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ABSTRACT

BACKGROUND: Data on the effect of changes in retinal perfusion on retinal functional recovery at surgical treatment
of full-thickness macular holes are limited.

AIM: To investigate the effect of changes in retinal perfusion on postoperative recovery of fovea function in full-thickness
macular holes.

MATERIALS AND METHODS: A prospective study included data of 93 patients (93 eyes) with full-thickness macular holes.
Optical coherence tomography-angiography (OCT-A), visual acuity testing, microperimetry, and multifocal electroretinogra-
phy were performed before surgical treatment, after 1 and 6 months. We studied the relationship between changes in foveal
avascular zone area, vessel density in the superficial capillary plexus (SCP) and deep capillary plexus (DCP) with changes
in best corrected visual acuity (BCVA), retinal sensitivity (RS) at the fixation point and P1 amplitude in the fovea at different
periods after treatment.

RESULTS: After surgical hole closure, a significant decrease in foveal avascular zone area, increase in vascular density
in SCP and DCP was found within 1 month after treatment (p < 0.001). Significant increase in BCVA, RS and P1 amplitude
was observed 1 and 6 months after hole closure (p < 0.001). The most pronounced correlation was found in the long-
term postoperative period between the change in vessel density in the SCP and the change in BCVA, RS and P1 amplitude
(r=0.42,r=0.26andr=0.3, p <0.05), as well as between the change in vessel density in the DCP and the change in BCVA,
RS and P1 amplitude (r = 0.41, r=0.34 and r = 0.43, p < 0.05).

CONCLUSIONS: In the treatment of patients with full-thickness macular holes, there is a significant relationship between
changes in retinal perfusion and the recovery of visual acuity, retinal sensitivity and bioelectrical activity in the foveal area,
and it is more pronounced in the period from 1 to 6 months after macular hole closure. The obtained results suggest a pos-
sible prognostic role of OCTA results in the surgical treatment of full-thickness macular holes.
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AHHOTALIMA

AkTyanbHocTb. [laHHble 0 BAUSHAWM M3MeHeHUs Nepdy3un ceTyaTku Ha e€ GYHKLMOHaNbHOe BOCCTaHOB/IEHME MPU Npo-
BEAEHUM XUPYPrUYECKOr0 IEYEHNS CKBO3HBIX MaKyMNSAPHbIX Pa3pbiBOB OrpPaHUYEHBI.

Lenb — u3yunTb BMSHWE M3MeHeHUA Nepdy3un ceTyaTKM Ha MOcneonepaLyMoHHOe BOCCTaHOBAEHUE QYHKUMIA doBea
MNPy CKBO3HbIX MaKyNsApPHbIX pa3pbiBax.

Matepuans! u MeTogbl. B npocneKTMBHOE Mccnef0BaHME BKIIOUMAM faHHble 93 naumeHToB (93 rnasa) co CKBO3HbIMM MaKy-
NApHBIMK pa3pbiBaMu. [lo Xvpyprideckoro nedeHus, Yepes 1 M 6 Mec. NPOBOAMIM ONTUHECKYH0 KOTepeHTHYD ToMorpaduio-
aHruorpaduio, BU3OMETPUIO, MUKPOMEPUMETPUIO U MYSbTU(DOKANBHYI0 3NIEKTpOpeTMHOrpaduio. M3ydanu B3aMMocBA3b U3-
MeHeHus nnowaan (oBeanbHOM aBaCKYNSAPHOM 30HBI, MIOTHOCTW COCYAOB B MOBEPXHOCTHOM W TNYB6OKOM KanmmnsipHbIX
CN/ETEHUSIX C U3MEHEeHMeM MaKCUMasbHOM KOppUrMpoBaHHOM ocTpoThl 3peHusa (MKO3), ceeToBoi 4yBcTBUTENBHOCTM (CH)
B TOuKe duKcauum n amnintyasl P1 B 30He hoBea B pa3nuyHble Nepuofibl NOCIE JIeYeHNs.

Pesynbrathl. [Tocne 3aKpbiTUs pa3pbiBa BbISB/IEHO 3HAYMMOE YMEHbLUEHWE Miollaamn GoBeasbHOW aBacKyNSPHON 30Hbl,
yBeIMYeHWe N0THOCTM COCYAO0B B MOBEPXHOCTHOM W FyHOKOM KanNWUANAPHBIX CMIETEHUAX B TeueHWe 1 Mec. nocne nieye-
Husa (p < 0,001). 3Haunmoe yeenuyenne MKO3, CH u amnautyabl P1 Habmonanm yepes 1 1 6 Mec. nocnie 3aKpbiTA pas-
pbiBa (p < 0,001). Hanbonee BbipaxeHHas KOppensiuMs BbiBiEHa B 0TAANIEHHOM MOC/E0NepaLMOHHOM Nepuoge Mexay
M3MeHeHWeM NIOTHOCTW COCYA,0B B MOBEPXHOCTHOM KanuAnsapHoM cnineteHuu u uaMeHenneM MKO3, CH n amnautyasl P1
(r=0,42,r=0,26 nr=0,3 cootBetcTBeHHO, p < 0,05), a TaKKe Mex Ay U3MeHEHWEeM NIOTHOCTM COCYA0B B rNYDOKOM Ka-
NUANSPHOM crnieTeHnun u nsmMeHennem MKO3, CH v amnnutyabl P1 (r = 0,41, r= 0,34 ur = 0,43 cooTBeTcTBEHHO, p < 0,05).
BuiBogbl. [Tpy fiedeHUu naumMeHTOB CO CKBO3HbIMW MaKy/APHBIMU pa3pbiBaMu MEXAY U3MEHeHWeM nepdysun ceTyaTKu
1 BOCCTAHOBJIEHWEM OCTPOThI 3peHusi, CY 1 B1o3aneKTpMUeCKoN aKTUBHOCTM B 30He (oBea CYLLECTBYET 3Ha4MMas B3au-
MOCBA3b, NpU 3TOM OHa bonee BbipaxeHHas B nepuog oT 1 4o 6 Mec. nocne 3aKpbiTUs pa3pbiBa. [lonyyeHHbIe pesynbTa-
Tbl CBMAETENBCTBYIOT O BO3MOXHOW NPOrHOCTUYECKOW PO/ AaHHBIX ONTUYECKOW KOTepeHTHOW ToMorpadum-aHruorpadum
Mnpv NpoBeAEHUN XUPYPrUYECKOr0 NIEYEHNS CKBO3HBIX MaKyMNsAPHbIX pPa3pbiBOB.

KnioueBble cnioBa: ceTyaTka; MaKyNApHbIA pa3pbis; nepdysus; ONTUYECKas KorepeHTHasi ToMorpadus-aHruorpadus;
MYNbTUdOKaNbHas 3NeKTpopeTUHorpadus.
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BACKGROUND

A full-thickness macular hole (FTMH) is one of the
most common conditions in vitreoretinal surgery [1].
Modern technologies allow achieving 100% anatomical
closure of FTMHs [2-4]. However, surgical techniques
do not ensure high functional results, therefore studies
of various predictors of success in FTMH treatment are
ongoing [5, 6].

While FTMH is developing, secondary retinal changes
occur around the hole, including intraretinal edema with
cystic lesions, sensory retinal detachment, and disrup-
tion of the outer retinal layers [7]. Such anatomical signs
as minimal sensory retinal defect at the ellipsoid zone,
minimal damage to the external limiting membrane, and
preserved normal foveal morphology on optical coher-
ence tomography (OCT) images after hole closure are
important predictors of functional retinal recovery [8].
However, several studies noted a change in retinal per-
fusion in FTMH, although the effect of changes in retinal
perfusion both before and after FTMH surgery on func-
tional recovery of the fovea remains poorly understood
[9-12].

The study aimed to investigate the effect of changes in
retinal perfusion on the postoperative recovery of foveal
function in FTMH.

METHODS

A prospective study was performed at the St. Peters-
burg branch of the National Medical Research Center
“S.N. Fedorov MNTK Eye Microsurgery” of the Ministry
of Health of the Russian Federation and included 93 pa-
tients (93 eyes, mean age: 64.5 + 6.5 years) with stage
1-4 idiopathic FTMH (according to D. Gass) after their
first surgery. The study was performed in 2022-2024
and complied with the requirements of the Declaration
of Helsinki (as amended in 2003). All participants signed
an informed consent form for diagnostic examination and
surgery.

Inclusion criteria were confirmed and previously un-
treated idiopathic FTMH.

Non-inclusion criteria were ocular opacities challeng-
ing visualization and functional examination, concomi-
tant macular condition, glaucomatous optic neuropathy,
inflammatory and vascular diseases, refractive errors
greater than 6 D, silicone oil tamponade performed dur-
ing a surgical procedure, and pre-operative retinal pig-
ment epithelium atrophy in the hole area.

The patients were examined using a multimodal ap-
proach pre-operatively, 1 and 6 months postoperatively
(Fig. 1).

Macular structural features and perfusion were
studied using optical coherence tomography angiogra-
phy (OCTA), Solix (Optovue, USA), and AngioVue Retina
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(6.4 x 6.4 mm) with an automated perfusion analysis us-
ing the device software (AngioVue Analysis SW, version:
11.0.0.29946). The foveal avascular zone (FAZ) area and
foveal vessel density in the superficial and deep capillary
plexuses (SCP and DCP) were evaluated by the ETDRS
grid. OCT images of Q8 quality or higher were used for
the analysis, and segmentation of the retinal layers was
automated.

Functional examination included assessment of best
corrected visual acuity (BCVA) using Huvitz CCP3100
chart projector (Huvitz, Korea). Light sensitivity (LS) was
assessed at the fixation point using a microperimeter
(Compass, CenterVue, Italy) and 10-2 test (68 points and
1 fixation point, 4-2 threshold strategy, achromatic Gold-
mann Il stimulus). The electrical activity of the foveal
retina was measured using multifocal electroretinogra-
phy (ERG) with Neuro-ERG (Neurosoft, Russia) with an
assessment of the P1 response amplitude in the central
hexagon of the multifocal ERG pattern corresponding to
the fovea (61 hexagons, retinal area of 17.9°).

FTMH surgery was performed according to a standard
protocol with removal of the internal limiting membrane,
hole closure with platelet-rich plasma or autologous con-
ditioned plasma, and combined air-gas tamponade.

Statistical analysis of the results was performed
in Statistica 12.0 (StatSoft Inc., USA). The quantitative
results are shown as M + SD. Normality of distribu-
tion in the analyzed samples was assessed using the
Kolmogorov—-Smirnov test. The parameters at different
follow-up time points were compared using the Student’s
t-test for related samples. The Pearson correlation co-
efficient was calculated to determine the relationship
between the parameters in the groups. To study the
relationship between changes in functional and struc-
tural parameters, the differences between pre-operative
and 6-month postoperative (overall changes from the
baseline), pre-operative and 1-month postoperative,
1- and 6-month postoperative parameters were calcu-
lated (early and long-term postoperative changes), then
a correlation analysis of the obtained data was performed.
The results were considered statistically significant at
p < 0.05.

RESULTS

General characteristics of patients are presented in
Table 1. D. Gass stage 4 holes were the most common,
with apical and basal hole diameters of 411.6 + 126.5
and 819.8 + 287.8 um, respectively. In all cases, cystic
sensory retina changes were observed around the hole at
the inner nuclear and outer plexiform/Henle layers. Pre-
operative BCVA was 0.28 + 0.13. The duration of symp-
toms by admission for FTMH surgery was 5.7 months
(2 weeks to 14 months); however, patients could not
remember when the symptoms occurred in some cases.
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Fig. 1. An example of multimodal imaging in a patient with full-thickness macular hole during the observation period: patterns of mul-
tifocal electroretinography and microperimetry, linear scans and en face images of the studied structural changes of the fovea by OCT
and OCT-A

Puc. 1. MpuMep MynbTMMOAANbHON BU3yann3aLmmM y NaLMEHTa CO CKBO3HBIM MaKy/sPHBIM pa3pbiBOM B TeYeHUe nepuofa HabnwoaeHus:
naTTepHbl MynbTUQOKanbHo! anekTpopetuHorpadum (3PN 1 MUKponepuMETpUM, IUHENHBbIE CKaHbl U aHdac-M300paXeHns U3yHaeMbix
CTPYKTYPHbIX M3MeHeHW doBea npu npoBeaeHun OKT n OKTA
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Table 1. General characteristic of subjects with full-thickness macular holes
Tabnuua 1. 06LLas xapaKTepUCTMKa NALMEHTOB CO CKBO3HBIMM MaKyNSPHBIMU pa3pbiBamMu

Parameter Value
Age, years 645+6.5
Sex, women/men (n) 74/19
Mean refraction, D 0.12+£1.85
Anterior-posterior axis, mm 23.54 +1.12
Best corrected visual acuity 0.28 £0.13
Pseudophakia/cataract (n) 18/75
Full-thickness macular hole stage, 1-4 (n) [(10). 11 (18). 111 (19). IV (46)
Duration of symptoms, months 5.7 (0.5-14)
Apical diameter, pm 411.6 £126.5
Basal diameter, um 819.8 + 287.8
Vessel density in the Vessel density
Foveal avascular zone area, superficial capillary in the deep capillary
mm? plexus, % plexus, %
= p=0.001
0.45 p 0.001 40 40 p=0001
0.4 p=0003 35 35
0.35 ’ 30 20
oz ; ;
02 2 20
0.15 1 15
0.1 10 10
0.05 9 5
0 0 0
Pre-  Tmonth 6 months Pre-  1month 6 months Pre-  Tmonth 6 months
treatment  post-op treatment post-op treatment post-op
BCVA Light sensitivity, P1 amplitude,
dB uV
0.9 p=0.001 40 p=0002 0.8 0001
0.8 3 p=0001 ' 07
p=0001 (](](]1
0.7 | 30 0.6
gg ’ 25 1 05
' 20 .
0.4 5 B 04
0.3 0-3
02 10 0.2
0.1 d 0.1
0 Pre- I'month 6 months 0 pre T month 6 months 0 Pre- 1 month 6 months
treatment  POSt-0p treatment ~ POSt-0p treatment ~ POSt-0p

Fig. 2. Changes in the studied perfusion parameters and functional parameters of the fovea during the observation period
Puc. 2. V3MeHeHe uccnefyeMbix nokasatesnien nepdysun 1 GyHKUMOHaNbHBIX NOKa3aTeneii hosea B TeYeHMe nepuoaa HabnoaeHns

Type 1 and 2 FTMH closures were reported in 67 and 1 month postoperatively (p = 0.001), and then signifi-
26 cases, respectively, with no intra- or postoperative  cantly increased to 0.25 + 0.09 mm? é months postopera-
complications and no recurrences of macular holes dur- tively (p = 0.003, Fig. 2). Foveal SCP vessel density was
ing follow-up. 21.3 + 6.1% pre-operatively, increased to 30.8 + 6.4%

OCTA showed that the FAZ area was 0.31 + 0.09 mm? 1 month postoperatively (p = 0.001), and then did not sig-
pre-operatively, significantly decreasedto 0.21 + 0.08 mm? nificantly change (28.3 + 5.4%) 6 months postoperatively.
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Table 2. Correlation of perfusion parameters and functional parameters recorded in the fovea after full-thickness macular holes’ closure

at different examinations periods

Tabnuua 2. Koppensuus nokasareneii nepgysum n GyHKLUMOHabHBIX MOKa3aTesel, perncTpupyeMbix B hoBea nocsie 3aKpbITUs CKBO3HbIX

MaKynspHbIx paspbisoB (CMP) B pasHble BpeMeHHble nepuojbl

OCTA data Cha.nges in f.u.n?tional parameters .
BCVA Light sensitivity, dB | P1 amplitude
Time period: pre-operatively and 6 months postoperatively
Foveal avascular zone area 0.05 -0.18 -0.07
SCP vessel density 0.32* 0.17 0.18
DCP vessel density 0.38* 0.18* 0.32*
Time period: pre-operatively and 1 month postoperatively
Foveal avascular zone area 0.07 -0.19 -0.1
SCP vessel density 0.21* 0.06 0.14
DCP vessel density -0.04 0.05 0.19*
Time period: 1-6 months postoperatively
Foveal avascular zone area 0.1 -0.15 -0.12
SCP vessel density 0.42* 0.26* 0.3*
DCP vessel density 0.41* 0.34* 0.43*

Note. MMKC, superficial capillary plexus; IKC, deep capillary plexus. *p < 0.05.
lpumeyanue. NMKC — noBepxHocTHOe KanunnsipHoe cnneteHune; FTKC — rnybokoe kanunnspHoe cnneterue. *p < 0,05.

DCP vessel density was 21.9 + 5.7% pre-operative-
ly, increased to 27.6 + 6.0% 1 month postoperatively
(p =0.001), and did not significantly change (25.7 + 2.5%)
6 months postoperatively.

Functional examination showed that pre-operative
BCVA was 0.28 + 0.13 and increased significantly to
0.44 +0.17 and 0.59 £0.231 and 6 months postop-
eratively, respectively (p = 0.001; Fig. 2). Pre-operative
LS at the fixation point was 16.4 + 11.1 dB, increased
to 26.5 + 4.3 dB1 month postoperatively (p =0.001),
and reached 29.9 + 4.8 dBé months postoperatively
(p = 0.002). The foveal P1 amplitude before hole clo-
sure was 0.28 £ 0.17 pV and increased significantly to
0.42 £ 0.15 and 0.54 + 0.18 pV 1 and 6 months postop-
eratively, respectively (p = 0.001).

In the early postoperative period, changes in SCP ves-
sel density significantly correlated with BCVA changes
(r=10.21, p = 0.005), and changes in DCP vessel density
significantly correlated with the P1 amplitude based on
multifocal ERG data (r=0.19, p = 0.01; Table 2). In the
long-term period after hole closure, significant moderate
correlation was noted between changes in the assessed
functional parameters and changes in SCP and DCP vessel
density (Table 2). Comparison of the parameter changes
throughout follow-up (from baseline to postoperative
month 6) revealed significant correlation between DCP

DOI: https://doi.org/10.17816/0V634854

vessel density and changes in BCVA (r = 0.38, p = 0.001),
LS (r=0.18, p=0.01), and P1 amplitude (r=0.32,
p = 0.001). Moreover, changes in SCP vessel density also
correlated with BCVA changes over 6 months after hole
closure (r = 0.32, p = 0.002; Table 2).

DISCUSSION

Changes in retinal perfusion play an important role
in the pathogenesis of various macular vascular dis-
eases, such as diabetic retinopathy or vascular occlu-
sion, and quantitative perfusion parameters determined
using OCTA may have prognostic value for recovery of
the retinal function [13]. Previously, retinal perfusion was
shown to change around the hole area in FTMH, as the
FAZ area was increased and SCP and DCP vessel density
was decreased [10, 14]. These changes are suggested
to be induced not only by a mechanical tissue defect,
but also by edema with intraretinal cystic lesions, which
displace and compress vessels in the capillary plexus-
es, with more pronounced changes at the deep plexus
[10, 15, 16].

The functional results of macular hole surgical closure
depend on recovery of the normal anatomical structure
of the retina. For example, initial status and postopera-
tive recovery of the photoreceptor ellipsoid zone, external
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limiting membrane, and retinal ganglion cell complex
were found to be important [17, 18]. Previous several
studies also revealed correlation of SCP and DCP ves-
sel density with LS and retinal electrical activity, which
was more pronounced in the areas of cystic changes and
detached sensory retina [9, 12, 19].

In contrast to previous studies, we evaluated the ef-
fect of changes in retinal perfusion on its functional re-
covery at early and late postoperative periods of up to
1 month and 1-6 months after surgical hole closure.

In this study, type 1 hole closure was reported in
67 out of 93 cases with full restoration of the foveal
layers [5]. In these cases, the FAZ area significantly de-
creased and SCP and DCP vessel density increased within
1 month after hole closure. These changes were caused
by mechanical displacement of the hole edges and all
vascular structures to the hole center, as well as by re-
gression of intraretinal cystic lesions around the hole in
the early postoperative period. In the long-term post-
operative period, the FAZ area increased, and SCP and
DCP vessel density did not change significantly compared
with postoperative month 1 values, which indicates re-
covery of the layers and vessels of the macular sensory
retina. Thus, foveal vascular plexuses recover during the
postoperative period, and the most active remodeling and
recovery of perfusion are noted in the early postoperative
period. Later, the plexuses change little, but the degree
of their recovery affects the sensory retina homeostasis
and function.

Examination of patients revealed a significant in-
crease in BCVA, LS, and the P1 amplitude in the fovea
area both 1 month and 6 months after hole closure. Cor-
relation with changes mainly in DCP vessel density sup-
ports the earlier assumption that pre-operative preserved
blood flow in the capillary plexuses around the hole and
reperfusion of capillaries compressed by cystic lesions
may be favorable prognostic markers of functional retinal
recovery [10].

An analysis of the relationship between perfusion and
functional parameters found significant correlation and a
higher correlation coefficient in the long-term postopera-
tive period, 1-6 months after hole closure. This finding
may be explained by both prolonged retinal recovery and
more significant increased tissue perfusion in the long-
term period, with other factors (e.g., a mechanical tis-
sue defect) affecting the prognosis being less significant.
Moreover, the observed correlation of changes in the P1
amplitude based on multifocal ERG data with changes
in DCP vessel density demonstrates the effect of blood
supply on electric activity of bipolar cells in the retinal
Muller cells complex [20].

Notably, the limitation of this study was consecutive
inclusion of all eligible FTMH cases of any hole closure
type. Future specific study of different hole closure types
may provide more information about the perfusion role
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in retinal recovery. In addition, another limitation was
the fact that other structural retinal changes, includ-
ing those related to the surgical procedure, were not
evaluated.

CONCLUSION

In FTMH, there is a significant relationship between
changes in retinal perfusion and visual recovery, LS,
and foveal electric activity, which is more pronounced
1-6 months after hole closure. The obtained results sug-
gest a possible prognostic role of OCTA data for FTMH
surgery.
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Lenuus 1 ausaiiH pabotbl, cbop, aHanus u obpaboTtka MaTepuana,
cTaTUCTMYecKas 0bpaboTka AaHHbIX, HanucaHue Tekcta; A.A. Cye-
T0B — cbop, aHanu3 1 0bpaboTka MaTepuana, HanucaHue TeKCTa;
C.B. CoCHOBCKMN — CyLLEeCTBEHHBIA BKNaj, B peAaKTUpOBaHMe
TEKCTa W OKOHYaTeSlbHOe YTBEPKAEHWE BepcUM, MoAJiexallen
nybAMKaumm.

WUcToununk duHaHcupoBaHUus. ABTOpbI 3asBNAKOT 00 0OTCYT-
CTBMM BHELUHEro MHaHCMpOBaHWA MpW NPOBEAEHUM UCCNEeLo-
BaHuA.

13
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KoHdnukT wuHTepecoB. ABTOpbl [eKnapupyloT OTCYTCTBUE
SIBHbIX W MOTEHLMANbHBIX KOH(JIMKTOB WHTEPECOB, CBS3aHHBIX
C NybnMKaLmeli HacTosILLel CTaTby.
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