 patients with glaucoma and 12 eyes from 12
healthy controls). The number of PPSVs was significantly lower in eyes with glaucoma (95% confidence
interval [Cl], 16.0-20.6) than in control eyes (95% Cl, 24.2-29.0; P < 0.001). It was not associated with
age in patients with glaucoma (P = 0.89). The receiver operating characteristic curve had an area under
the curve of 0.95 (95% Cl, 0.93-0.97); at a cutoff value of 21.50, the sensitivity and specificity for
identifying glaucoma were 84.6%, and 91.7%, respectively. These outcomes suggest that the decrease
in PPSVs in glaucoma may be related to perfusion loss in the retina or optic nerve, and the number of
PPSVs may be a biomarker for detecting the risk of glaucoma.

Keywords Glaucoma, Peripapillary perforating scleral vessels, Perforating scleral vessels, Retinal
microvasculature, Deep learning

Glaucoma is the leading cause of irreversible blindness worldwide, and early diagnosis and treatment are crucial
for preventing vision loss!. This disease is multifactorial, with numerous reported etiologies including genetic
predisposition, vascular dysregulation, and mechanical factors affecting the optic nerve head (ONH). However,
despite these diverse contributing factors, intraocular pressure (IOP) remains the only modifiable risk factor
targeted in current therapeutic interventions.

Optical coherence tomography (OCT) effectively measures the retinal nerve fiber layer (RNFL) thickness,
thereby facilitating the diagnosis of glaucoma. Recently, a focal perfusion defect in the capillary density of the
superficial vascular plexus was demonstrated in eyes with glaucoma using OCT angiography*~® and laser speckle
flowgraphy”8. However, retinal microvascular defects may precede structural changes or visual-field defects in
glaucoma™®. Nonetheless, the associations between decreased retinal microvasculature and decreased number of
branches of the short posterior ciliary arteries (SPCAs) or restricted flow within existing vessels remain unclear.

Although scleral perforating branches are not the primary source of blood supply to the optic nerve, they
may serve as a supplementary source of circulation to the optic nerve sheath and the retrobulbar portion of
the optic nerve. Previous studies have reported that microcirculatory disturbances in the posterior circulation,
particularly involving the SPCAs, are associated with the onset and progression of glaucoma®!?. Hayreh et al.
reported that in addition to autoregulatory mechanisms, the distribution and branching patterns of the SPCAs
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supplying the ONH vary considerably between individuals, leading to spatial and functional heterogeneity in
perfusion!"!2. Furthermore, anatomical variations in the thickness and structure of the peripapillary sclera may
affect the sites where these vessels penetrate, potentially predisposing to localized circulatory compromise®?.

Choroidal blood flow accounts for 90% of the ocular blood supply!*'®, and a reduction in this flow can lead to
chronic ischemia of the entire eye. Over time, this ischemia may result in damage to the retina and optic nerve.
Color Doppler imaging studies have shown that in patients with normal-tension glaucoma, blood flow velocities
in the SPCAs and other ocular vessels are significantly reduced, while resistive indices are elevated!®!”. These
findings suggest impaired autoregulatory capacity and a limited microcirculatory reserve. Moreover, decreased
systolic flow and increased vascular resistance in the SPCAs and central retinal artery have been consistently
reported in normal-tension glaucoma, supporting the concept of a compromised microvascular environment
contributing to disease pathogenesis'®.

We previously developed an algorithm for automated segmentation of the lamina cribrosa in volumetric OCT
scans using a deep-learning (DL) model'>%°. This algorithm removes noise from single images and achieves high
robustness across various diseases without requiring noise-free ground-truth images for training.

Based on the findings in previous studies, we focused our attention on the scleral perforating branches. We
applied DL techniques to enhance vascular imaging, enabling detailed morphological analysis of the choroid
through the sclera, and providing better insight into peripapillary scleral vessels (PPSVs) in eyes with and without
glaucoma. We hypothesized that the findings may offer new perspectives regarding the effect of microvascular
changes on glaucoma pathogenesis.

Results

Demographic data

This study included 21 eyes from 21 patients with glaucoma and 11 eyes from 11 control participants. The mean
(Standard deviation; SD) age, IOP, axial length (AL), and refractive error (RE) in the glaucoma and control
groups were 57.8 (13.7) and 49.3 (6.4) years, 13.7 (2.7) and 14.3 (1.6) mmHg, 24.8 (0.89) and 24.7 (1.1) mm, and
- 2.6 (2.1) and - 2.3 (1.6) D, respectively. The visual field mean deviation (VFMD) in patients with glaucoma
was — 8.6 (6.5) dB (range, -21.3-0.46 dB). Background characteristics such as age, sex, RE, AL, and IOP, were
not significantly different between the control and age-matched young glaucoma groups; however, VEMD was
significantly different between the groups. Similarly, all characteristics except age were not significantly different
between the young and old glaucoma groups. Demographic and clinical characteristics are summarized in
Table 1.

Number of PPSVs in glaucomatous eyes and diagnostic accuracy of receiver operating
characteristic (ROC) analysis

Representative images of eyes with glaucoma and healthy eyes are shown in Fig. 1 and in Supplementary Videos
1 and 2, respectively. The number of PPSVs was significantly lower in the overall glaucoma group than in the
control group (P < 0.001). We also analyzed a subgroup of glaucoma patients whose ages were within + 3 years
of the mean age of the control group. The number of PPSVs was significantly lower in the young glaucoma
group than in the control group (mean [SD], 18.3 [3.6] vs. 26.6 [4.3]; P < 0.001) (Fig. 2). The ROC curve had
an area under the curve (AUC) of 0.95 (95% confidence interval, 0.93-0.97), and the sensitivity and specificity
for identifying glaucoma at a cutoff value of 21.50 were 84.6% and 91.7%, respectively. A representative case of
a 49-year-old man with preperimetric glaucoma is shown in Fig. 3. The fundus photograph shows enlargement
of the optic cup without RNFL defects (Fig. 3a), or visual field defects (Fig. 3b). However, OCT revealed
superotemporal thinning of the RNFL (Fig. 3c). This case was independent of the study dataset. However, the
patient had a reduced number of PPSVs of 21.50 (Fig. 3d and e) and is being followed-up for the potential
development of glaucoma in the future.

Correlation of PPSVs with baseline characteristics in glaucomatous eyes
The number of PPSVs was not correlated with age, VEMD, RE, AL, or IOP (all P > 0.05) (Table 2).

P-Value | P-value
Parameter C G-Y G-0 Cvs.G-Y | Cvs. G-Y vs. G-O
No. of eyes 12 13 8
Sex, M:F 3:09 3:10 1:07 091" 0.78"
Age (SD), years | 49.8 (6.4) |50.2(11.7) | 70.1 (4.5) | 0.84* <0.001*
IOP (SD), mmHg | 14.3(1.6) |[13.2(2.7) |14.5(2.5) | 0.29* 0.42%
AL (SD), mm 247 (1.1) |24.9(0.70) | 24.5(1.1) | 0.53* 0.65*
RE (SD), Diopters | -2.3 (1.6) |-3.3(1.9) |[-1.5(2.1) |0.18* 0.13*
VEMD (SD),dB | 0.85(0.87) |-8.3(6.5) |-9.1(6.6) | 0.0007 0.0014

Table 1. Demographic and clinical characteristics of each group. IOP; intraocular pressure, AL; Axial Length,
RE; Refractive error, VEMD; Visual field mean deviation, PPG; preperimetric glaucoma, C, control; G-Y,
young patients with glaucoma; G-O, old patients with glaucoma; . Pearson’s chi-square test; %, analysis of
variance.
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a Control

C Glaucoma

Fig. 1. Representative OCT images from a control participant (a, b) and a patient with glaucoma (c, d). (a)
and (c) show OCT-B scans with deep-learning-based enhancement. The red lines indicate the levels of the en-
face OCT images created in (b) and (d), respectively. (b) and (d) show en-face OCT images generated from the
enhanced OCT B-scans. Each hyporeflective spot (red arrow) was regarded as a vessel when it was continuous
in the surrounding levels of the en-face OCT images. OCT, optical coherence tomography.
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Fig. 2. Comparison of the control and young glaucoma groups. The number of peripapillary perforating
scleral vessels in the young glaucoma group is lesser than that in the control group (P < 0.001, Analysis of
variance).

Discussion

This retrospective study successfully identified all blood vessels penetrating the sclera, and fewer PPSVs were
observed in the glaucoma group than in the control group. PPSVs are branches of the SPCAs, which typically
ramify into 10-20 branches in the peripapillary sclera, forming the choriocapillaris—a single layer of capillaries
supplying the outer third of the retina®!. Although previous studies using OCT have investigated these vessels
in eyes with high myopia?>?3, this is the first study to compare their numbers between eyes with and without
glaucoma. A decrease in the number of PPSVs may impair circulation in the retinal microvasculature or ONH.
This is noteworthy because glaucomatous eyes demonstrate a focal perfusion loss in the superficial vascular
plexus®® and prelaminar region of the ONH, which receives blood supply from portions of the SPCAs that
contributes to the circle of Haller and Zinn?!. Such focal perfusion loss could exacerbate the development of
glaucoma by reducing nutrient and oxygen delivery to the optic nerve?. Additionally, vascular impairment may
increase susceptibility to oxidative stress and apoptosis, further advancing neurodegenerative processes. Studies
have shown that oxidative stress markers are elevated in glaucoma, linking vascular insufficiency to cellular
damage®*?.

Several studies have reported on the sequence of changes over time in glaucomatous eyes. Kiyota et al.
demonstrated that reduction in the blood flow to the ONH precedes the decrease in circumpapillary RNFL
thickness and corresponds to the severity of VFMD?%%’. This suggests that vascular changes occur early in the
disease process and may be a driving factor for structural damage in glaucoma. Similarly, in a study evaluating the
temporal relationships among blood flow changes and alterations in RNFL thickness and VFMD, Higgins et al.
found that VFMD changes precede blood flow changes, which in turn precede alterations in RNFL thickness?.
This sequence underscores the importance of early vascular changes in the pathophysiology of glaucoma. In this
study, the identification of PPSVs as a critical site for these changes highlights the importance of considering
peripapillary vascular change in understanding the pathophysiology of glaucoma. As shown in Fig. 3, one control
participant showed a decrease in PPSV, and an RNFL defect was subsequently confirmed using OCT. Based on
these findings, the patient was diagnosed with preperimetric glaucoma and was excluded from the study. This
case suggests that PPSV could potentially serve as a biomarker for detecting glaucoma.

The lack of differences in the number of PPSV's between older and younger patients with glaucoma suggests
that the vessel count is consistent throughout life. Thus, the low number might be an inherent feature leading to
impaired ocular circulations and possibly contributing the etiology of glaucoma. This suggests that individuals
with fewer PPSVs may be at a higher risk for developing glaucoma, regardless of age. Understanding the genetic
and developmental factors influencing PPSVs could provide insights into the predisposition to glaucoma and
help in identifying at-risk populations for early intervention.

The vascular response to systemic hyperoxia is reduced in the ONH of eyes with glaucoma®*!, indicating
that the ONH might be sensitive and vulnerable to hypoxia. The reduced number of PPSVs could lead to or
accelerate chronic hypoxia in the ONH, which induces neurodegenerative changes. Furthermore, chronic
ischemia may trigger a cascade of pathological events, including oxidative stress, mitochondrial dysfunction,
and apoptotic cell death, all of which are implicated in glaucomatous optic neuropathy?. Understanding these
mechanisms could facilitate development of new therapeutic interventions aimed at improving or preserving
ocular blood flow, thereby mitigating the progression of glaucomatous damage.

Our findings align with those of previous studies indicating microvascular abnormalities in glaucomatous
eyes>3>3%, Glaucomatous eyes exhibit various forms of microvascular impairment, including reduced blood flow
and altered vascular structures, and systemic diseases that impair blood flow regulation, such as hypertension,

29-31

Scientific Reports|  (2025) 15:31459 | https://doi.org/10.1038/s41598-025-16480-w nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

MD:1.15d8B
GHT: within normal limit

3001 Grid Profile g

(T I RIS S SN[ NN INT T 1

Enface image, | = 414

Fig. 3. Representative case of preperimetric glaucoma. (a) Fundus photograph showing increased disc
cupping without RNFL defects. (b) Visual field defects are not observed; (c¢) OCT shows superotemporal RNFL
thinning (blue arrow); (d) OCT-B scan with deep-learning enhancement. The red line in (d) indicates the level
of the en-face OCT created in (e); and (e) en-face OCT image generated from the enhanced OCT-B scan. The
peripapillary perforating scleral vessels (red arrows) and vascular circle of Haller and Zinn (yellow arrowhead)
can be seen. RNFL, retinal nerve fiber layer; OCT, optical coherence tomography; MD, mean deviation; GHT,
glaucoma hemifield test.

diabetes mellitus, and obstructive sleep apnea, may contribute to the pathogenesis of glaucoma’!. Hypertension
can lead to microvascular damage and increased vessel-wall stiffness, potentially reducing ocular blood flow™.
Conversely, hypotension can cause inadequate ONH perfusion, exacerbating ischemic damage®. Similarly,
nocturnal hypoxia and increased resistance in the posterior ciliary artery have been associated with decreased
RNFL thickness in obstructive sleep apnea®. Diabetes, characterized by chronic hyperglycemia, results in vascular
insufficiency through osmotic damage and non-enzymatic glycosylation, increasing the risk of glaucoma®.
These changes in patients with systemic conditions highlight the importance of maintaining vascular health
to potentially mitigate glaucoma progression. Future studies should explore the association between systemic
vascular health and ocular microvascular function to develop comprehensive management strategies for patients
with glaucoma with systemic comorbidities.
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Original

Parameter R? Regression coefficient | P-value
Age 0.0011 | 0.0077 0.89
Refractive error 0.081 |0.42 0.21
Axial length 0.018 | -0.47 0.57
Intraocular pressure 0.014 |0.14 0.61
Visual field mean deviation | 0.14 -0.18 0.11

Table 2. Correlation between the number of peripapillary perforating scleral vessels and baseline
characteristics in eyes with glaucoma.
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Fig. 4. Image enhancement and en-face image creation using OCT B-scan data. (a) Original volumetric-scan
image. (b) Denoised image. Deep-learning-based noise and shadow reduction have been performed for image
enhancement. (c) Flattened image based on the choroid-sclera interface generated from (b). (d) En-face image
generated from the flattened images. Hypo-reflective spots correspond to the cross-sections of perforating
scleral vessels in the OCT B-scan image (c) (yellow arrows). OCT, optical coherence tomography.

This study introduced an innovative approach to examine previously unexplored anatomical sites and
identified specific differences with remarkable sensitivity and specificity for distinguishing between eyes with
and without glaucoma. However, this study did not track visual-field impairment or the number of PPSV's over
time; focused exclusively on Japanese participants, including a considerable number of patients with normal-
tension glaucoma; and had a limited sample size. Although group matching approach differs from conventional
matching methods, it allowed us to effectively compare groups and examine age-related trends within the
glaucoma population. The observed decrease in the number of PPSV's in glaucomatous eyes may not necessarily
reflect a causal role in the pathogenesis of glaucoma. On the contrary, the reduction in PPSV count could be
a secondary change resulting from glaucomatous damage. Future longitudinal studies with larger cohorts
are needed to clarify the temporal sequence and causal relationship between PPSV alterations and glaucoma
development. Long-term monitoring of cases with reduced PPSVs (Fig. 4) may offer important insights into
early detection, disease progression, and potential strategies for managing individuals at risk.

In conclusion, the number of PPSVs was lower in eyes with glaucoma than in healthy control eyes. However,
age was not associated with the number of PPSVs in eyes with glaucoma, indicating that the reduction in the
number of PPSVs occurs early in the disease process. These findings suggest that a decrease in PPSV's may reflect
underlying pathophysiological changes in glaucoma, such as reduced ocular perfusion and subsequent ischemia.
The number of PPSVs may be a potential biomarker for glaucoma screening. However, further longitudinal
studies are needed to confirm the causal relationship and explore the implications of this vascular alteration in
the progression and management of glaucoma.

Methods

Study participants

This study included consecutive patients with primary open-angle glaucoma who underwent swept-source OCT
(SS-OCT) between October 2017 and September 2019 at The University of Osaka Hospital. All participants
underwent a complete ocular examination, including autorefractometry (ARK-530; Nidek, Aichi, Japan),
AL measurement using the IOLMaster (Carl Zeiss Meditec, Jena, Germany), IOP measurement (CT-90 A;
Topcon, Tokyo, Japan), slit-lamp biomicroscopy, Swedish interactive threshold algorithm standard 30-2 VF
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tests (Humphrey Field Analyzer; Carl Zeiss Meditec), fundus examinations, and color fundus photography
(TRC-50DX; Topcon, Tokyo, Japan). The mean deviation (MD) and mean total deviation of the corresponding
hemifield were evaluated. The diagnosis of glaucoma was confirmed by glaucoma specialists (N.T. and K.M.)
based on the presence of RNFL defects on OCT and corresponding visual-field loss*’. As part of our routine
examination, we performed an anterior chamber angle assessment using the Van Herick technique with a slit-
lamp microscope to differentiate between open-angle and angle-closure glaucoma. Control participants were
healthy volunteers without any RNFL defects on OCT, visual-field loss, or history of ocular diseases. The right
eyes were used for analysis unless they met the exclusion criteria, such as missing data or high myopia with RE<-
6 D or AL> 26.5 mm.

Patients with glaucoma were recruited from a hospital setting, whereas control participants were healthy
volunteers; therefore, the mean age differed between the groups. To account for this age difference, we analyzed
a subgroup of young glaucoma patients whose ages were within + 3 years of the mean age of the control group
and compared them with the control group.

SS-OCT and DL algorithm

A commercially available SS-OCT device (DRI-OCT, Topcon, Tokyo, Japan) was used to obtain standard 6
x 6 mm? volume scans of the peripapillary area with an A-scan density of 512 x 256. Since fine vessels in the
original OCT volume were often obscured by speckle noise, as shown in Fig. 4a, the OCT data were processed
using a previously published DL-based noise and shadow reduction algorithm!?. This artificial intelligence-
based denoising method enhances depth-resolved OCT volumes by reducing noise and improving the visibility
of penetrating vessels in the en face images (Fig. 4b). The model was trained using the Noise2Noise paradigm,
which enables the network to learn and suppress random noise using only pairs of noisy images without
requiring clean ground-truth images. Specifically, a U-net-based model was trained to denoise B-scan images
with a resolution of 992 x 512 pixels. OCT images of both the macula and ONH were included to increase the
model’s versatility. In total, 3,895 pairs of B-scans from different retinal locations, obtained from 16 participants,
were used for training. After denoising, en face images were generated by flattening the OCT data based on the
choroid-sclera interface line (Fig. 4c). Hyporeflective round/oval spots on the en face images corresponded
to the PPSV cross-sections. The en face OCT videos were carefully reviewed by scrolling back and forth to
determine whether the hyporeflective round or oval spots corresponded with blood vessels. The course of a
vessel could be traced before and after the hyporeflective spot, which facilitated identification (Fig. 4c and d).
A schematic of the image enhancement and image creation process is shown in Fig. 4. Two retinal specialists
and two young ophthalmologists blinded to the group allocation independently counted the number of PPSVs
manually by reviewing the en face videos. The average of the four counts was used for analysis. An inter-grader
analysis was performed to determine the reliability of the results (Supplementary Table 1).

Statistical analysis

Descriptive statistics such as the mean, SD, and range were computed for each variable. The number of PPSVs
was compared between eyes with and without glaucoma using analysis of variance. In addition, the correlation
between the number of PPSVs and baseline characteristics was analyzed in the glaucoma group. We excluded
four and three eyes in the glaucoma and control groups, respectively. As control participants were healthy
volunteers and glaucoma patients were recruited from a hospital setting, a difference in the mean age between
the groups was observed. Patients with glaucoma were divided into two groups: a younger glaucoma group age-
matched with control participants and an older glaucoma group; data from the younger glaucoma group was
used for comparison. Instead of individual matching, group matching was used to minimize age-related bias
while preserving sample size. A ROC curve was constructed, and the 95% confidence interval for the AUC was
determined using the bootstrap method. The cutoff for the AUC was determined using the Youden index, which
maximizes the sum of sensitivity and specificity. All statistical analyses were performed using JMP" Pro 13.2.1
(SAS Institute, Cary, NC). Statistical significance was set at P < 0.05.

Ethics statement

The Institutional Review Board (IRB) of The University of Osaka Hospital approved the study protocol (Work
Order # 17279-6 and K21296), which adhered to the tenets of the Declaration of Helsinki and followed the
Strengthening the Reporting of Observational Studies in Epidemiology (STROBE) reporting guidelines. The IRB
waived the need for written informed consent of glaucoma patients because of the noninvasive and retrospective
nature of the study. For healthy controls, written informed consent was obtained under the approval of the
Institutional Review Board of The University of Osaka Hospital (Work Order # 17279-6).

Data availability
The datasets generated during and/or analysed during the current study are available from the corresponding
author on reasonable request.
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