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Abstract

Purpose: To assess ultrasound biomicroscopy (UBM)-
based morphometric features of the ciliary body (CB) in pa-
tients with neovascular glaucoma (NG) secondary to diabetic
retinopathy (DR) anf/or retinal vein occlusion (RVO), and de-
termine their relationships with the stage of rubeosis (accord-
ing to the Weiss grading system) and systemic inflammation
indices (Systemic Immune-Inflammation Index [SII], System-
ic Inflammation Response Index [SIRI], and Aggregate Index
of Systemic Inflammation [AISI]).

Material and Methods: Totally, 160 eyes were included in
the study. Of these, 126 had NVG (65 eyes with NVG second-
ary to DR and 61 eyes with NVG secondary to RVO), and 34
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eyes were used as controls. UBM was used to determine CB
thickness at a point 1-mm posterior to the sclera spur (CBT1)
and maximum CB thickness (CBTmax). The stage of rubeo-
sis was determined according to the Weiss grading system.
Spearman rank correlation was used for associations. Mul-
tivariate regression analysis with CBTmax as a dependent
variable was performed to determine independent predictors
of CB thickening.

Results: CB thickness was significantly greater in eyes with
NVG (1.17-1.50 mm; CBTmax as much as 1.64—1.66 mm)
than in controls (CBT1 = 0.82 mm). The greatest values were
seen in NVG secondary to RVO (CBTI = 1.39 mm; CBTmax
= 1.66 mm) and NVG secondary to DR with a duration < 5
years (CBTI1 = 1.25 mm; CBTmax = 1.63 mm). These values
were actually twice as high as normal values, supposing the
formation of a hypervoluminous phenotype. Thinning of the
CB (CBTI = 0.57-0.64 mm; CBTmax = 0.74—1.00 mm) was
observed in NVG secondary to DR with a duration > 5 years.
Systemic indices increased with the stage of rubeosis: SII was
increased more than twofold, AISI was increased 2.5-3-fold,
and SIRI was increased 1.3—2-fold compared with controls.

Conclusion: NVG is accompanied by stage-dependent
morphometric changes in the CB, which is manifested by the
formation of a hypervoluminous or atrophic phenotype de-
pending on disease etiology and duration. CB thickness dem-
onstrates a close relationship with systemic immune inflam-
mation and rubeosis activity, which highlights its clinical and
potential prognostic value.

Keywords: neovascular glaucoma, diabetes mellitus,
ultrasound biomicroscopy, ciliary body thickness, systemic
inflammation, rubeosis, iris, glaucoma, ciliary body
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Pesiome

Mema. Oyinumu mopghomempuuni ocobnusocmi yuniap-
noeo mina (LT) 3a oanumu ynempaseykooi OioMikpockonii
(Y3b) y nayicumie 3 neosackyisiproto enaykomoro (HBI'), aco-
yitiosarnoio 3 diabemuynoio pemunonamicio ([P) a6o oxuo-
sismu een cimxieku (OBC), ma eusnauumu ixuiti 36 ’s130K 3i
cmadieio pybeosy 3a Weiss i cucmemHumu iMyHO3ANATbHUMU
inoexcamu kpoei (SII, SIRI, AISI).

Mamepian i memoou. YV oocnioxcenns exaoueno 160
ouyeil: 126 oueii 3 HBI" (65 — na mai /[P, 61 — niciss OBC) ma
34 oxa xoumponvhoi epynu. 3a donomozoio Y36 euznauanu
moswuny LT na pieni 1 mm no3aody ckiepanwhozo wnopa
(CBTI1) i maxcumanony moswuny LT (CBTmax). Cmadiio
pybeosy oyiniosanu 3a knacugixayicio Weiss. Kopenayitnui
aHAani3 BUKOHY8AIU 3 euKkopucmanusam Spearman's rank. J{is
BUHAYEHHS He3anedcHux npeduxmopie nomoswenns LT 3a-
CMOCo8ano 6azamo@akmopruil IHIUHUL peepecilinuil ananis
i3 CBTmax six 3a1e24CH010 3MIHHOTO.

Pesynomamu. Y nayienmie 3 HBI' moewuna L][T 0ocmo-
6ipHo nepesuwgysana nokazuwuku xoumpomo (CBTI = 0,82
mm) i oocseana 1,17-1,50 mm, a CBTmax — oo 1,64—1,66
mm. Hatieuwi 3navenns 3agikcoeano npu nocmoKmo3itiHil

Introduction

Neovascular glaucoma (NVG) represents one of the
most severe forms of secondary glaucoma and develops
due to severe retinal ischemia with excessive expression
of antiangiogenic factors, first of all vascular endothelial
growth factor (VEGF) [1]. The most common causes are
still proliferative diabetic retinopathy (PDR; 33%) and
retinal vein occlusion (RVO; 33%). The etiology-based
distribution described in 1971 is still relevant, despite a
substantial improvement in insights into the pathogenetic
mechanisms of NVG [2, 3].

The techniques for anterior segment imaging differ in
their capabilities. Optical coherence tomography (OCT)
enables an objective precision assessment of the status of
the retina, cornea and anterior chamber angle. Along with
fluorescein angiography, optical coherence tomography an-
hiography enables identifying and quantitatively assessing
neovascularization of the iris and of the iridocorneal angle,
and tracking the regression of rubeosis after anti-VEGF
therapy [4]. Infrared transillumination of the eye facilitates
determining the width of the shadow of ciliary body (CB)
structures on the sclera [5]. These techniques, however, do
not enable comprehensively assessing the structure and di-
mensions of the CB, the location of ciliary processes and
the anatomy of the angle. Doppler ultrasound is used for the
analysis of blood flow in ocular arteries. The potential for
impedance oculopneumoplethysmography in diagnosing
microvascular ciliary body ischemia has been substantiated
[6], but these works do not provide morphometric data on
the CB.

Ultrasound biomicroscopy (UBM), however, enables
high-resolution imaging of the deep structures of the ante-
rior segment (e.g., the CB and the iridocorneal angle), irre-

HBI' (CBTI = 1,39 mm; CBTmax = 1,66 mm) ma npu HBI'
na mni J{P mpusanicmio <5 pokie (CBTI = 1,25 mm,; CBTmax
= 1,63 mm), wo akmuuno 6ionogioae nooBocHHIO Gizio-
JI02IYHUX NOKAZHUKIG 1 003801AEC NPUNYCTHUMU (DOPMYBAHHS
2inepo6 ’emnoco ¢penomuny. Ilpu /[P nonao 5 pokie cnocme-
pieanocs sumonuenusi L{T (CBTI = 0,57-0,64 mm; CBTmax
= 0,74—1,00 mm). Cucmemni iHOexcu 3pocmanu 3i cmaoiero
pybeosy: SII — binow nioe y 2 pasu, AISI —y 2,5-3 pasu, SIRI
—y 1,3-2 pasu nopieHsaHo 3 KOHMponeM.

Bucnosku. HBI" cynposodacyemvcsi cmaoitiho 3a1excHU-
MU MOPHOMEMPUYHUMU 3MIHAMU YULIAPHO20 MINA, WO Npo-
ABNAEMBCSL POPMYBAHHAM 2inepod eMH020 abo ampoghiuno2o
geHomuny 3anexcro 6i0 emionozcii ma mpueanocmi 3axX60pio-
sannsi. Toswuna L[T demoncmpye michuil 36 130K i3 cucmem-
HUM IMYHO3ANANbHHAM [ aKMUsHicmio pyoeosy, wo niokpec-
J0€ T KNHIUHY ma NOMeHYitiHy NPOSHOCUYHY YIHHICMb.

Knrwouoei cnosa: neosackynapua enaykoma, yyKkposuii dia-
bem, ynbmpaseykoea GiOMIKpOCKONIA, MOSUUHA YUTIAPHO2O
mina; cucmemHe 3anaieHHs; pybeo3, paudyxcKa, 21ayKomd,
yuniapHe miio.

spective of the transparency of the cornea and the presence
of hyphema, which makes it an essential imaging technique
in the assessment of severe ischemic and neovascular con-
ditions [7]. It provides a detailed assessment of the con-
figuration and morphometrics of the CB, location of the iris
root, status of the anterior chamber angle, and extension of
the peripheral anterior synechiae [8, 9].

The morphological changes in the anterior segment in
NVG principally differ from those in primary angle-clo-
sure glaucoma (PACG) [10]. The mechanisms of pupillary
block, iris plateau and lens swelling are typical for PACG
[11, 12], whereas ischemic atrophy of the iris stroma, active
neovascularization, tractional deformations of the iridocor-
neal angle and formation of massive peripheral anterior
synechiae are typical for NVG [10]. However, in spite of
significant interest in the morphology of the anterior cham-
ber angle and iris in NVG, quantitative morphometric char-
acteristics of the CB are still insufficiently investigated.

Chronic low-grade inflammation plays an important
role in the development of microvascular diabetic com-
plications, which causes an increasing interest in studies
on immune inflammation indices, particularly Systemic
Immune-Inflammation Index (SII), Systemic Inflammation
Response Index (SIRI) and Aggregate Index of Systemic
Inflammation (AISI). Integral hematological indices (par-
ticularly SII, SIRI and AISI) calculated on the basis of pe-
ripheral blood formula are increasingly used for assessment
of systemic inflammatory response and immune status [13,
14, 15, 16, 17]. These indices reflect the balance between
neutrophil and monocyte inflammation and lymphocyte
regulation and are considered to be the markers of systemic
low-grade inflammation.
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Even after the achievement of long-term glycemic
compensation, inflammatory lesion in diabetes can be
maintained and become chronic and partially irreversible
[18]. In this context, AISI (also known as pan-immune in-
flammation value [PIV]), has been actively investigated in
diabetic retinopathy (DR) [13, 14]. Some studies stressed
the advisability of determining systemic inflammation bio-
markers for the clarification of the role of inflammation in
the pathogenesis of DR and the prediction of the risk and
severity of DR [13, 15, 19, 20].

Similar relationships have been described in RVO: SII
was significantly higher in patients with RVO than controls
[21], and young patients with RVO exhibited high SIRI,
NLR and SII [22]. This indicates a systemic nature of in-
flammatory response in ischemic retinal lesions.

Taking into account the key role of ischemia, VEGF-
mediated neovascularization and the inflammatory cas-
cade in the pathogenesis of NVG, it is advisable to use a
complex approach involving UBM of the ciliary body and
assessment of the intraocular pressure (IOP), the grade of
rubeosis (according to the Weiss grading system) and sys-
temic immune-inflammation indices (SII, SIRI, and AISI).
This approach will enable quantitatively assessing the rela-
tionship between systemic inflammation and morphologi-
cal changes of the CB and clarifying its role in the forma-
tion of the morphological phenotype in secondary NVG.

The purpose of this study was to assess ultrasound bio-
microscopy (UBM)-based morphometric features of the
ciliary body (CB) in patients with neovascular glaucoma
(NG) secondary to diabetic retinopathy (DR) anf/or retinal
vein occlusion (RVO), and determine their relationships
with the grade of rubeosis (according to the Weiss grading
system) and systemic immune-inflammation indices (SII,
SIRI, and AISI).

Material and Methods

Study Design: This study was designed as a prospective
clinical analytical study aimed at determining the structural
characteristics of the anterior segment and their relation-
ship with systemic inflammation markers in patients differ-
ing in NVG etiology, IOP and the grade of rubeosis accord-
ing to the Weiss grading system.

Study sample: Subjects were 160 patients (160 eyes).
These eyes were divided into three groups: group 1 of 65
eyes with NVG secondary to PDR, group 2 of 61 eyes with
NVG secondary to RVO, and group 3 (controls) of 34 eyes
without iris rubeosis or secondary glaucoma. Patients were
examined and treated at SI “The Filatov Institute of Eye
Diseases and Tissue Therapy of the National Academy of
Medical Sciences of Ukraine”.

Eyes with uveitis, trauma, history of filtration surgery,
angle-closure glaucoma, NVG secondary to other etiology,
NVG in the presence of a Weiss grade 4, or the presence of
epibulbar scars preventing correct imaging with UBM were
excluded from the study.

Ultrasound Biomicroscopy: We used the Aviso ul-
trasound system (Quantel Medical; Cournon d'Auvergne,

France) having interchangeable probes with transducer fre-
quencies of 50 MHz to 80 MHz (axial resolution: up to
20-25 pm; lateral resolution: up to 40 um), and meeting
the requirements for precise structural measurements of the
anterior chamber angle and CB [23]. Subjects were exam-
ined supine. Anesthetic and contact gel was applied topi-
cally, and a standard scleral eyecup was inserted under the
eyelids according to the technique described by Ren and
colleagues [9]. UBM was performed in four quadrants (su-
perior, inferior, nasal, and temporal). For each quadrant, a
series of longitudinal and transverse cuts was obtained in
the iris root, ciliary processes and pars plana. Image qual-
ity was assessed using the following parameters: presence
of clear margins of the CB, absence of artifacts, and stable
scanner position. CB thickness at a point 1-mm posterior
to the sclera spur (CBT1) was measured perpendicularly to
the inner sclera contour and the average of three measure-
ments was used for the analysis. Maximum CB thickness
(CBTmax) for each quadrant was measured as the largest
distance from the posterior contour of ciliary processes to
the inner sclera, and the average of measurements in the
four quadrants was used for the analysis.

The eyes were all classified as to the grade of neovas-
cularization of the iris according to the system devised by
Weiss and Gold: Grade 1: Fine iris new vessels at the pu-
pillary zone or crossing the trabecular meshwork, without
synechiae <2 quadrants; Grade 2: Iris new vessels at the
pupillary zone or crossing the trabecular meshwork, with-
out synechiae >2 quadrants; Grade 3: Iris new vessels at
the pupillary zone and ciliary zone with peripheral anterior
synechiae 1-3 quadrants; Grade 4: Apparent new vessels
at the ciliary zone with extensive peripheral anterior syn-
echiae >3 quadrants [24].

Goldmann applanation tonometry was used to measure
IOP. Iridocorneal angle configuration (open or closed),
neovascularization grade, and the presence and extension
of anterior synechiae were assessed during gonioscopy.

Systemic inflammation indices: These indices were
calculated from complete blood counts.

SII=PLT x NEU/LYM,;

SIRI =NEU x MON / LYM;

AISI =NEU x MON x PLT/LYM.

The indices were used as integral markers of systemic
pro-inflammatory activity.

Ethical standards: This study was conducted in ac-
cordance with ethical principles set out in the Declaration
of Helsinki and Good Clinical Practice, and was approved
by the Bioethics Committee of SI “The Filatov Institute of
Eye Diseases and Tissue Therapy of the National Academy
of Medical Sciences of Ukraine” (minutes no. 4/2024). In-
formed consent was obtained from all subjects. Data were
depersonalized for confidentiality reasons. Manipulations
were within the scope of routine ophthalmological practice.

Assessment criteria

Primary assessment criteria included UBM-based
morphometric parameters of the CB: CB thickness at a
point 1-mm posterior to the sclera spur (CBT1) and maxi-
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mum CB thickness (CBTmax). Primary assessment cri-
teria were analyzed taking into account NVG etiology
(PDR vs RVO), the grade of rubeosis according to the
Weiss grading system, and duration and stage of DR.

Secondary assessment criteria included clinical and
biological characteristics of neovascularization activity
and the systemic component of this process: IOP level, the
grade of rubeosis according to the Weiss grading system,
duration of major disease (PDR or RVO) and SII, SIRI
and AISI. The characteristics above were used to analyze
their relationships with morphometric parameters of the
CB and assess interactions between the structure and in-
flammation in NVG.

Statistics: JASP software (JASP Team, Amsterdam,
Netherlands; Version 0.19.2) was used for analysis. Non-
parametic statistic methods were used because quantita-
tive variables did not follow a normal distribution. Data
are presented as median (Me) and interquartile range
(IQR). Nonparametric Mann-Whitney U-test or Kruskal-
Wallis test with post-hoc analysis as required were used to
compare independent groups. Spearman rank correlation
coefficient (rs) was used to find the associations between
quantitative variables. Correlation strength was interpret-
ed using standard thresholds. The level of significance
was set at p < 0.05.

Results

UBM measurements indicated that, in eyes with NVG,
there were changes in anterior segment morphology asso-
ciated with the grade of rubeosis and systemic inflamma-
tion parameters (Fig. 1).

s

Ciliary body morphometry in patients with NVG

There was a statistically significant difference in UBM
measurements of CB thickness depending on the etiology
of NVG, Weiss grade of rubeosis and duration of the path-
ological process (Table 1).

In all grades of rubeosis, CB thickness was smaller
in patients with NVG/PDR (CBT1 = 1.15 (0.62-1.30)
mm; CBTmax = 1.50 (0.84—1.63) mm) compared to those
with NVG/RVO (CBT1 =1.39 (1.23-1.49) mm; CBTmax
= 1.66 (1.58-1.75) mm; p < 0.000), indicating differ-
ent morphological CB phenotypes in eyes with different
NVG etiology.

Rubeosis grade analysis showed that morphometric
parameters of the CB are characterized by grade-to-grade
differences, with a tendency to increase in CB thickness
with the progression of rubeosis (Table 1).

Additionally, there was a clear association of morpho-
metric parameters of the CB with the duration of PDR.
CB thickness was markedly increased (CBT1 = 1.25
(1.20-1.40) mm; CBTmax = 1.63 (1.58-1.65) mm) in pa-
tients with PDR duration shorter than 5 years (58 (55-60)
months), and statistically significantly decreased (CBT1
= 0.61 (0.57-0.64) mm; CBTmax = 0.76 (0.74-0.89)
mm; p < 0.000) in those with PDR duration longer than 5
years, which reflects structural transformation of the CB
depending on the duration of the disease. The relationship
between CB thickness, rubeosis grade and PDR duration
is shown in Fig. 2.

Therefore, based on the data obtained, it may be sup-
posed that, in eyes with NVG due to PDR, morphometry
of the CB has a phase nature: a swelling-hypervoluminous

'1 Fig. 1. Photographs of a 58-year-old patient

having retinopathy with a type 2 diabetes
duration of 5 years; (A, B, C), the right eye;
(D, E, F), the left eye. Note neovasculariza-
tion of the pupillary margin of the iris (A) OD
and neovascularization of the iris and com-
plicated cataract (D) OS. Gonioscopy of the
anterior chamber angle shows an open irido-
corneal angle with visualization of all struc-
tures and fine iris new vessels crossing the
trabecular meshwork, without synechiae <2
quadrants (grade 1 rubeosis according the
Weiss grading scheme) OD (B) and an ir-
regular anterior chamber angle open in two
quadrants, iris new vessels at the pupillary
zone and ciliary zone with peripheral anterior
synechiae 1-3 quadrants (grade 3 rubeosis
according the Weiss grading scheme) OS
(E). UBM of the ciliary body shows CBT1 of
1.2 mm, CBTmax of 1.6 mm, a massive con-
tour markedly shifted anteriorly, with a dense
echogenic structure and an anterior uveal
displacement OD (C) and CBT1 of 1.11 mm,
CBTmax of 1.3 mm, with a reduced contour
and decreased echogenicity at the ciliary
processes OS (F). Transscleral cyclophoto-
coagulation was performed. Note local atro-
phy of ciliary processes.
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Table 1. Structural and systemic inflammation characteristics in neovascular glaucoma (NVG) depending on the etiology and

Weiss grade of rubeosis

Controls Weiss 1 Weiss 2 Weiss 3
Characteristic n=34 PDRn=29 | RVOn=25 | PDRn=25 | RVOn=27 | PDRn=11 | RVOn=9
Me (IQR);
CBT. mm 0.82 1.2 1.3 1.2 1.39 0.61 15
v (0.7-0.86) | (0.62-1.24)* | (1.16-1.44)* | (0.64-1.3)* | (1.3-1.52)* | (0.54-1.4)" | (1.5-1.6)*f
BT mm 118 158 163 158 1.68 1.0 1.82
max (0.92-1.26) | (0.75-1.63)* | (1.57-1.68)"t | (0.88-1.65)* | (1.58-1.74)*t | (0.84-1.68)" |(1.74; 1.82)"+
Sl (ratio) 228 388 428 434 448 513 538
(217-250) | (370-428)* | (399-464)"t | (424-672) | (397-526)*t | (472-552)* | (508-599)t
SIR (ratio) 0.435 053 055 0.56 0.64 0.62 1.1
(0.410-0.526) | (0.48-0.64) | (0.5-0.81)* t | (0.53-0.62)* | (0.54-0.98)"t | (0.62-0.82)* | (0.98-1.14)*+
AIS! (ratio) 75 102 107 12 127 212 249
(68-91) (93-117)* | (101 -189)*+ | (105-309)* | (103 -239)'t | (194 —261)* | (222 -267)*¢
OP mm 15 33 33 33 33 40 40
’ 9 (14-17) (32-38)* (32-38)" (29-40)* (33-40)* (37-42)" (36-42)"

Note: IQR, interquartile range; max, maximum value; Me, median; *, difference between controls and PDR/RVO group, p <
0.05; £, difference between DRP and RVO for the particular Weiss grade, p < 0.05;
Abbreviations: AlSI, Aggregate Index of Systemic Inflammation; CBT,, ciliary body thickness at a point 1-mm posterior to the

sclera spur; CBT

max’

maximum ciliary body thickness; IOP, intraocular pressure; NVG, neovascular glaucoma; PDR, prolifera-

tive diabetic retinopathy; RVO, retinal vein occlusion; Sll, Systemic Immune Inflammation Index; SIRI, Systemic Inflammation

Response Index
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Fig. 2. Relationship between ciliary body thickness (CBT1 and CBTmax), rubeosis grade and PDR duration (A, PDR duration

< 5 years; B, PDR duration > 5 years).

phenotype prevails in early disease, but exhibits a transi-
tion into an atrophic phenotype with disease progression
and increase in disease duration. Additionally, the results
obtained suppose that, in eyes with NVG due to RVO, CB
thickening is more marked and is maintained under con-
ditions of acute or subacute process after RVO (median
duration, 15 (13-21) months).

Systemic immune inflammation indices (SII, SIRI,
AISI)

In patients with NVG, all integral indices of systemic
inflammation were significantly increased compared to
controls, and showed a steady increase with an increase
in the Weiss grade of rubeosis (Table 1). The levels of SII

and AISI were about 40-90% higher in early NVG com-
pared to controls, indicating early activation of a cascade
of systemic immune inflammation.

The severity of the inflammatory component increased
with an increase in the Weiss grade of rubeosis, and in ru-
beosis grades 2-3, SII was twice higher, AISI was 2.5-3.0-
fold higher, and SIRI was 1.3-2.0-fold higher compared to
controls, and all these differences were significant. Integral
indices of systemic immune inflammation were at average
10-25% higher in NVG due to RVO than in the same stage
of NVG due to PDR, which reflects a more intensive sys-
temic inflammation component in the former form of NVG.
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Therefore, in the current study, indices of systemic im-
mune inflammation demonstrated a relationship with the
grade of neovascular process, and allow quantitatively
characterizing the etiological differences of the course of
NVG in addition to morphometric characteristics of the CB
(Table 1).

The level of IOP statistically significantly increased
with an increase in the Weiss grade of rubeosis, and was
highest in late NVG irrespective of etiology. Spearman
rank correlation analysis was conducted to assess correla-
tions between IOP, morphometric characteristics of the CB
and indices of systemic immune inflammation.

After stratification for etiology, correlations between
morphometric characteristics of the CB and clinical and
biological characteristics were stronger in patients with
NVG due to RVO than in patients with NVG due to PDR
(p <0.05).

In NVG due to RVO, CBT1 showed a positive moder-
ate correlation with SIRI (rs = 0.48), AISI (rs = 0.43) and
SII (rs = 0.40). A weaker correlation between CB thickness
and these indices was observed in NVG due to PDR (SIRI
(rs = 0.46), SII (rs = 0.37) and AISI (rs = 0.36).

Additionally, in a total sample of patients with NVG,
the Weiss grade of rubeosis was statistically significantly
correlated with the IOP (rs = 0.53), but was stronger cor-
related with CBTmax (rs = 0.64) and CBT1 (rs=0.71). IOP
showed a positive moderate correlation with CBTmax (rs
= 0.49). We found a close correlation between CBT1 and
CBTmax (rs = 0.70), which (1) confirms that they are con-
sistent with each other and (2) reflects a uniform process
of structural and functional remodeling of the CB in NVG
(Fig. 3).

In patients with NVG due to PDR, CBT1 and CBTmax
were apparently negatively correlated with the duration of
PDR (rs = —0.65 and rs = —0.69, respectively), and these
morphometric characteristics decreased with an increase
in disease duration (p < 0.05). These findings suppose the
presence of a time-dependent transition from a swelling-
hypervoluminous phenotype to an atrophic phenotype with
disease progression.

A multifactorial linear regression analysis was per-
formed to identify independent predictors of CB thicken-
ing and to assess quantitatively the contribution of systemic
inflammation into the morphometric changes in the anterior
segment in NVG. CBTmax was used as a dependent vari-
able. The model also included the clinical parameter (IOP),
the local morphometric characteristic (CBT1), systemic
immune inflammation indices (SII, SIRI, AISI), and noso-
logical affiliation with the NVG group (Table 2).

Our multivariate regression analysis found the strongest
of the maximum cliary body thickness CBTmax to be the
systemic immune inflammation indices. In the basic model,
(R2 =0.23; R2adj = 0.20; p < 0.001), SIRI (B = 0.52; p <
0.001), AISI (B =-0.72; p < 0.001) and CBT1 (§ = 0.32;
p = 0.004) were independent predictors of, whereas IOP
and SII had no statistically significant effect on, the depen-
dent variable CBTmax. With the inclusion of the “noso-

Table 2. Results of multivariate linear regression analysis of

predictors of maximum ciliary body thickness (CBT )
Variable Model 1 B (p) Model 2 B (p)
IOP —0.05 (0.64) —0.04 (0.65)
SIRI 0.52 (0.0001) 0.34 (0.007)
Sli —0.01 (0.93) —0.04 (0.80)
AISI —0.72 (0.0002) —0.49 (0.006)
CBT,, mm 0.32 (0.004) 0.15 (0.15)
Wegmm - 0.43 (<0.00001)
R2 0.23 0.38
Adjusted R? 0.20 0.34
F, p 7.26; <0.001 11.95; <0.001

Notes: Model 1, multivariate linear regression model not tak-
ing into account the affiliation with the NVG group; Model 2,
multivariate linear regression model taking into account the
affiliation with the NVG group; B, standardized regression co-
efficient; R?, determination coefficient; adjusted R?, adjusted
determination coefficient; F, Fisher test value; p, P-value. Ab-
breviations: AISI, Aggregate Index of Systemic Inflammation;
CBT,, ciliary body thickness at a point 1-mm posterior to the
sclera spur; CBT,__, maximum ciliary body thickness; IOP,
intraocular pressure; NVG, neovascular glaucoma; Sll, Sys-
temic Immune Inflammation Index; SIRI, Systemic Inflamma-
tion Response Index
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Fig. 3. Heat map of Spearman's correlations between
the Weiss grade of rubeosis, intraocular pressure (IOP)
and morphometric parameters of the ciliary body (CBT1
and CBTmax) for controls vs the group of ciliary body
morphometry. The heat map translates the Spearman's
correlation into an easily visualized data set depicting the
magnitude and direction of correlations. All the correlations
presented are significant (p < 0.001).

logical affiliation with the NVG group” variable into the
model, the explaining capacity of the model increased R2
=0.38; R2adj = 0.34; p < 0.001), and the variable became
the strongest independent predictor (f =0.43; p <0.00001).

This indicated that morphometric changes in the CB in
NVG are caused mostly by the systemic inflammatory and
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neovascular components, whereas the IOP is not an inde-
pendent determinant of CB thickening.

Spearman’s rank correlation, but not the multivariate
regression model demonstrated a significant correlation of
the IOP with the dependent variable CBTmax. This dis-
crepancy indicates that the association of the IOP with the
CBTmax is indirect, and likely is mediated by the effect of
systemic inflammation and nosological affiliation with the
NVG group.

No major violations of linear regression assumptions
were observed, there were no signs of significant multicol-
linearity (Variance Inflation Factors < 3), the standardized
residuals were normally distributed (Shapiro-Wilk p >
0.05), and the Durbin—Watson factor was 1.47, indicating
no clinically significant autocorrelation.

The correlations obtained confirmed our hypothesis on
the existence of a uniform structure-and- inflammation axis
in NVG, with systemic inflammation, rubeosis grade and
morphological changes in the anterior segment being in
close interaction with each other.

Discussion

In diabetes, CB edema develops due to combined ef-
fect of diabetic microangiopathy, anterior segment isch-
emia, endothelial dysfunction and activation of systemic
immune inflammation, which is accompanied by increased
vascular permeability and interstitial transudation in the
presence of endothelial dysfunction and increased pro-
inflammatory mediators with the involvement of VEGF
and adhesion molecules [25]. Under these conditions, CB
thickness and volume increase, which reflects the develop-
ment of swelling-hypervoluminous morphological changes
[26], and UBM demonstrates high sensitivity of the ciliary
body to ischemia, inflammation and vascular abnormalities
[7]. This process has a complex structural and functional
nature; this is clearly visualized by UBM that directly as-
sesses the morphology of the CB [23] even in the presence
of cloudy or opaque optical media [27].

In NVG, UBM has major advantages over other anteri-
or segment imaging modalities, enabling enables high-res-
olution imaging of the ciliary region, reliable quantitative
evaluation of CB parameters, and the possibility of assess-
ing structural changes under conditions of marked ischemia
or neovascularization [7]. The technique enables visualiz-
ing the structures of the iridocorneal angle and CB even in
difficult clinical conditions, when optic imaging techniques
are of limited use [28]. The UBM measurements of the CB
may have a prognostic value, e.g., for assessing the efficacy
of trans-scleral diode cyclo-photocoagulation [29].

Chronic hyperglycemia results in reduced capillary
perfusion and reduced intraocular blood flow [30]. Local
anterior segment ischemia results in increased vascular per-
meability and the development of interstitial stromal edema
of the CB [7]. The ischemic lesion is accompanied by acti-
vation of VEGF- signaling pathways and pro-inflammatory
cascade with increased expressions of IL-6, TNF-a [30]
and the molecular marker of intracellular adhesion (ICAM-

1), resulting in endothelial barrier breakdown and increased
plasmatic transudation [30, 32]. As a result, these processes
are associated with increases in CB thickness and volume
[26].

Inflammation is a key pathogenetic mechanism in RVO
and diabetic lesions, which is implemented through the ac-
tivation of pro-inflammatory and pro-angiogenic cytokines
(IL-6, TNF-a, IL-1pB, and VEGF), microvascular dysfunc-
tion, vasogenic edema and progression of neovasculariza-
tion [33, 34]. Studies demonstrated a direct relationship be-
tween the levels of pro-inflammatory factors and severity
of macular edema in RVO [35] and the role of systemic
inflammation in clinical outcomes of secondary macular
edema [36].

These mechanisms are especially important in NVG,
because RVO is a major cause of ischemic NVG. In the cur-
rent study, in NVG secondary to RVO, CB morphometry
was most strongly associated with systemic immume in-
flammation indices (the coefficient of rank correlation was
rs = 0.65 for the correlation of CBT1 with SIRI, and rs=
0.63 for the correlation with the Weiss grade of rubeosis).
This indicates close association between systemic inflam-
mation, activity of neovascularization and morphological
changes in the anterior segment.

In PACG, CB thickness is low, with a CBT1 of 0.56—
0.57 mm and CBTmax of 0.87 mm, which corresponds to
a more compact morphological phenotype of the CT [27].
These characteristics are higher in healthy individuals
(CBT1=0.81 mm; CBTmax= 1.25 mm), which reflects the
physiological status of the CB [9].

The morphometric profile of the CB in eyes with NVG
is principally different from those in normal eyes or eyes
with PACG. In the current study, CB thickness in eyes with
NVG secondary to RVO and eyes with NVG secondary to
PDR with duration of diabetes < 5 years exceeded those in
normal eyes or eyes with PACG: the CBT1 ranged within
1.17-1.50 mm, and the CBTmax was as much as 1.64 mm.
These values are actually twice as high as normal values,
supposing the formation of a hypervoluminous phenotype
of the CB. Reactive morphometric changes in the CB after
vitrectomy with gas or silicone tamponade have been de-
scribed, confirming a high sensitivity of the CB to impaired
microcirculation and effects of inflammation [36].

The results of our multivariate regression analysis con-
firmed independent contributions of systemic inflammation
in the formation of morphological changes in the CB. The
adjusted determination coefficient (R%adj) was 0.20 in the
basic model, increasing to 0.34 with the inclusion of the
“nosological affiliation with the NVG group” variable into
the model; this accounted for a 20-34% in the variability of
CBTmax. SIRI (B =0.34; p <0.01) and AISI (§ =-0.49; p
< 0.01) remained independent predictors of CB thickening,
whereas the IOP had no statistically significant effect.

Similar values of the coefficient of determination have
been reported by other studies on the morphometry of the
anterior segment in eyes with PACG or retinal vascular le-
sions, with an explaining capacity of multifactorial models
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usually not exceeding 0.30-0.35 [9, 21, 38]. This confirms
that, under conditions of the multicomponent pathogenesis
of NVG, this level of explaining capacity is methodologi-
cally grounded and clinically interpretable.

Thinning of the CB to the values close to the lower nor-
mal range or even the values typical for PACG (CBT1 =
0.57-0.64 mm; CBTmax = 0.74-1.00 mm) was observed
in NVG secondary to PDR with a duration > 5 years. This
supposes that a swelling-hypervoluminous phenotype ex-
hibits a transition into an atrophic phenotype of the CB due
to chronic ischemia, progressive miscrovascular oblitera-
tion and durable systemic low-grade inflammation.

Therefore, thinning or thickening of the CB in second-
ary NVG may be considered an integral marker of the isch-
emic-and-inflammatory processes implemented through lo-
cal microcirculatory abnormalities and neovascularization
and may play a role in the formation of a clinical course of
the disease.

Conclusion

First, in eyes with NVG, the UBM thickness of the CB
varies widely, depending on the etiology and disease du-
ration, with the greatest median values observed in NVG
secondary to RVO and NVG secondary to DR with a dura-
tion < 5 years (CBT1, 1.25-1.39 mm; CBTmax, 1.63—1.66
mm). These values are actually twice as high as normal val-
ues, supposing the formation of a hypervoluminous inflam-
matory-swelling phenotype of the CB. An abrupt thinning
of the CB (CBT1 = 0.57-0.64 mm; CBTmax = 0.74—1.00
mm), indicating a likely atrophic transformation, was ob-
served in NVG secondary to PDR with a duration > 5 years.

Second, in NVG, systemic immune-inflammation indi-
ces (SII, SIRI, and AISI) showed a significant steady in-
crease with an increase in the Weiss grade of rubeosis and
demonstrated a close association with the morphometry of
the CB. In rubeosis grades 2-3, SII was twice higher, AISI
was 2.5-3.0-fold higher, and SIRI was 1.3—-2.0-fold higher
compared to controls, reflecting grade-to-grade changes in
the systemic inflammation component of NVG.

Finally, the results of our multivariate regression anal-
ysis confirmed independent contributions of systemic in-
flammation in the formation of morphological changes in
the CB: SIRI and AISI were still statistically significant af-
ter adjustment for clinical and morphometric factors. This
indicates that, in NVG, structural changes in the CB are as-
sociated with the ischemic-and-inflammatory pathogenetic
cascade and play a role in the formation of a clinical course
of the disease.
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