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ABSTRACT

Glaucoma is the main cause of irreversible vision loss in developed countries. Currently, glaucoma is defined as a group of
multifactorial diseases with similar clinical, morphological, and functional manifestations. The main cause of blindness is
progressive death of retinal ganglion cells, leading to optic neuropathy. Currently, mechanical and vascular mechanisms
are suggested to play a key role in the development of primary glaucoma. The mechanical process includes compression
of the axons caused by increased intraocular pressure. The vascular component suggests reduced blood flow and ocular
perfusion pressure. Examination methods of the eye vasculature in glaucoma are constantly being improved and range
from invasive, including angiography with fluorescein and indocyanine intravenous administration, to high-tech non-contact
types such as color flow Doppler and pulsed wave Doppler, optical coherence tomography angiography, and laser speckle
flowgraphy. This review provides the assessment of retrobulbar and ocular blood flow in patients with glaucoma and ocular
hypertension receiving different therapies. Rapidly advancing technologies allow developing and studying highly informa-
tive methods for assessing ocular blood flow, thus contributing to better understanding of eye microcirculation and the
development of new effective glaucoma therapies.
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Muxpou,upkymlu,uﬂ rnasa npu rnaykome. YacTp 3.
BnusHue runoTeH3UBHOro JieYeHus
C.10. lMetpos, E.H. Opnosa, T.H. Kucenesa, T.[1. Oxounmckas, 0.M. MapkenoBa, A.A. [nywuyk

HauuoHanbHbIA MeaVLMHCKMIA UCCNeLOBaTeNbCKUI LEHTP rnasHbix bonesHen uM. MenbMronbla, Mocksa, Poccus

AHHOTALUA

[mayKoMa — OCHOBHasi IpuuMHa HeobpaTMoil NoTepy 3peHnsa B pa3BUTBIX CTpaHax. B HacTosLiee BpeMs nog rnayKoMoi
MOHMMAIOT TPYNNy MONMITUONOTMYECKUX 3ab0N1eBaHNM, 00beAUHEHHBIX 0BLLMMM KIIMHUYECKUMU U MOphOdYHKLMOHANb-
HbIMU NposiBNeHnAMK. OCHOBHas NpUYMHA CNENOTbl — MPOrpeccuBHas rmbenb raHrIM03HbIX KIETOK CETYATKM, NPUBOAS-
Las K onTU4ecKoii Heiponatuu. CornacHo cOBpeMeHHbIM NPeACTaBEHUAM, B Pa3BUTUM NEPBUYHON FNAyKOMbI KNKOYEBYH
pOfib UrPaloT MeXaHUYecKuit U COCYAMCTbIN KOMMOHEHTbl. MexaHWyecKuidi KOMMOHEHT naToreHe3a rnaykoMbl nogpasyMe-
BaeT KOMMPECCUI0 aKCOHOB M3-3a MOBLILLEHHOMO BHYTpPUrNasHoro fasneHns. CocyaMCTbIN KOMMOHEHT BKITOYaeT Aepuuut
[NMa3HOro KPOBOTOKA U CHUMeEHWe nepdy3vMOHHOT0 AaBnieHus. MeTofbl ucciefoBaHUs COCTOSHUA COCYAMCTOW CUCTEMBbI
rnasa npw rnayKoMe MOCTOSIHHO COBEPLUEHCTBYHITCS — OT MHBA3MBHbIX, BKIIIOYAKLLMX aHrUorpaduio ¢ BHYTPUBEHHBIM
BBELEHWEM (NlyopecLienHa U MHAOLMAaHWHA, A0 BbICOKOTEXHOMOMMYHBIX OECKOHTAKTHBIX — Y/bTPa3ByKOBOE WUCCeL0Ba-
HMe B peXuMax LBETOBOr0 [0MMepoBCKOr0 KapTMpOBaHWA U UMNYNbCHOM Aonnneporpadmmu, onTUYecKas KorepeHTHas
ToMorpadums ¢ dyHKuMeN aHrnorpadum v nasepHas cnekn-gnoyrpadus. B HacToswieM 0630pe npeacTaBneHbl pesynbTa-
Tbl OLEHKU peTpobynbbapHOro KpoOBOTOKA M MHTPAOKYNAPHOW FeMOLMPKYNALMAW NpU FnayKoMe W odTanbMOorunepTeHsum
Ha oHe pa3nuuHbIX MeTOL0B NeyeHus. bnarogaps cTpeMUTeNbHOMY Pa3BUTUID TEXHOOTWN CO3LAKOTCA W U3YYaKOTCA Bbl-
COKO MH(OPMaTUBHbIE METObI OLLEHKM [Na3HOro KPOBOTOKA, CMOCOOCTBYHOLLME PACLLUMPEHMI0 3HAHUI O TMa3HOW MUKPO-
LMPKYNALMM W pa3paboTKe HOBbIX NOAXOLOB K 3DMEKTUBHOMY NIEYEHUIO TNIAYKOMBI.

KnioueBble cnoBa: rnayKoMa; MUKPOUMPKYNAUMS [a3a; peTpobynbbapHbil KPOBOTOK; NepQy3MOHHOE [aBNEHME;
TMNOTEH3UBHAsA Tepanus; rayKoMHas XMpyprusi; TpabekynakToMus; aHruorpadus; onTuyecKas KorepeHTHas ToMorpadus;
nasepHas cnekn-gnoyrpadus.
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REVIEWS

INTRODUCTION

Currently, glaucoma is one of the leading causes
of blindness in the world and affects about 65 million
people, so it can be considered a socially significant
disease [1, 2]. The number of patients is estimated to
reach 111.8 million by 2040 [3]. In the Russian Federa-
tion, 1,250,558 glaucoma cases were reported in 2022.

At present, glaucoma is defined as a group of mul-
tifactorial diseases with similar clinical, morphological,
and functional manifestations. The main cause of irre-
versible vision loss in glaucoma is progressive death
of retinal ganglion cells, causing optic neuropathy. Age,
increased intraocular pressure (IOP), and heredity are
the leading risk factors. Etiology of primary glaucoma
usually includes mechanical and vascular mechanisms.
The mechanical process includes compression of the ax-
ons caused by increased intraocular pressure, whereas
the vascular component suggests reduced blood flow
and ocular perfusion pressure [4]. Vascular damage in
glaucoma has been studied since the beginning of the
last century with continuous improvement of diagnostic
methods from invasive to high-tech contact-free ones. In
Russia, V.V. Volkov, A.M. Vodovozov, Yu.S. Astakhov, and
N.I. Kurysheva are the leading researchers of eye micro-
circulation in glaucoma. This review analyzes changes in
eye hemodynamics while under treatment, both medical
and surgical.

TOPICAL HYPOTENSIVE THERAPY

Beta-Blockers

Carteolol, a non-selective beta-adrenergic recep-
tor blocker, is not widely used as a local hypoten-
sive agent to treat glaucoma and ocular hypertension.
The hypotensive effectiveness of 1% and 2% carteolol
twice daily is similar to that of 0.25% and 0.5% timolol.
Topical administration of carteolol in healthy volunteers
had no effect on respiratory function, although broncho-
spasm was observed in patients with asthma [5]. A po-
tential side effect of beta-adrenergic receptor blockers
is a decrease in ocular perfusion caused by local vaso-
constriction; however, beta-adrenergic receptor blockers
with sympathomimetic activity, such as carteolol, main-
tain or even improve ocular perfusion by vasodilation or
minimizing vasoconstriction [5]. Among all topical beta-
blockers for glaucoma, carteolol and its comparative va-
soactive effect were studied most extensively.

After 3 weeks of beta-blocker use in healthy volun-
teers, laser speckle flowgraphy revealed an improve-
ment in optic disc perfusion, which was more significant
in patients receiving carteolol compared with timolol [6].
In healthy individuals receiving topical carteolol, blood
flow velocity in the optic disc also increased significantly
in fellow eyes receiving placebo. The authors explained
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this by the sympathomimetic effect rather than its beta-
adrenergic antagonism [6, 7].

Based on color flow Doppler of retrobulbar blood flow
in patients with primary open-angle glaucoma (POAG),
Montanari et al. suggested that sympathomimetic ac-
tivity of carteolol can reduce peripheral vascular resis-
tance in the short posterior ciliary arteries, thus improv-
ing perfusion of the optic disc [8]. Mizuki and Yamazaki
noted a significant increase in blood flow velocity in the
ophthalmic artery and volumetric blood flow in the peri-
papillary area after carteolol administration for 7 days
in healthy individuals [9]. Altan-Yaycioglu et al. [10] re-
ported that one month of carteolol therapy in patients
with POAG decreased peripheral resistance index in the
central retinal artery (CRA), whereas betaxolol decreased
it in both the CRA and short posterior ciliary arteries.
In contrast, timolol had a slight vasoconstrictive effect.
According to Chen et al. [11], carteolol treatment for
12 weeks decreased vascular resistance in patients with
normal-tension glaucoma.

Grunwald and Delehanty [12] showed that 2 hours af-
ter instillation of 1% carteolol had no effect on the size of
retinal vessels, erythrocyte velocity, and volumetric blood
flow velocity in the temporal branch of the central retinal
vein. Kawai et al. [13] also found no effect of carteolol
on the diameter, blood flow velocity, and ocular perfu-
sion pressure in the CRA on days 30, 60, and 90 of POAG
therapy. After 6 months of carteolol therapy in patients
with normal-tension glaucoma, Lin et al. [14] revealed a
decrease in vessel density (VD) in the inferior temporal
quadrant of the peripapillary retina.

Carbonic Anhydrase Inhibitors

Acetazolamide was developed in the 1950s and repre-
sents the first generation of systemic carbonic anhydrase
inhibitors [15]. It is a strong inhibitor of most carbonic
anhydrase isoforms (out of 15 currently described in
human) [16] and slows down aqueous production, thus
decreasing I0P by up to 30% [17]. Inhibition of various
carbonic anhydrase isoforms present in other tissues
causes several systemic side effects, limiting the use of
acetazolamide [17]. Acetazolamide penetrates the cornea
poorly, which prevents its topical administration. There-
fore, second-generation carbonic anhydrase inhibitors,
dorzolamide and brinzolamide, were developed. Merck
released 2% dorzolamide eye drops in 1995, and Alcon
Laboratories received approval for 1% brinzolamide
therapy in 1996 [18, 19]. Both drugs effectively reduce
IOP and have fewer side effects compared with systemic
drugs.

In 2004, lester et al. [20] studied the effect of 1-month
brinzolamide therapy on retinal blood flow in patients
with glaucoma. A significant increase in blood flow was
observed in the temporal and nasal quadrants. In 2021,
Lin et al. [14] analyzed the OCT and OCTA outcomes
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of 6-month dorzolamide therapy in 24 patients with
normal-tension glaucoma. They reported an increase in
vessel density of the peripapillary retina mainly in the
superior nasal quadrant, whereas the retinal nerve fiber
layer thickness did not change.

Alpha-Adrenergic Agonists

In the 1960s, Boehringer Ingelheim developed cloni-
dine, a precursor to selective alpha-2 adrenergic ago-
nists [21]. 0.125% and 0.25% eye drops were effective
in reducing I0P, but had severe systemic side effects,
including systolic and diastolic hypotension, bradycardia,
and sedation. Notably, clonidine instillation decreased
ocular perfusion [22]. Addition of a para-amino group to
clonidine led to the development of second-generation
alpha-agonist apraclonidine* with lower severity of side
effects [23]. Third-generation alpha-agonist brimoni-
dine tartrate, approved for clinical use in 1996, includes
a quinoxaline bicyclic ring with bromine substitution,
which increases the selectivity of alpha-2 receptors [24].
The mechanism of the brimonidine hypotensive effect is
through activating presynaptic alpha-2 receptors result-
ing in the decreased release of catecholamines, adenyl-
ate cyclase, and cyclic adenosine monophosphate, which
decreases aqueous production in the ciliary body epithe-
lium [25]. Alpha receptors can cause smooth muscles to
constrict, thus leading to vasoconstriction and reduction
of blood flow to the ciliary muscle and aqueous produc-
tion [26].

Lin et al. [14] studied the effect of alpha-2 adren-
ergic agonist brimonidine on retinal blood supply in
patients with glaucoma. They found no changes in ves-
sel density of the peripapillary retina after 6 months of
therapy.

Prostaglandin Derivatives

The first prostaglandin introduced in clinical practice
in 1996 was 0.005% latanoprost, developed in Swe-
den [27]. It is an isopropyl ester prodrug, prostaglandin
PGF2a analog with high selectivity for the FP prostanoid
receptors. Latanoprost has low tropism for prostanoid
receptor responsible for inflammatory reactions and high
tropism for IOP-reducing receptors [28]. The hypotensive
effect of prostaglandin derivatives is based on activa-
tion of uveo-scleral outflow achieved by relaxing the
ciliary muscle, degrading its extracellular matrix, and
changing the collagen structure therein [28]. Later, other
prostaglandin derivatives with comparable hypotensive
effect were released, including 0.004% travoprost, 0.03%
bimatoprost, and 0.0015% tafluprost; however, latano-
prost remains the most common prostaglandin, account-
ing for about 65% of prescriptions for prostaglandin
derivatives [29].

* Not registered in Russian Federation.
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A study of the latanoprost monotherapy effect on reti-
nal blood flow was performed in 2021. Liu et al. [30] per-
formed OCTA before treatment and 3 weeks later. They
noted a significant correlation between an I0OP decrease
and increase in vessel density in the optic disc area and
peripapillary retina [30].

Kurysheva used tafluprost as initial therapy for pa-
tients with newly diagnosed glaucoma and found a sig-
nificant increase in ocular perfusion pressure, whereas
vessel density was reduced in the optic disc area and
unchanged in the peripapillary and macular areas [31].

Tsuda et al. [32] determined optic disc blood flow
in patients with normal-tension glaucoma using laser
speckle flowgraphy. They revealed that topical tafluprost
increased volumetric blood flow velocity (MBR) in the op-
tic disc area, which indicated a significant improvement
in eye hemodynamics.

Combination Therapy

As glaucoma has no severe clinical symptoms at
early stages, patients often seek medical advice at stag-
es when the effectiveness of first-choice monotherapy
is insufficient. Therefore, the majority of patients with
diagnosed glaucoma require additional medications to
lower I0P and prevent further disease progression [33].
Fixed combinations are recommended in these cases;
most of them contain a beta-blocker with prostaglandin
derivative or carbonic anhydrase inhibitor. Fixed combi-
nations improve patient compliance, reduce preservatives
to be instilled, and provide better tolerance and lower
cost [34]. Combinations may contain drugs with different
mechanisms of action, which provides a potentially ad-
ditive hypotensive effect, but challenges assessment of
their effect on ocular blood flow.

Sugiyama et al. [35] performed a comparative as-
sessment of optic disc hemodynamics in patients with
normal-tension glaucoma after 3 months of therapy
with latanoprost/carteolol and latanoprost/timolol. Car-
teolol improved blood flow perfusion, which could be
caused by its vasodilatory effect, but timolol had no ef-
fect. Karaskiewicz et al. [36] described a 14% increase
in ocular perfusion pressure in patients with POAG after
a month of therapy with a fixed combination of bima-
toprost/timolol. Kurysheva reported that a fixed combi-
nation of tafluprost/timolol increased ocular perfusion
pressure by 43% and decreased vessel density of the op-
tic nerve head by 30%, whereas vessel density of the
macula and peripapillary retina remained unchanged [31].
According to Feke et al. [37], 6-week dorzolamide/
timolol combination therapy in patients with POAG sig-
nificantly increased ocular perfusion pressure compared
with brimonidine/timolol. Rolle et al. [38] also reported
that a fixed combination of dorzolamide/timolol improved
ocular blood flow in the neuroretinal rim area after
4 weeks.
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Surgical Treatment

As mentioned above, ocular perfusion pressure plays
an important role in blood supply to the posterior seg-
ment and, consequently, in the development and pro-
gression of glaucoma. In turn, ocular perfusion pressure
depends on intraocular and blood pressure, which means
that any IOP lowering therapy will improve ocular blood
flow [39]. Monotherapy and fixed combinations can re-
duce 0P to 30% and 40% of baseline value, respectively,
the hypotensive effectiveness of surgical treatment is not
determined by a percentage decrease in I0P and provides
lower values.

A significant surgical reduction in I0P may subse-
quently change ocular blood flow in the macular and
peripapillary areas [40]. In 2022, Gillmann et al. [41]
showed that selective laser trabeculoplasty increased
vessel density in the peripapillary and macular ar-
eas, which returned to baseline after 6 months; this
result confirmed that the vasculature state depends
on I0P.

Among various surgical procedures, the correlation
between vascular changes and trabeculectomy has been
most studied. Studies have revealed an increase in op-
tic disc blood flow, end-diastolic velocity in the CRA and
short posterior ciliary arteries. James assessed postop-
erative pulsatile ocular blood flow and found a 29% in-
crease. He attributed these changes to a significant IOP
decrease in I0P, whereas Yang and Hulbert considered
this to be a result of changes in ocular rigidity caused
by glaucoma surgery [42, 43]. Berisha et al. [44] demon-
strated a 19% increase in perfusion pressure 2—10 weeks
after trabeculectomy. Kuerten et al. [45] described a sig-
nificant increase in blood flow velocity in the CRA in the
long-term post-trabeculectomy period, correlating with
IOP changes. With the advent of OCTA, several studies
have demonstrated an improvement in microcirculation
after trabeculectomy represented by increased density
of peripapillary vessels [46, 47]. However, despite the
hypotensive effect of surgical procedures, some studies
have not revealed significant changes in vessel density in
the macula or peripapillary retina [48, 49]. Takeshima et
al. [5] studied the effect of trabeculectomy on blood flow
parameters in the optic disc area using laser speckle
flowgraphy in patients with POAG. The study revealed a
significant change in several tested waveform param-
eters and no changes in volumetric blood flow velocity
in the postoperative period (1-6 months). Thus, an I0P
decrease caused by trabeculectomy may stabilize optic
disc microcirculation [50].

CONCLUSION

Changes in ocular blood flow play an important role in
the development and progression of glaucoma. However,
further studies of eye hemodynamics are warranted to
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determine whether circulatory disorders in the optic disc
area are the cause or result of glaucomatous optic neu-
ropathy. Currently, rapidly advancing technologies allow
developing and studying highly informative methods for
assessing ocular blood flow, thus contributing to its bet-
ter understanding and the development of new effective
glaucoma therapies.
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AOMO/HUTE/IbHAA UHDOOPMALIUA

Bknap aBtopos. C.l0. Metpos, E.H. Opnoea, T.H. Kucenesa, T.[. Oxoumm-
ckas, 0./ Mapkenosa, AA. Tnylyk — dopMynnpoBaHue 3ambicna/vaen
1ccnesjoBaHuUs, el 1 3afiad, Co3aaHue U NOAroToBKa PYKOMMCH: Hanu-
CcaHue YepHOBMKA PYKOMWMCH, BKITIOYas ero NepeBof, Ha MHOCTPaHHBIN A3bIK,
KPWUTUYECKUI aHanM3 YepHOBMKA PYKOMWCHK, BHECEHWE 3aMeyaHuii 1 1c-
MpaBJieHniA YieHaMy UCCeA0BaTeNbCKOM MPyNMbl, B TOM YMCIIe Ha 3Tanax
[0 1 nocne nybavkaumy. ABTopbl 0f0bpunm Bepcvio Ans nybnvkaumu,
a TaKoKe COrNacuaMCh HECTU OTBETCTBEHHOCTb 33 BCe acmeKTbl paboTl, ra-
paHTVPYs HafLnexalllee pacCMOTPEHWE U peLieHre BOMpOCOB, CBA3aHHbIX
C TOYHOCTbIO 11 A0BPOCOBECTHOCTBIO MI0BON €€ YacTw.

UcTouHuku duHaHcmpoBaHus. OTcyTCTBYIOT.

PackpbiTe uHTepecoB. ABTOpbI 3asIBASIOT 06 OTCYTCTBUM OTHOLLIEHWI, fie-
ATESIbHOCTV W MHTEPECOB 3@ MOCNefiHMe TPY rofa, CBA3aHHbIX C TPETbUMM
JMLaMK (KOMMEpYECKUMI 1 HEKOMMEPYECKVMM), UHTEPECH! KOTOPBIX MOTYT
BbITb 3aTPOHYTHI COAEPIKAHMEM CTaTbU.

OpuruHanbHocTb. [1py co3faHWM HacTosLLen paboTbl aBTOpbl He WC-
nosib30Bafn paHee OMybHAMKOBaHHbIE CBEAEHWA (TEKCT, MAMOCTPaLMK,
JaHHble).

JocTyn K aaHHbIM. Bce flaHHbIe, NonyyeHHbIe B HACTOALLEM UCCejoBaHMM,
LOCTYMHbI B CTaTbe.
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['eHepaTUBHbBINA UCKYCCTBEHHbIM MHTEJUIEKT. [lpy co34aHnM HacTosLLen
CTaTbl TEXHOJIOTUM TeHepaTV BHOMO WCKYCCTBEHHOTO WMHTENIEKTa He MC-
nonb30Banu.
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