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Abstract

Purpose. To use Doppler ultrasound for evaluating the ef-
fect of vascular therapy and hyperbaric oxygenation (HBO)
on ocular hemodynamics in patients with recurrent herpetic
stromal keratitis (HSK).

Material and Methods. Totally, 60 patients with unilateral
HSK (mean age, 39.4 £ 9.5 years) were included in the study.
They were divided into groups of 20 based on the treatment
scheme. Group 1 was treated conventionally with anti-inflam-
matory and etiopathogenetic therapy only, group 2 received
conventional treatment plus vascular therapy (vinpocetine)
only, and group 3, conventional treatment plus vascular ther-
apy and HBO (ten 45-minute sessions at 1.5 atmospheres). A
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Doppler ultrasound machine (Toshiba Nemio-20) was used to
determine peak systolic velocity (PSV), end-diastolic veloc-
ity (EDV) and resistive index (RI) in the ophthalmic artery
(OA) and central retinal artery (CRA), and PSV in the central
retinal vein (CRV). Fellow eyes were used as controls. An in-
tegral vascular response index (IVRI) was calculated based
on relative post-treatment changes (4%,) in major Doppler
parameters and was employed for evaluating hemodynamic
response to treatment. Cohen's d was used for evaluating ef-
fect sizes.

Results. Vascular therapy, when used as an adjunct to con-
ventional treatment, resulted in a significant improvement in
OA hemodynamics, with increases in A% PSV (25.3-34.1%;
p<0.0001) and A% EDV (40.4—41.0%, p<0.0001) compared
to anti-inflammatory therapy only. Improvements in PSV
and RI were most pronounced when vascular therapy was
combined with HBO. Vascular therapy, when combined with
HBO, resulted in a significant improvement in CRA hemo-
dynamics, with sequential reductions in A%PSV (to —29.6%)
and A%EDV (to —24.6%), reflecting the normalization of
retinal blood flow. Among the three treatment groups, group
3 showed the PSV and EDV values closest to those in the fel-
low eyes, which reflected the most pronounced hemodynamic
effect. The increase in IVRI reflected an additive response to
reduced inflammation, normalized vascular tone, improved
microcirculation and corrected tissue hypoxia in group 3.

Conclusion. Anti-inflammatory treatment combined with
vascular therapy and HBO allowed for the best effect on
and OA and CRA hemodynamics. IVRI values indicated that,
HBO, when used as an adjunct to combination treatment for
recurrent HSK, was associated with an additional improve-
ment in ocular hemodynamics (most notable, OA hemody-
namics).
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Pestome

Mema. Busuumu eénnus cinepbapuunoi okcueeHayiuHol
mepanii (I'BOT) ma cyounnoi mepanii Ha NOKA3HUKY OYHOT
2EMOOUHAMIKU V XBOPUX HA PeyUOUBYIOYULL CIMPOMATTLHULL
eepnemuyunuti kepamum (CI'K) 3a 0anumu ynompaszgyrkogoi
donnepoepadii.

Mamepian ma memoou. Obcmedicero 60 nayienmie
(cepeonini gix — 39,4+9,5 poky) 3 peyuousyrouum MoHo-
aamepanvhum CIK, sikux 3anedcHo 6i0 cxemu NiKY8aHHs
posnodinunu na mpu epynu (no 20 nayienmis, 20 ouetl):
l-wa — cmanoapmua npomu3zananvha ma emionamozene-
muyHa mepanis,; 2-ea — cmanoapmua mepanisi, 00no8HeHa
CYOUHHOIO mepanicio (8innoyemumn); 3-ms — CmaHoapmua
ma cyOuHHa mepanisi 8 NOEOHAHHI 3 KYPCoM 2inepoapuy-
Hoi' okcueenayiunoi mepanii (I'BOT) (10 ceancié no 45
x8. npu mucky 1,5 ama). Ouny cemoOunamixy 0ocuiorcy-
8aIU Memooom Ybmpaszsykosoi donnepozpagii (« Toshiba
Nemio-20») 3 eusnauenusam noxazuuxie PSV, EDV ma RI
6 a. ophthalmica i a. centralis retinae, a maxoxc PSV y v.
centralis retinae. Ilapne inmakmHe 0KoO UKOPUCMO8Y AU
5K peghepencHuil Konmponws. s OYiHKU 2eMOOUHAMIUHOT
8i0N0GIOI 3aNPONOHOBAHO THME2PATbHUL CYOUHHUL THOEKC
(IVRI), pospaxosanuti Ha ochogi @ioHocHux 3min (A%)
OCHOBHUX O0NAEPOPADIUHUX NOKAZHUKIE 00 M NiCas Ji-
Kyeanusi. Posmip eghexmy nixyeanus oyiniosanu 3a 0onomo-
2010 noxaszuuka Cohen's d.

Pesynomamu. J/looasanns cyounnoi mepanii 00 cman-
0apmuo20 IKy8anus 3a6e3neuyeano 0ocmogipue noKpa-

Introduction

Herpetic keratitis (HK) is a leading cause of corneal
blindness and visual impairment worldwide [1]. It is char-
acterized by its clinical polymorphism, ranging from su-
perficial epitheliopathy to stromal keratitis, keratouveitis
and neurotrophic keratitis [2]. Herpetic stromal keratitis
(HSK) develops in 25 to 50% of patients and is a major
cause of persistent reduction in visual acuity. Patients with
prolonged or recurrent HSK develop corneal scarring and
neovascularization [3].

The changes in central and regional hemodynamics
for adequate perfusion and metabolism to support tissue
homeostasis are a manifestation of typical inflammatory
response.

A 2011 work by Gaydamaka [4] demonstrated that the
ocular circulation in HK depends on the stage and course
of the disease. In acute HK, there is hyperemia as a mani-
festation of vascular inflammatory response, whereas in
quiescent HK, especially in the course of the disease with
frequent relapses, it decreases compared to the healthy
fellow eye. Gaydamaka [4] found that corneal dystrophic
changes are associated with insufficient ocular blood sup-

ply.

wjenHs cemoOuHamixu 8 baceuni a. ophthalmica, wo npo-
aenanoca 30inbwennam A% PSV (25,3-34,1% p<0,0001)
ma A% EDV (40,4-41,0% p<0,0001) nopisnano 3 i3o-
JIbOBAHOI0 NpomusananbHolo mepanicio. Haibinow supa-
arcenuti npupicm PSV i RI cnocmepieagcs npu no€oHauHi
cyounHoi mepanii' 3 einepbapuyHoio okcueenayicro. Y oa-
cetiti a. centralis retinae 3acmocysants cyOurHoi mepanii
ma 2inepbapuuHoi oKcueeHayii CynposooiCysanocs no-
ciooeHum 3meruenusam A% PSV (0o —29,6%) i A% EDV
(00 —24,6%), wo 6idobpasicaro HOpManizayio pemuHaib-
Ho20 Kposomoky. Hatibinvws supasicernuti 2eMOOUHAMIYHUL
eghexm cnocmepicagcs 6 3-u epyni, 0e nokasHuxu PSV ma
EDV oynu naiibausicuumu 0o 3HaueHb napHozo oka. 3poc-
MAaKHs iHmezpanbHo2o cyournHozo inoexcy (IVRI) eioobpa-
JHcae aOUMUBHUL 6NAUE HA YCYHEHHS 3aNANeH s, HOpMAali-
3ayit0 CYOUHHO20 MOMYCY, NOKPAUWJEHHS MIKPOYUPKYIAYIL
ma KopeKyii mKaHuHHoI 2InoKcii @ 3-1i 2pyni X6opux.

Bucnoeku. Iloeonanus npomu3ananvhoi, CcyOUHHO!
ma ecinepbapuunoi okcueeHayiuHoi mepanii 3abe3neuye
HaulegheKMuBHiWULL 6NAUE HA NOKASHUKU 2eMOOUHAMIKU 8
bacetinax a. ophthalmica ma a. centralis retinae. 3anpo-
NOHOBAHUN IHMe2PATbHUL IHOEKC CYOUHHOT peaKmUBHOCMI
(IVRI) ceiouumv, wo eéxmouenns I’ BOT 0o xomniekcho2o
qikysanna xeopux Ha peyuougyroyuti CI'K acoyiroemo-
¢l 3 000aMKOBUM NOZUMUBHUM BNIUGOM HA NOKAZHUKU
OUHOI 2eMOOUHAMIKU, HAUOITbW 8UPAdCeHUM ) baceliti a.
ophthalmica.

Knwuogi cnosa: xepamum, gipyc npocmozo 2epnecy,
PeCiOHapHa 2eMOOUHAMIKA, ClbO30NPOOVKYIs, Mopghome-
Mpisi PO2ieKU, Poci6Ka, YIbMpa38yKkoea diacHOCMUKA, 2i-
nepbapuuna okcueenayivina mepanis (I'60OT)/

The main function of ocular blood flow is to supply
sufficient oxygen and nutrients to the eye. Impaired ocular
perfusion causes limited oxygen supply to the eye and the
development of local tissue hypoxia and metabolic abnor-
malities which may contribute to the progression of dys-
trophic changes [5].

Hypoxia is a critical pathogenetic factor in many reti-
nal diseases, including glaucoma, hypertensive and dia-
betic retinopathy, retinal arterial occlusion and retinal vein
occlusion. The primary driver of hypoxia-induced changes
in the retina is the activation of hypoxia-inducible factor
1-a (HIF-1a), leading to downstream activation of vas-
cular endothelial growth factor (VEGF) and nitric oxide
synthase (NOS) [6, 7].

Just as hypoxia can induce inflammation, inflamed le-
sions often become severely hypoxic. Contributors to tis-
sue hypoxia during inflammation include an increase in
the metabolic demands of cells, abnormal perfusion, com-
pression (interstitial hypertension), trauma, and increased
oxygen consumption by infected cells during intracellular
pathogen replication. In the case of inflamed tissue, hypox-
ia is not a bystander, but an important regulator of immune
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response, and activates oxygen-dependent mechanisms of
transcriptional regulation, and, above all, the host’s HIF
pathway, which results in a change in the expression of
numerous genes involved in angiogenesis, cell metabolism
and tissue remodeling [8].

Chronic inflammation is associated with the develop-
ment of tissue hypoxia, mitochondrial dysfunction and
metabolic tissue remodeling. Under conditions of oxygen
deficiency, cells shift to a state of metabolic activation, and
synthesize biologically active metabolites which perform
signaling functions and support immune response. Conse-
quently, hypoxia, oxidative stress, mitochondrial dysfunc-
tion and metabolic cellular changes are considered inter-
related mechanisms which determine the course of chronic
inflammation [9].

The use of therapeutic hyperbaric oxygenation (HBO)
as an adjunct to multicomponent therapy for HK promoted
clinical recovery by accelerating corneal re-epithelializa-
tion, resorption of infiltrates, and resolution of pericorneal
injection and reduction of hospital stay length [10].

To the best of our knowledge, no study has reported
on the effect of HBO on regional and local ocular hemo-
dynamics in recurrent HK. Therefore, it is important to in-
vestigate the role of HBO in the restoration of blood sup-
ply to tissues, improvement in ocular hemodynamics and
modification of immune response in this disease.

The purpose of the study was to use Doppler ultrasound
for evaluating the effect of vascular therapy and HBO on
ocular hemodynamics in patients with recurrent HSK.

Material and Methods

Totally, 60 patients (29 men and 31 women; mean age,
39.4 + 9.5 years) with active unilateral chronic recurrent
HSK were examined at the Dnipropetrovsk Regional Clin-
ical Ophthalmological Hospital. The clinical forms of the
disease were determined based on the classifications by
Liesegang [11] and Holland and Schwartz [12]. Immune
(non-necrotizing) was diagnosed in 42 patients (42 eyes),
and group 2 (necrotizing HSK), in 18 patients (18 eyes).

This prospective clinical comparison study was ap-
proved by the Bioethics committee of SI “The Filatov
Institute of Eye Diseases and Tissue Therapy of the Na-
tional Academy of Medical Sciences of Ukraine” (Meet-
ing Minutes No. 2 of April 18, 2025) and followed ethical
standards as outlined in the Declaration of Helsinki of the
World Medical Association, ICH guideline for good clini-
cal practice and relevant laws of Ukraine. Informed con-
sent was obtained from all subjects.

Patients were divided into three treatment groups. At
baseline, there was no significant between group differ-
ence in age, sex, disease duration or major clinical char-
acteristics.

The treatment scheme for patients in group 1 (20 pa-
tients; 20 eyes) included conventional anti-inflammatory
and etiopathogenetic therapy. Topical treatment included
miramistin, levofloxacin and ganciclovir ophthalmic gel.
In the presence of corneal epithelial defects, this treatment

was continued until corneal re-epithelialization was com-
plete; otherwise, it was administered for five days and then
tapered over the next three weeks. In the absence of epi-
thelial defects or corneal ulceration, topical corticosteroids
were administered after the initiation of anti-viral therapy;
otherwise, they were administered after corneal re-epithe-
lialization was complete. Tear substitutes were also used
and topical dexpanthenol was administered nightly. Sys-
temic therapy included valacyclovir 1000 mg 3 times daily
for 3 days, followed 2 times daily for up to 14 days, and
then 500 mg 2 times daily as supportive therapy. Addi-
tionally, the B vitamins and essential phospholipids were
administered throughout the period of treatment. Systemic
corticosteroids were administered based on individual
clinical indications. The duration of topical therapy was up
to three weeks, and the duration of systemic or supportive
therapy, up to one month.

The treatment scheme for patients in group 2 (20 pa-
tients; 20 eyes) included the above mentioned conven-
tional anti-inflammatory and etiopathogenetic therapy.
Additionally, these patients received vascular therapy (vin-
pocetine 5 mg three times daily for two months), which
was administered once inflammation has subsided and the
patient’s clinical status has stabilized. Depending on the
clinical course of the diseases, this corresponded to two
to three weeks after the initiation of the anti-inflammatory
and etiopathogenetic therapy.

Patients in group 3 (20 patients; 20 eyes) received not
only the above mentioned conventional therapy and vas-
cular therapy, but also a course of HBO (ten daily 45-min-
ute sessions of hyperbaric 95-percent medical oxygen at
1.5 atmospheres in a BLKS 301M monoplace chamber)
in the presence of vascular therapy. Pneumothorax was
an absolute contraindication to HBO. Other contraindi-
cations included a severe lung disease with an increased
risk of barotrauma, acute upper respiratory and ear infec-
tions, uncontrolled seizures, decompensated heart failure,
pregnancy, a history of vitreoretinal surgery and history of
intraocular gas (SF6, C2F6, etc) use.

Doppler ultrasound evidence of post-treatment func-
tional changes in regional hemodynamics was the main
subject of analysis.

A Doppler ultrasound machine (Toshiba Nemio-20,
Toshiba Medical Systems, Tokyo, Japan) with a §-MHz
linear transducer, 3-MHz convex transducer, and 3.75-
MHz microconvex transducer was used to assess hemo-
dynamics in the ophthalmic artery (OA), central retinal
artery (CRA) and central retinal vein (CRV). Peak systolic
velocity (PSV; cm/s), end diastolic velocity (EDV; cm/s),
and resistance index (Ri) were determined bilaterally in
the OA and CRA, and PSV only was determined in the
CRV. Fellow eyes were used as controls.

The Shapiro-Wilk test was used for statistical analysis
if the data were normally distributed. Normally distributed
data are presented as mean + standard deviation (SD) or
mean [95% confidence interval (CI)]. The independent t-
test was used for group comparison of normally distrib-
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uted data. The following formulas were used to determine
percentage changes in maximum PSV, EDV, and RI (post
and pre indices correspond to baseline and post-treatment):

A%PSV = ((PSVpost — PSVpre) / PSVpre) x 100%

AY%EDV = ((EDVpost — EDVpre) / EDVpre) x 100%

A%RI = ((RIpost — RIpre) / RIpre) x 100%.

An integrated vascular response index (IVRI) reflects
total post-treatment changes in major Doppler parameters
and was proposed for a comprehensive evaluation of he-
modynamic response in every local vascular bed. Since
the above parameters differ in their contribution to the he-
modynamic profile, each component was standardized for
subsequent unification of directions of changes:

ZPSV = (APSV — MAPSV) / SDAPSV

ZEDV = (AEDV — MAEDV) / SDAEDV

ZRI = (ARI — MARI) / SDARI

As a result, the standardized index IVRIstd was ob-
tained:

IVRIstd = (ZPSV + ZEDV + ZR1)/3,

where Z is a standardized value (dimensionless quan-
tity); A, a change with treatment in the characteristic in
a patient; M, a mean value of A for the entire sample or
group; SD, standard deviation of A for the group.

Additionally, we proposed to use a ratio of the I[VRI
for the eye affected by keratitis to the IVRI for the fellow
eye (Keratitis/Fellow Ratio or KFR) for the quantitative
evaluation of interocular asymmetry in vascular response.
Cohen's d was used for evaluating effect sizes and char-
acterizes a standardized value of the difference in IVRI

between two groups and reflects the clinical significance
of changes found regardless of the units of measurement
of characteristics. Cohen's d is defined as a difference be-
tween two means divided by the pooled SD for those two
means.

Cohen's d was used for evaluating treatment effect siz-
es and enables evaluating practical (clinical) significance
of the differences found in IVRI. Cohen's D effect sizes
were interpreted as follows: below 0.2 = no effect; 0.2 to
0.5 = small; 0.5 to 0.8 = medium; and above 0.8 = large.

Results

The percentage change in PSV (A%PSV) in the OA of
the eye with HSK was higher in groups 2 and 3 (25.3%
and 34.1%, respectively) than in group 1 (1.2%), and the
difference was significant (Tablel). The highest A% PSV
in the OA of the eye with HSK was observed in group 3
(34.1% versus 25.3% for group 2; p = 0.008) (Table 1).
These results indicate that vascular therapy as an adjunct
to the conventional therapy promoted the recovery of OA
inflow, whereas adjunctive HBO allowed additional acti-
vation of systolic perfusion, which was manifested by in-
creased A% PSV. The normalization of PSV in the OA of
the eye with HSK was observed only in group 3, where the
mean value (37.8 = 1.5 cm/s) was close to that for the fel-
low eye (38.8 £ 2.2 cn/s; p = 0.03) (Table 1).

The percentage change in EDV (A%EDV) in the OA
of the eye with HSK was higher in groups 2 and 3 (40.4%
and 41.0%, respectively) than in group 1 (1.9%), and the

Table 1. Peak systolic velocity (PSV) in the ophthalmic artery in patients before and after treatment for herpetic stromal

keratitis (HSK)

1 3
Parameter Before After Before After Before After p
treatment | treatment | treatment | treatment | treatment | treatment
PSV (cm/s) in the OA tpostreatment — 0-8
in the eye with HSK; 29.7+3.3 30.2+2.9 28.9+3.3 35.8+2.9 28.4+2.7 37.8+1.5 sposttreatment < 0.0001
mean £ SD; n =20 sposttreatment < 0-00071
A %PSV in the OAin P,,<0.0001
the eye with HSK; 1.2 (0.12-3.4) 25.3 (16.9-33.7) 34.1 (27.0-40.2) P,,<0.0001
mean (95% Cl); n=20 p,, =0.008
PSV (Cm/S) in the OA P1post-treatment =02
in the fellow eye of oosttreatment. = 0-003
a patient with HSK: 39.7 2.1 38.1+8.3 38.31£2.3 40.3£2.0 38.312.1 40.2+1.7 azos:_treatmem =0.001
mean = SD; n=20
o .
ﬁ?:f Xelllcr:vbh:y(e?gf P, < 0.0001
a patient with HSK: 0(-14.0-4.7) 5.3.(2.9-7.8) 4.8 (3.2-6.4) Emz 8.2001
mean (95% CI); n=20 287

Note: 1, anti-inflammatory therapy only; 2, anti-inflammatory therapy with adjunctive vascular therapy; 3, anti-inflammatory
therapy with adjunctive vascular therapy and hyperbaric oxygenation; A% PSV, a pre-to-post-treatment percentage change in
peak systolic velocity after treatment; ClI, confidence interval; n, number of eyes; HSK, herpetic stromal keratitis; OA, ophthal-

mic artery; PSV, peak systolic velocity; SD, standard deviation
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Table 2. End diastolic velocity (EDV) in the ophthalmic artery in patients before and after treatment for herpetic stromal

keratitis (HSK)

1 3
Parameter Before After Before After Before After P
treatment | treatment | treatment | treatment |treatment| treatment

EDV (cm/s) in the OA Iposttreatment — 0-3
in the eye with HSK; snostireatment < 0-00071
mean + SD: 7.0£0.8 7.1£0.8 6.910.7 9.610.9 7.1£0.7 10.0£0.8 szus:reazmenz <0.0001
n=20
A %EDV in the OAin P,,<0.0001
the eye with HSK; 1.9 (0.48-3.4) 40.4 (31.2-49.58) 41.0 (34.2-47.8) P, ,<0.0001
mean (95% Cl); n =20 P,,=0.8
EDV (cm/s) in the OA Pmst_mtment =0.9
in the fellow eye of P, osttreatment = 0-01
a patient with HSK: 9.720.9 9.710.8 9.610.9 10.320.9 9.9+0.9 10.7£0.6 Pszosz_“eatmem _
mean + SD; n = 20 0.0
A% EDV in the OA
in the fellow eye of P,,<0.0001

. . . 0.14 (0.48-3.4) 6.3 (2.6-10.8) 6.7 (4.6-12.1) P, .<0.0001
a patient with HSK; P1 S _ 05
mean (95% Cl); n=20 ¥

Note: 1, anti-inflammatory therapy only; 2, anti-inflammatory therapy with adjunctive vascular therapy; 3, anti-inflammatory
therapy with adjunctive vascular therapy and hyperbaric oxygenation; A%EDV, a pre-to-post-treatment percentage change in
end diastolic velocity; Cl, confidence interval; n, number of eyes; EDV, end diastolic velocity; HSK, herpetic stromal keratitis;

OA, ophthalmic artery; SD, standard deviation

difference was significant (Table 2). There was, howev-
er, no significant difference between groups 2 and 3. The
results indicate that vascular therapy as an adjunct to the
conventional therapy promoted the recovery of diastolic
OA blood flow. The fact that adjunctive HBO did not re-
sult in additional improvement in A% EDV indicated the
achievement of the maximum OA hemodynamic response.
The mean EDV for the fellow eye was 9.7 = 0.9 cm/s.
EDV in the affected eye normalized with treatment only in
patients in group 3, with a mean value of 10.0 + 0.8 cm/s.

The increase in RI in the affected eye to a level close
to that found for the fellow eye reflects the recovery of the
mechanisms involved in regional vascular autoregulation.
The percentage change in RI (A%RI) in groups 2 and 3
was 1.4% (p = 0.03) and 3.4% (p < 0.0001), respectively,
which was statistically significantly higher, that in group
1, with the largest A% RI found for group 3 (Table 3). The
mean RI for the fellow eye was 0.75 + 0.009. RI in the
affected eye normalized with treatment only in patients in
group 3, with a mean value of 0.74 + 0.01 (Table 3).

The IVRI that we had proposed reflected the total mag-
nitude of the OA vascular response, demonstrating clear
gradient dynamics with an increase in value from group
1 to group 3 both for the effected eye and the fellow eye.
Among the three groups, group 3 had the highest IVRI val-
ues for the affected eye and the fellow eye (26.58 £ 9.41
ta 4.96 + 2.81, respectively), followed by group 2 (22.74
+ 13.89 and 4.97 + 3.72, respectively), and group 1 with
a wide range of variation (0.28-1.26). This indicates an

increase in OA vascular response, which was most marked
in group 3 and predominantly in the eye with HSK. KFR
showed a downward trend in IVRI asymmetry, from 7.2
for group 1 to 6.2 for group 3, with no significant between
group differences, likely due to a high between individual
variability.

Pairwise comparison found marked between group
differences with large effect sizes (Cohen’s d), reflecting
clinically significant differentiation in the hemodynamic
profile depending on the type of therapy. For the OA bed
in the eye with HSK, effect sizes were d, = 1.42; d1-3 =
2.58; and d,, = 1.11, which corresponds to large effects
and reflects marked dynamic changes in the vascular re-
activity in the presence of therapy. The most substantial
effects sizes were observed for the groups with a vascu-
lar component of treatment (groups 2 and 3). For the OA
bed in the fellow eye of patients with HSK, effect sizes
were lower (d,_, = 1.18; d, ;= 1.95; d, , = 0.88) than those
in the affected eye, which corresponds to large effects of
a lower magnitude, indicating a contralateral secondary
systemic vascular response with a limited range of func-
tional remodeling. This may be explained by the absence
of marked tissue hypoxia in, and preserved perfusion of,
the fellow eye, which resulted in HBO failing to provide
additional effects on hemodynamics.

Therefore, patients in group 3 (who received anti-in-
flammatory therapy with adjunctive vascular therapy and
HBO) showed most marked hemodynamic response of
the OA vascular bed, which was manifested by maximum
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Table 3. Resistivity index (RI) in the ophthalmic artery in patients before and after treatment for herpetic stromal keratitis (HSK)

1 2 3
Parameter Before After Before After Before After
treatment treatment treatment treatment treatment treatment
Rlin the OA in the eye with
HSK; (mean + SD); n = 20 0.68£0.05 0.68£0.05 0.71£0.03 0.72+0.03 0.70£0.03 0.74£0.01
A%RI in the OA in the eye 0 1.4 (0.6-2.1) 3.4 (2.1-6.3)
with HSK; mean (95% CI);
n=20 P,,=0.03; P, ,<0.0001; P, ,=0.03
Rl in the OA in the fellow eye
of a patient with HSK; 0.75+0.007 | 0.75+0.006 | 0.75+0.009 0.75+0.009 0.75+0.009 0.75+0.009
(mean + SD); n=20
A%RI in the OA in the fellow
eye of a patient with HSK; 0 0 0
mean (95% Cl); n =20

Note: 1, anti-inflammatory therapy only; 2, anti-inflammatory therapy with adjunctive vascular therapy; 3, anti-inflammatory
therapy with adjunctive vascular therapy and hyperbaric oxygenation; A%RI, a pre-to-post-treatment percentage change in
resistivity index; Cl, confidence interval; HSK, herpetic stromal keratitis; n, number of eyes; OA, ophthalmic artery; R, resistiv-

ity index; SD, standard deviation

IVRI values and most profound changes in vascular char-
acteristics. Pairwise comparison found marked between
group differences with large effect sizes (Cohen’s d), with
the most marked effects observed in group 3.

The percentage change in PSV (A%PSV) in the CRA
of the eye with HSK was higher in groups 2 and 3 (22.3%
and 29.6%, respectively) than in group 1 (0.3%), and the
difference was significant. After treatment, the mean PSV
in the CRA of the affected eye in group 3 was 12.7 + 0.9
cm/s, which was closer than those in groups 1 and 2 to
the mean value for fellow eye (11.4 + 1.3 cm/s) (Table 4).
Additionally, we noted sequential reductions in A%EDYV,
from —1.3% in group 1 to —8.8% and —24.6% in groups
2 and 3, respectively, which reflected remodeling of dia-
stolic retinal blood flow. After treatment, the mean EDV in
the CRA of the affected eye in group 3 was 4.5 + 0.7 cm/s,
which was closer than those in groups 1 and 2 to the mean
value for fellow eye (3.8 = 0.7 cm/s) (Table 5).

The IVRI for the CRA demonstrated clear gradient dy-
namics with an increase in value from group 1 to group 3
both for the effected eye and the fellow eye. Among the
three groups, group 3 had the highest IVRI values for the
CRA for the affected eye and the fellow eye (38.72 £ 12.56
and 9.18 £ 6.11, respectively), followed by group 2 (28.94
+ 18.21 and 6.31 + 6.24, respectively), and group 1 with
a wide range of variation (1.32 + 3.87 and 0.18 + 0.66,
respectively). Moreover, among the three groups, group 3
showed the greatest changes in PSV, EDV and RI for the
CRA, with reductions compared to other groups, which
reflected the most marked vascular response and remod-
eling of the arterial blood flow (Tables 4, 5). With these
changes, the parameters mentioned approached the values

found for the fellow eye (i.e., reference values). The ratio
of the IVRI for the affected eye to that for the fellow eye
(KFR) gradually reduced from 7.33 for group 1 to 4.59
for group 2 and 4.22 for group 3, reflecting a reduction in
asymmetric response to treatment and an increase in sys-
temic vascular response in the presence of adjunct therapy.

Pairwise comparison found marked between group dif-
ferences in the IVRI for the CRA with large effect sizes
(Cohen’s d), reflecting clinically significant between group
differences in the intensity of vascular response to treat-
ment. Particularly, for the CRA bed in the eye with HSK,
effect sizes between groups 1 and 2 and between groups
1 and 3 were large (d,, = 1.34; d,, = 2.21), while that
between groups 2 and 3 was also marked but smaller (d,
= 0.78). Additionally, for the CRA bed in the fellow eye,
effect sizes between groups 1 and 2 and between groups
1 and 3 were also large (d,, = 1.18; d,, = 1.56), while
that between groups 2 and 3 was moderate (d,, = 0.62),
which reflected a clinically significant increase in hemo-
dynamic response, which was most marked in group 3.
Therefore, Cohen’s d analysis demonstrated that the most
clinically significant hemodynamic changes were noted in
the groups treated with adjunctive vascular therapy.

The percentage change in PSV (A%PSV) in the CRV
of the eye with HSK was higher in group 3 than in groups
1 and 2 (Table 7). The mean PSV in the CRV of the eye
with HSK in group 3 was 5.5 + 0.6 cm/s, which was simi-
lar to the fellow eye (5.2 + 0.3 cm/s).

Therefore, the multicomponent therapy in group 3
provided the most marked recovery of hemodynamics in
all vascular beds examined, with the mean values of PSV,
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Table 4. Peak systolic velocity (PSV, cm/s) in the central retinal artery (CRA) in patients before and after treatment for herpetic

stromal keratitis (HSK)

2 3
Parameter Before After Before After Before After P
treatment | treatment | treatment | treatment | treatment | treatment
PSV (cm/s) in the 209
i i 1post-treatment ="
CRAINthe eye with | 47,34 | 187431 | 17.9:2.8 | 138429 | 18218 | 12.7£0.9 | Prorrer <0.0001
HSK, mean = SD, 2post-treatment
n=20 3post-treatment <0.0001

A%PSV in the CRA
in the eye with HSK;
mean

(95% CI); n=20

-0.3 ((-0.8)-0.21)

-22.3 ((-27.0)- (-17.4)

-29.6 ((-32.8)-(-25.7)

P,,< 0.0001
P, < 0.0001
p,,=0.03

PSV (cm/s) in the
CRAin the fellow eye
in patients with HSK;
mean + SD; n=20

11.4+1.2

11.3+1.2

11.8¢1.3 | 11.7+1.1

11.1+1.3

10.9+1.1

1post-treatment - O

2post-treatment -

3post-treatment -

9

A%PSV in the CRA
in the fellow eye in
patients with HSK;
mean (95% CI); n=20

-0.17((-0.99)-0.65)

-1.0((-3.6)- 1.4)

-1.7((-3.8)-0.38)

P,,=0.1
P,,=0.01
p,,=0.8

Note: 1, anti-inflammatory therapy only; 2, anti-inflammatory therapy with adjunctive vascular therapy; 3, anti-inflammatory
therapy with adjunctive vascular therapy and hyperbaric oxygenation; A%PSV, a pre-to-post-treatment percentage change in
peak systolic velocity after treatment; Cl, confidence interval; CRA, central retinal artery; HSK, herpetic stromal keratitis; n,
number of eyes; PSV, peak systolic velocity; SD, standard deviation

Table 5. End diastolic velocity (EDV) in the central retinal artery in patients before and after treatment for herpetic stromal

keratitis (HSK)
2 3
Parameter Before After Before After Before After P
treatment | treatment | treatment | treatment | treatment | treatment
EDV (cm/s) in the ) =08
i i 1post-treatment ~ "
CRAInthe eye with | 54,16 | 56613 | 55611 | 49808 | 61212 | 45807 | P "=0.09
HSK, mean = SD, 2post-treatment
n=20 3post-treatment <0.0001

mean (95% CI); n=20

A%EDV in the CRA P,,<0.0001
in the eye with HSK; -1.3((-2.9)-0.34) -8.8((-12.4)-(-5.9)) -24.6((-29.1)(-20.5) | P, < 0.0001
mean (95% Cl); n=20 P, ,<0.0001
EDV (cm/s) in the p =10
CRAInthefellow eve | 37,09 | 37109 | 37410 | 37+10 | 35:08 | 4.0:05 |Pro =04
of patlents with HSK, 2post-treatment - 0.03
mean = SD, n=20 3post-treatment .
A%EDV inthe CRA _
in the fellow eye of 6.4(0.4-12.0) 18.5(8.4-28.7) 02 0003
patients with HSK; A . I\O- : P1-s v

.5 =0.07

Note: 1, anti-inflammatory therapy only; 2, anti-inflammatory therapy with adjunctive vascular therapy; 3, anti-inflammatory
therapy with adjunctive vascular therapy and hyperbaric oxygenation; A% EDV, a pre-to-post-treatment percentage change
in end diastolic velocity; Cl, confidence interval; CRA, central retinal artery; EDV, end diastolic velocity; HSK, herpetic stromal

keratitis; n, number of eyes; SD, standard deviation
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Table 6. Resistivity index (RI) in the central retinal artery in patients before and after treatment for herpetic stromal keratitis

(HSK)

Parameter

Before
treatment

After
treatment

Before
treatment

After
treatment

Before
treatment

After
treatment

Rlin the CRAin the eye
with HSK; mean + SD;
n=20

0.68+0.02

0.68+0.02

0.68+0.03

0.66+0.02

0.69+0.03

0.64+0.01

A% Rlinthe CRAin
the eye with HSK;
mean (95% Cl); n =20

1.4 (0.6-2.1)

3.4 (2.1-6.3)

Rl inthe CRAin the
fellow eye in patients
with HSK; mean + CD;
n=20

0.63+0.008

0.64+0.007

0.63+0.01

0.63+0.01

0.63+0.01

0.63+0.01

A% Rl in the CRA
in the fellow eye in
patients with HSK;
mean (95% CI); n=20

0.08 ((-0.08)-0.24)

-0.07 ((-0.45)-0.30)

0.32 ((-0.14)-0.8)

Note: 1, anti-inflammatory therapy only; 2, anti-inflammatory therapy with adjunctive vascular therapy; 3, anti-inflammatory
therapy with adjunctive vascular therapy and hyperbaric oxygenation; A%RI, a pre-to-post-treatment percentage change in
resistivity index; ClI, confidence interval; CRA, central retinal artery; HSK, herpetic stromal keratitis; n, number of eyes; RI,
resistivity index; SD, standard deviation

Table 7. Peak systolic velocity (PSV) in the central retinal vein in patients before and after treatment for herpetic stromal

keratitis (HSK)

mean + SD; n =20

1 2
DL Before After Before After Before After P
treatment | treatment | treatment | treatment | treatment | treatment

PSV (cm/s) in the - 0.002

i i 1post-treatmen "
CRVinthe eye with | 74,08 | 66104 | 7.0:04 | 62:02 | 7.5¢06 | 55:06 | P <0.0001
HSK’ mean + SD’ 2post-treatment 0 0001
n=20 3post-treatment <0
A %PSV in the CRV P,,=0.6
in the eye with HSK; -8.0((-10.7)-(-5.4) -10.9((-13.0)-(-8.8)) -25.8((-29.1)-(-22.6) P,,=0.005
mean (95% Cl); n=20 p,,=0.009
PSV inthe CRV _
in the fellow eye in P1post-trealmem =0.3

. . . 6.0+0.3 5.9+0.3 5.840.4 5.5+0.4 5.8+0.4 5.2+0.3 y =0.01

patients with HSK; 2post-treatment <0.0001

3post-treatment

A %PSV inthe CRV
in the fellow eye in
patients with HSK;
mean (95% CI);
n=20

-1.7((-2.6)-(-0.76)

-5.9((-7.6)- (-4.4))

-10.6((-12.4)-(-8.7)

P,,=0.08
P,,=0.005
p,,=0.07

Note: 1, anti-inflammatory therapy only; 2, anti-inflammatory therapy with adjunctive vascular therapy; 3, anti-inflammatory
therapy with adjunctive vascular therapy and hyperbaric oxygenation; A%PSV, a pre-to-post-treatment percentage change
in peak systolic velocity after treatment; Cl, confidence interval; CRV, central retinal vein; HSK, herpetic stromal keratitis; n,
number of eyes; PSV, peak systolic velocity; SD, standard deviation
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EDV, RI and venous blood flow for the affected eye be-
coming most close to those for the fellow eye.

Discussion

Inflammatory process is known to be accompanied
by remodeling of local hemodynamics, which is primar-
ily manifested by the development of arterial hyperemia
due to inflammation-induced vasodilation. Such a hemo-
dynamic response is adaptive in nature and aimed at op-
timizing tissue perfusion to meet the increased metabolic
demand of the inflammatory response. Normalization of
hemodynamic parameters after the resolution of the in-
flammatory process indicates a reduction in inflammatory
activity and functional recovery of the vascular bed [14].

Hypoxia influences immune cell functions by regulat-
ing metabolic pathways, and can be a pathogenic factor
in some inflammatory diseases. Conversely, inflammation
can lead to local hypoxia [15].

We have reported previously [16] that, in recurrent
unilateral HSK, the nature of hemodynamic abnormalities
did not depend on whether the HSK was necrotizing or
non-necrotizing, but was significantly different from the
fellow eye. In the OA bed of the affected eye, the PSV and
EDV were 33.8% and 8.8%, respectively, lower, whereas
the RI was 6.6% higher, compared to the fellow eye, which
indicated lower OA inflow and higher peripheral vascu-
lar resistance. Additionally, in the affected eye, the PSV,
EDV and RI in the CRA bed were 58.7%, 61.1% and 7.9
%, respectively, higher, and, the PSV in the CRV bed was
28.6% higher, compared to the fellow eye. Such a combi-
nation of changes reflects a compensatory redistribution
of blood flow in inflammation: a reduction in blood flow
velocities in the OA is accompanied by increased blood
flow in the retinal vascular bed with the involvement of
both arterial and venous microcirculation, indicating adap-
tive remodeling of intraocular hemodynamics in response
to corneal inflammation.

In the current study, group 1 was treated convention-
ally with anti-inflammatory therapy only, group 2 received
conventional treatment plus vascular therapy only, and
group 3, conventional treatment plus vascular therapy and
HBO.

Hyperoxia is a condition characterized by an excess of
partial oxygen pressure (pO2) in blood and tissues, and
can be achieved in patients receiving normobaric or hyper-
baric oxygen support (oxygen therapy). Therapeutic HBO
is a treatment in which the patient breathes almost 100%
pure oxygen while inside a hermetic treatment chamber
at a pressure higher than the normal atmospheric pressure
[i.e., >1 atmosphere absolute (atm abs)]. The Undersea
and Hyperbaric Medical Society (UHMS) considers a pO2
of 1.4 atm abs the minimum beneficial dosage for HBO
therapy [13].

HBO increases the partial pressure of oxygen and the
proportion of dissolved oxygen in plasma, resulting in the
development of controlled therapeutic hypoxia. The in-
creased bioavailability of oxygen enables effective oxygen

diffusion into tissues and mitochondria, key organelles of
aerobic metabolism. The oxygen entering the mitochon-
dria can reverse tissue hypoxia, activating the electron
transport chain to generate energy and increasing oxida-
tive phosphorylation and adenosine triphosphate (ATP)
synthesis. This is followed by stabilization of hypoxia-
inducible factor (HIF)-1a and activation of a wide range
of signaling cascades that regulate angiogenesis, cellular
repair, metabolic adaptation, anti-inflammatory response
and regenerative processes [17].

Therapeutic hypoxia temporarily increases levels of
reactive oxygen species (ROS) which act as signaling
molecules, modulating intracellular signaling pathways
and inhibiting NF-kB activation, which is accompanied
by reduced production of pro-inflammatory mediators.
As a result, the production of acute-phase proteins and
pro-inflammatory cytokines (e.g., TNF-a, IL-1p, and IL-
6) and chemokines decreases. HBO modulates the func-
tional activity of immune cells by moderately increasing
the levels of ROS, which increases the bactericidal activity
of neutrophils and macrophages and efficacy of phagocy-
tosis, and contributes to the activation and proliferation
of T-cells. Additionally, the production of growth factors
and anti-angiogenic mediators (VEGF, FGF, TGF-B) in-
creases, contributing to tissue repair, angiogenesis and the
recovery of microcirculation [18, 19].

After treatment, in all study groups, there was sequen-
tial remodeling of ocular hemodynamics, as manifested by
changes in arterial inflow, peripheral vascular resistance
and venous outflow. The IVRI for the affected eye reflects
an integrated local and regional hemodynamic response to
treatment, while changes in IVRI in the fellow eye indi-
cate the involvement of systemic mechanisms of vascular
regulation. A transition from conventional anti-inflamma-
tory therapy alone to that plus vascular therapy and to that
plus both vascular therapy and HBO is accompanied by
progressive remodeling of vascular response and IVRIL
Finding of the largest effect size for the OA bed in group 3
indicated that anti-inflammatory therapy, when combined
with both vascular therapy and HBO, allowed for the most
complete recovery of regional hemodynamics in the eye
with HSK. A similar trend was observed for the CRA bed,
with a sequential increase in local hemodynamic response
from group 1 to group 3, which was manifested by a pro-
gressive increase in the IVRI, and the best normalization
of PSV, EDV and RI, with improvements in these param-
eters to levels close to those found for the fellow eye. This
reflects an additive response to the relief of inflammation,
normalization of vascular tone, improvement in micro-
circulation and correction of tissue hypoxia. Our results
indicate that (1) tissue hypoxia is an important pathoge-
netic component of vascular abnormalities in HSK, and
(2) the relief of tissue hypoxia provides an additional he-
modynamic effect compared to anti-inflammatory therapy
combined with only vascular therapy. Group 3 showed
the most complete recovery of the integrated regulation
of ocular circulation, which was manifested by concerted
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normalization of arterial inflow, peripheral vascular resis-
tance, microcirculation and venous outflow.

We found that the magnitude of the hemodynamic ef-
fect of HBO depended on the vascular bed. For the CRA
bed in the eye with HSK, effect sizes between groups
1 and 2 and between groups 1 and 3 were large (d,, =
1.34; d, , = 2.21), while that between groups 2 and 3 was
smaller (d, , = 0.78). Unlike in the OA, where the use of
HBO as an adjunct resulted in a substantial increase in the
hemodynamic effect (d, , = 1.11), the additional effect in
the CRA was smaller. This indicates that correction of tis-
sue hypoxia has the primary impact on the restoration of
proximal regulation of ocular blood flow and perfusion
in the OA, while the hemodynamic response of a local or
regional vascular bed appears to be primarily determined
by the normalization of inflammatory processes and mi-
crocirculatory mechanisms. It is reasonable that additional
effects of HBO on hemodynamics were implemented to
a greater extent in the OA bed, because the OA is a main
large-caliber artery which characterizes the status of the
total arterial inflow to the eye and is subject to systemic
and autonomic mechanisms of vascular regulation, where-
as the CRA reflects the hemodynamics of the retinal mi-
crocirculatory bed with a predominance of local autoregu-
lation mechanisms.

In the current study, Doppler ultrasound evidence of
post-treatment functional changes in regional hemody-
namics was the main subject of analysis. A detailed analy-
sis of the clinical efficacy of the HSK treatment schemes
examined and their relationship with the characteristics
of regional hemodynamics will be presented in a separate
publication.

Conclusion

A combination of anti-inflammatory therapy with vas-
cular therapy and HBO for HSK provides the most effec-
tive recovery of regional hemodynamics in the OA and
CRA vascular beds, with the most pronounced normaliza-
tion of PSV, EDV and RI and minimization of interocu-
lar asymmetry in hemodynamics. The IVRI proposed re-
flects a total hemodynamic response of vessels of the eye
to treatment and demonstrates that HBO when used as an
adjunct to a combination of anti-inflammatory therapy and
vascular therapy provided an additional hemodynamic
effect compared to that of the combination only. Group
3 had the most profound increase in the IVRI, reflecting
the most complete recovery of the integrated regulation
of ocular circulation, which was manifested by concerted
normalization of arterial inflow, peripheral vascular resis-
tance, microcirculation and venous outflow. The combina-
tion treatment provided a more profound effect of hemo-
dynamic response (as assessed by Cohen's d) for the OA
vascular bed than for the CRA vascular bed.
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