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ABSTRACT

Glaucoma is one of the leading causes of blindness worldwide. The etiology of primary glaucoma is usually divided into
mechanical and vascular mechanisms. Research of the vascular component of glaucoma was going on since the begin-
ning of the last century with continuous improvement of diagnostic methods from invasive to high-tech non-contact ones.
Modern and promising methods are: ultrasound examination in color Doppler mapping and pulsed Doppler modes, optical
coherence tomography angiography, and laser speckle flowgraphy. The review describes specific for glaucoma blood flow
changes in ocular vessels, correlating with functional and structural changes: decrease of vascular density in macular,
parafoveolar, and peripapillary areas, decrease of the integral indicator of microcirculation, decrease of the indicators of
volume and linear blood flow velocities in retinal and choroidal vessels, impaired retrobulbar blood circulation. The analysis
of literature data is presented concerning the investigation of hemodynamic disturbances in ocular vessels in normotensive
glaucoma and glaucoma in myopic eyes, in systemic blood flow disturbances (arterial hypertension and hypotension) in
patients with glaucomatous optic neuropathy.
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Muxpou,upxymlu,ua rnasa npu rnaykome.
Yactb 2. HapyweHus permoHapHoi reMoAMHaMUKHK
C.10. Metpos, E.H. Opnosa, T.H. Kucenesa, T.[. Oxoummckas, 0.1. Mapkenosa

HaumnoHanbHbI Me AMLIMHCKWUIA UCCNeA0BaTENbCKUN LIEHTP rNasHblx bonesHer uMm. MenbMronbua, Mocksa, Poccus

AHHOTALNA

[nayKoMa — 0fJHa M3 OCHOBHbIX MPUYMH CENOTbl B MUpe. B aTMonoruu nepBuYHON rnayKoMbl BbILENSKT MeXaHUYecKuii
W COCYAMCTbIA MeXaHu3Mbl. MccnesoBaHus COCYAMCTOr0 KOMMOHEHTA MpW rNayKoMe BeAyTcs C Hadyana MpoLusioro Beka
C COBEPLLEHCTBOBAHUEM CMOCOO0B AMArHOCTUKM OT MHBA3WBHBIX A0 BbICOKOTEXHOMOMMYHBIX BECKOHTAKTHbIX. COBPEMEHHbI-
MW W NEpPCreKTMBHBIMWA METO4aMU ABNAOTCS: LIBETOBOE [LONM/IEPOBCKOE KapTUPOBaHKE, ONTUYECKas KOrepeHTHas ToMorpa-
dusa ¢ QyHKuMen aHrvorpadum u nasepHas cnexkn-dnoyrpadus. B 063ope onmcaHbl xapaKTepHble LIS FayKOMbI HapyLue-
HUS KPOBOODpALLEHWS B COCYfax rnasa, KOpPenupyioLme ¢ GYHKLUMOHANbHBIMU U CTPYKTYPHBIMU U3MEHEHUSIMU: CHIKEHWE
COCYAMCTON NIOTHOCTM MaKyNspHOM, NapadoBeoNisipHOi U NepUNanuUIAPHONA 30H, CHIXKEHWE WHTErpabHOro MoKasaTens
MUKPOLMPKYNALMM, CHUXEHME NoKa3saTeneit 06bEMHOI M IMHENHON CKOPOCTU KPOBOTOKA B COCYAAX CETYATKU W XOPUOUAE,
U3MeHeHus peTpoOynbbapHoi reMoumpKynsaumMn. MpeAcTaBeH aHanW3 AaHHbIX IUTEPaTYpbl N0 U3Y4YEHUI0 HapYLLEHWI reMo-
AVHAMUKM B COCYax r1a3a npu HOPMOTEH3MBHOM rMayKoMe U rnayKoMe B MUOMMYECKMX Fa3ax, MPW CUCTEMHBIX HapYLLEHMSX
KpoBoobpalLeHus (apTepuanbHOiA MMNepTeH3NUN U TUNOTEH3KM) Y NaLMEHTOB C FayKOMHOM ONTUYECKOI HeponaTuei.

KntoueBble cnoBa: rnaykoMa; reMOfMHaMWKa; KPOBOTOK; MaKyna; XOPUOMAEs; MUOMUS; HOPMOTEH3UBHAs rNayKoMa;
apTepuanbHas runepTeH3uns; r’UNoTeH3us.
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INTRODUCTION

Glaucomatous optic neuropathy is a challenge to modern
ophthalmology, as the incidence and visual disability caused
by this socially significant disease continue to grow world-
wide, despite significant advances in its treatment [1, 2].
The number of patients is predicted to rise to 111.8 mil-
lion by 2040 [3]. In the Russian Federation, 1,250,558 glau-
coma cases were reported in 2022. Glaucoma is defined
as a group of multifactorial diseases with similar clinical,
morphological, and functional manifestations. Mechanical
and vascular factors are considered the main causes of
glaucoma. The mechanical theory of glaucoma considers
axonal compression caused by increased intraocular pres-
sure (IOP), whereas the vascular theory highlights the role of
ocular blood flow deficiency and decreased perfusion pres-
sure [4]. The previous review discussed the structure and
examination methods of the ocular and retrobulbar blood
flow, including color flow Doppler (CFD) and pulsed wave
Doppler (PWD), optical coherence tomography—angiography
(OCTA), and laser speckle flowgraphy (LSFG). This review
is focused on the signs of ocular blood flow disorders ob-
served in primary open-angle glaucoma (POAG), including
in patients with myopia, and in normal-tension glaucoma
(NTG); the systemic circulation effect on the course of glau-
comatous optic neuropathy was also described.

MACULAR AREA

Using OCTA, Chen et al. [5] revealed decreased macu-
lar vessel density (VD) in the superficial layer in POAG
compared with the normal age range. In 2021, Cano et
al. confirmed a decrease in macular VD in POAG and as-
sociated it with reduced total retinal blood flow [6]. Yar-
mohammadi et al. [7] reported parafoveal VD in POAG
of 51.1% compared with 54.5% in healthy eyes, which
correlated with retinal nerve fiber layer (RNFL) thickness.
Xu et al. [8] also described a positive correlation between
a decrease in density of deep macular vessels and struc-
tural retinal damage in POAG. They reported that macular
VD and blood flow in moderate and advanced POAG were
significantly lower than at the early stage. A group of
scientists led by A. Tao revealed a relationship between a
decrease in macular VD and glaucoma perimetry data [9].
Li et al. interpreted the initial expansion of the avascular
foveal area as a predictor of a high risk of glaucomatous
structural defects [10]. Zhang et al. [11] reported that
a sharp increase in IOP caused by an acute angle-closure
glaucoma was accompanied by an expansion of the avas-
cular foveal area and reduction in macular VD.

PERIPAPILLARY AREA

Yarmohammadi et al. [7] reported that normal
peripapillary VD was 62.7% compared with 61.4% in
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preperimetric glaucoma and 58% in POAG, which corre-
lated with the visual field indices and RNFL thickness.
Triolo et al. [12] also reported a positive correlation be-
tween the peripapillary VD and RNFL thickness. Son et
al. noted that location of the peripapillary hypovascular
area correlated with the RNFL defect [13]. Shin et al. [14]
demonstrated that the rate of peripapillary VD decrease
correlated with changes in the visual field indices [14].
Wang et al. [15] found that a decrease in peripapillary
VD precedes structural defects and interpreted vascular
disorders as an etiological component of glaucomatous
optic neuropathy. Using LSFG, Petrov et al. [16] identi-
fied a significant decrease in the integrated parameters
of blood flow (blood flow in large vessels, tissue blood
flow, and total area blood flow) in the optic disc and
peripapillary retina, as well as changes in pulse wave
parameters.

CHOROID

Published data report a decrease in choroidal blood
flow in glaucoma based on OCTA results and a correla-
tion of the results obtained with structural and functional
changes [17, 18]. Kim and Lin revealed a relationship be-
tween a decrease in the choriocapillaris density in POAG
and a decrease in RNFL thickness [19, 20]. Kim et al. [21]
found a significant decrease in density of the peripap-
illary choroidal vessels in glaucoma compared with
healthy matched eyes. Rao et al. [18] and Lee et al. [22]
described the relationship between choroidal blood flow
deficiency and progression of visual field defects. Jo et
al. [23] revealed negative changes of the visual field indi-
ces over 3 years in 70% of patients with reduced choroi-
dal blood flow and only in 22% of individuals with normal
values. Park et al. [24] followed-up 108 patients with
POAG for 2.6 years and analyzed the perimetry param-
eters. They determined that a decrease in peripapillary
choroidal VD can be considered a predictor of glaucoma
progression; however, no correlation of this parameter
with structural OCT changes was noted. Bhalla et al. [25]
revealed a relationship between peripapillary choroidal
VD and the optic neuropathy stage and suggested using
this criterion in the diagnosis of glaucoma and predicting
its course.

GLAUCOMA AND MYOPIA

The incidence of myopic refraction among children and
adults is 11.7% and 26.5%, respectively. The prevalence
of myopia has increased almost 3-fold over 20 years [26].
Currently, glaucoma incidence in patients with myopia is
also increasing [27]. Biomechanical properties of fibrous
membranes — corneal hysteresis, lamina cribrosa, and
optic disc sensitivity to ocular hypertension — have been
demonstrated to change when axial length increases in
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myopia [28, 29]. In addition, there is evidence suggest-
ing higher 10P in patients with increased axial length
(29, 30].

Degeneration and dystrophy of the posterior segment
in myopia and glaucoma generally have common etiologi-
cal factors and, one way or another, are associated with
trophic changes, which is confirmed by several studies of
blood flow in the retina, choroid, and retrobulbar vessels.
OCTA shows that the severity of choroidal blood flow de-
ficiency and a decrease in vascular density in patients
with glaucoma and myopia is significantly higher than
in patients with myopia alone. Laser Doppler flowmetry
in patients with glaucoma demonstrated that a decrease
in subfoveal choroidal blood flow velocity depended on
refraction and was higher in myopia than in emmetro-
pia [31]. A similar trend was noted when comparing mac-
ular [32] and peripapillary [33] vascular density in the
same patient groups. Na et al. [34] reported a decrease
in choroidal blood flow in the areas of visual field defects
in patients with glaucoma and myopia. Shin et al. [35]
found a relationship between the degree of decrease in
choroidal blood flow and the glaucoma stage in patients
with myopia.

Despite the individual and circadian variability in cho-
roidal thickness [36], a series of publications was focused
on studying its structural characteristics and hemody-
namics in patients with myopia and glaucoma. Fujiwara
et al. [37] noted choroidal thinning with each diopter of
myopia by 8.7 um, and Ho et al. [38] reported choroidal
loss of 6.2 pm. In the study performed by Li et al. [39],
subfoveal choroidal thickness decreased by 58.2 pm
with each millimeter increase in the anterior-posterior
axis. Banitt et al. [40] revealed a decrease in peripapil-
lary choroidal thickness in patients with glaucoma, with
no changes in the macula. Other authors demonstrated a
decrease in average choroidal thickness in the peripapil-
lary and parafoveal area in patients with NTG [41, 42].
Kurysheva et al. [43] found a significant decrease in av-
erage choroidal thickness in patients with the perimet-
ric glaucoma compared with preperimetric glaucoma.
One study [44] showed that average thickness of the fo-
veolar choroid in myopia and NTG was half of that in the
control group. Eskina et al. revealed a 1.5-fold decrease
in choroidal thickness in patients with glaucoma and high
myopia compared with patients with myopia and no glau-
coma [45].

Mamikonian et al. [46] performed flowmetry in pa-
tients with myopia and glaucoma and noted blood supply
deficiency in patients without IOP compensation, which
depended not only on the degree of IOP increase above
the individual normal, but on possible features of ocular
vascular system in patients with both diseases.

Konoplyanik et al. [47] performed ultrasound with
an assessment of blood flow in the brachiocephalic ar-
teries and intracranial vessels. The authors noted that
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occlusive and stenotic lesions and pathologically tortu-
ous main head and neck arteries were more common in
patients with POAG and myopia than in those with myopia
alone.

LSFG data showed a decrease in mean blur rate
(MBR), representing microcirculation in the optic disc,
in patients with glaucoma and myopia, which allowed
determining the glaucoma stage in myopic eyes [48].
Yokoyama et al. [49] revealed a significant correlation
between a decrease in the optic disc microcirculation pa-
rameters and visual field defects.

NORMAL-TENSION GLAUCOMA

Normal-tension glaucoma (NTG) is a multifactorial
disease characterized by progressive apoptosis of reti-
nal ganglion cells with conditionally normal 10P. Com-
promised ocular blood flow is one of the central factors
in the NTG pathogenesis. Vascular disorders, including
vasospasm and autoregulatory dysfunction, decrease
perfusion of the optic disc, choroid, and retina and lead
to glaucomatous optic neuropathy [50].

In 1970s, V.V. Volkov performed studies of the re-
lationship between intraocular, blood, and intracranial
pressure. The analysis of signs of an unfavorable glauco-
ma course with concomitant arterial hypotension showed
that blood pressure (BP) should be monitored when as-
sessing the individual I0P normal range [51]. Tielsch et
al. [52] determined that BP decrease leads to reduction
not only in ocular perfusion pressure, but also in I0P.
However, Kosior-Jarecka et al. [53] showed that system-
ic arterial hypertension was observed in NTG twice as
often. The vascular theory of the glaucoma pathogenesis
was also confirmed by several Russian studies [54, 55].
Most studies of NTG revealed various blood flow dis-
orders, from blood flow dysregulation to vascular
structural changes. Primary vascular dysregulation as
a factor of NTG development was called Flammer syn-
drome, which is characterized by low BP, cold extremi-
ties, insomnia, and increased resistance to blood flow
in retrobulbar vessels [56, 57]. Optic disc hemorrhages,
pathognomonic for NTG, are associated with episodes
of nocturnal systemic hypotension [58]. Examination of
patients with NTG and Raynaud disease (vasospastic
disorder, angiopathy mainly affecting the small termi-
nal arteries and arterioles) suggested that NTG progres-
sion with low I0P may be more dependent on peripheral
vasospasm [59].

Fundus fluorescein angiography revealed lengthen-
ing of the arteriovenous phase in NTG, indicating com-
promised retinal blood flow [60, 61]. Other studies in
patients with NTG revealed lengthening of the choroidal
phase and a significant correlation between the arterio-
venous phase lengthening, ocular perfusion and blood
pressure [61, 62].
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Using ultrasound with an assessment of blood flow
in Color Flow Doppler and Pulsed Wave Doppler modes,
most authors reported a decrease in blood flow velocity
and an increase in peripheral resistance index in the ocu-
lar artery and short posterior ciliary arteries in patients
with NTG [63-67].

Several authors revealed signs of ischemic dam-
age to small vessels and atrophy of the corpus cal-
losum in combination with cerebral infarctions in
patients with NTG using magnetic resonance an-
giography (MRA) [68-70]. Moreover, NTG showed
a deeper defect of the paracentral visual field in pa-
tients with an MR pattern of ischemic cerebral le-
sions compared with patients without ischemic brain
changes [71].

LSFG demonstrated a decrease in the pulse wave
parameters in moderate NTG compared with the normal
range and advanced disease, which confirms the role of
increased vascular resistance in the glaucoma pathogen-
esis [72]. Mursch-Edlmayr et al. [73] studied microcircu-
lation of the optic disc and revealed a decrease in MBR
and pulse wave (BOT and FAI) in patients with glaucoma.
Takeyama et al. [74] carried out a comparative assess-
ment of the diagnostic value of OCTA (VD of the optic
discs and peripapillary retina) and LSFG parameters
(MBR of the entire studied optic discs, MBR of large ves-
sels, and MBR of the microcirculatory bed) and found
a significant decrease in all these parameters of micro-
circulation in NTG.

GLAUCOMA AND CHANGES IN BLOOD
PRESSURE

Studies of the relationship between I0P and blood
pressure are still ongoing. Various authors suggest that
both arterial hypertension and hypotension can be both
compensatory protective mechanisms and risk factors for
progression of glaucomatous optic neuropathy [75, 76].
Nocturnal hypotension, and abnormal circadian BP fluc-
tuations are considered potential systemic vascular risk
factors for glaucoma [75, 771.

Arterial hypertension

Currently, high BP induces an IOP increase in two
possible ways. Firstly, an increase in volumetric blood
flow and capillary perfusion pressure in the ciliary body
stimulates high aqueous production, and, secondly, epi-
scleral venous pressure decreases aqueous outflow
[75, 78]. An increase in BP by 10 mmHg raises I0P on
average by 0.28 mmHg.

A series of studies showed that, on the one hand,
arterial hypertension can increase volumetric blood
flow and ocular perfusion pressure; on the other hand,
a chronic persistent increase in BP contributes to pro-
gressive endothelial dysfunction caused by hypertensive
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microvascular damage, which suppresses vasoreactiv-
ity and leads to hypoperfusion of blood vessels [79, 76].
A meta-analysis performed in 2020 found that arte-
rial hypertension is the most significant risk factor for
POAG of systemic vascular diseases [80]. Gangwani et
al. [81] reported that elevated BP significantly corre-
lates with thinning of the retinal nerve fiber layer and
increased |0P.

Arterial hypotension

Currently, BP is known to be a variable parameter
controlled by the normal circadian rhythm. Healthy indi-
viduals experience a physiological nighttime BP dipping of
about 10%-20% compared with daytime. Some conditions
may lead to an abnormal nighttime BP dip and increase the
risk of pathological changes in several organs and sys-
tems, including the optic nerve [75]. Although published
data are contradictory, over 10 clinical studies aimed at
BP monitoring have confirmed that nocturnal systemic
hypotension is a risk factor for development and progres-
sion of open-angle glaucoma [82]. A BP decrease even
by 10%-20% is considered to contribute to a significant
drop in ocular perfusion pressure, with a significant risk
of progression of glaucomatous optic neuropathy [83].
As these pressure fluctuations are within the physiologi-
cal range, a mechanism of insufficient vascular autoreg-
ulation is possible. Melgarejo et al. [84] showed that an
increased risk of glaucoma is associated with a sharp,
approximately 20% drop in nocturnal BP, irrespective of
the overall BP. Raman et al. [85] noted that in patients
with glaucoma and diastolic ocular perfusion pressure
below 35 mmHg, the disease progresses 2.3 times more
often than in patients with pressure above 43.7 mmHg.
Pillunat et al. [86] proposed the so-called Dresden safe-
ty range for nocturnal BP in POAG ranging from 65 to
90 mmHg. Kwon et al. [58] determined optimal mini-
mum nighttime diastolic BP of 60-70 mmHg. Struc-
tural damage to the optic nerve progresses slower in
patients with controlled 10P and nighttime BP within
this range.

A retrospective cohort study performed in 2020 de-
monstrated that minimal daytime systolic and diastolic
BP, as well as nocturnal hypotension, may be a potential
risk factor for glaucoma progression [87]. Patients with
systolic BP below 107 mmHg showed a more pronounced
thinning of the peripapillary retinal nerve fiber layer, and
if diastolic BP was below 63 mmHg, thickness of the in-
ner plexiform layer and ganglion cell layer in the macular
area was significantly decreased, which confirms the need
to maintain target daytime BP [87]. Jammal et al. [83]
performed the Duke Glaucoma Registry analysis and
revealed an accelerated progression of RNFL thin-
ning in patients with glaucoma and lower mean, sys-
tolic and/or diastolic BP while on systemic hypotensive
therapy [83].
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CONCLUSION

Modern clinical ophthalmology offers a wide range
of methods for examining ocular blood flow. The nonin-
vasive techniques described in this review are becom-
ing increasingly relevant for the diagnosis of vascular
disorders in various eye diseases, including glaucoma.
An integrated approach combining various methods of
studying ocular blood flow seems to be the most prom-
ising for providing complete understanding of microcir-
culation and blood perfusion. It opens up new aspects of
the pathogenesis of glaucomatous optic neuropathy and
allows for a more accurate diagnosis of the disease and
creation of a personalized treatment approach.
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