International Journal of General Medicine Dovepress
Taylor & Francis Group

ORIGINAL RESEARCH
Correlation Between Macular Microstructural
Changes with Disease Staging and Visual Acuity in
Diabetic Retinopathy

Wenhua Zhang (), Feng Zhang, Yezhen Yang, Jiamin Cao, Ziyi Zhu

Department of Ophthalmology, The Third Xiangya Hospital, Central South University, Changsha, Hunan, 410013, People’s Republic of China

Correspondence: Ziyi Zhu, Department of Ophthalmology, The Third Xiangya Hospital, Central South University, Changsha, Hunan, 410013, People’s
Republic of China, Email 570104073@qq.com

Purpose: To investigate the changes in macular microvascular structure at different stages of diabetic retinopathy (DR) and the
correlation between macular ischemia and visual acuity.

Patients and Methods: A prospective cross-sectional study was conducted. A total of 173 patients with DR were enrolled and
divided into three groups according to DR stage. The control group consisted of 29 gender and age matched healthy individuals.
Macular perfusion indexes were measured by optical coherence tomography angiography (OCTA) and compared.

Results: The p-values of central foveal thickness (CFT), focal avascular zone (FAZ) area, and vessel density were less than 0.05 in
DR patients and healthy individuals. As the severity of DR increased, there was a corresponding decline in visual acuity, the logMAR
best corrected visual acuity (BCVA) was 0.40+0.30 in mild-moderate NPDR, then worsened to 0.48 + 0.30 (p=0.059) in severe NPDR
and further to 0.60 + 0.34 (p=0.043) in PDR. Superficial capillary plexus (SCP) vessel density correlated negatively with logMAR
BCVA (p<0.001, R=-0.267), whereas the severity of DR correlated positively with logMAR BCVA (p<0.001, R=0.199). And
increased DR stage was associated with significant reductions in foveal density at 300 um (FD-300 um; p=0.004) and deep capillary
plexus (DCP) vessel density (p=0.009).

Conclusion: Macular perfusion status decreases as DR progresses. Early changes of macular microvascular structure in different
capillary plexus may indicate progression of DR severity and affect visual acuity.
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Introduction

Diabetic retinopathy (DR), the leading cause of acquired visual loss in the working age population in developed
countries, can be classified as non-proliferative (NPDR) and proliferative (PDR) diabetic retinopathy.' More than
103.12 million people worldwide were affected by DR in 2020, and the numbers are projected to increase to
160.50 million by 2045.°

Retinal ischemia is an early indicator of more severe DR, with changes in macular perfusion status being an important
predictor of progression from NPDR to PDR. Greater progression of DR has been associated with greater severity of
macular perfusion status in patients.**

Diabetic microangiopathy can lead to retinal ischemia and elevated retinal microvascular permeability, resulting in
fluorescein leakage.’ This leakage can cover retinal capillaries, making it difficult to accurately evaluate retinal perfusion
status.” Optical coherence tomography angiography (OCTA) has been shown effective in monitoring disease progression
and response to treatment.®” OCTA is a noninvasive, repeatable, and easily performed method of evaluation, as well as
being subtler than fundus fluorescein angiography (FFA) in displaying macular microstructural capillaries.* " The

present study therefore used OCTA to quantify macular microstructural changes.
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To date, quantitative metrics evaluating macular perfusion status in diabetic individuals have lacked consensus and
a normative database. The ability of macular microstructural changes to predict DR progression and visual acuity has
therefore remained undetermined. The present study therefore investigated macular perfusion status at different stages of
DR and the correlation between macular ischemia and visual acuity.

Materials and Methods

This prospective cross-sectional study enrolled patients who presented at our institution with a loss of vision called by
diabetes between September 2018 and December 2023, as well as gender- and age-matched healthy individuals. The
inclusion criteria of DR patients: 1) aged >18 years, had type 1 or type 2 diabetes; 2) and had definite retinal thickening
due to DR as the main cause of visual loss. The exclusion criteria: any of the following, 1) patients were excluded if they
had visual loss caused by any other retinal disease; 2) refractive error (myopia > 6D or hyperopia > 3D); 3) severe ocular
media opacity; 4) other systemic diseases that required hospitalization.'? The study followed the tenets of the Declaration
of Helsinki; all DR patients and control subjects provided written informed consent before participation; and all
procedures were performed in accordance with the ethical standards of the Third Xiangya Hospital of Central South
University committee (ID: kuai 23693).

All patients underwent fluorescein angiography (FA) and OCTA. All healthy controls only underwent OCTA. Poor
quality OCTA images were excluded before grouping, as were images with Q-scores <7, opacity of refractive media, and
images showing the presence of significant residual motion artifacts. Patients were also excluded if images showed that
the anatomical features of the macular area were severely disrupted (eg, severe cystoid macular edema), leading to
segmentation errors. The included patients were divided into three groups according to disease stage: those with mild-
moderate NPDR, severe NPDR and PDR. And the stage of DR was determined based on the International Clinical
Diabetic Retinopathy Severity scale.'

The classification is as follows: mild NPDR: microaneurysms only; moderate NPDR: more than mild NPDR but less than
severe NPDR; severe NPDR: more than 20 intraretinal hemorrhages in each of 4 quadrants; and/or venous beading more than
2 quadrants; and/or IRMA more than 1 quadrantand; PDR: neovascularization and/or vitreous/preretinal hemorrhage.

Data Measurements

Best corrected visual acuity (BCVA) was assessed using a tumbling E chart at an initial testing distance of 5 m, with the
results reported as logMAR units.'"* FA images (55°) were obtained using Spectralis HRA + OCT (Heidelberg
Engineering, Germany). OCT and OCTA images (6¥6mm) were obtained using AngioVue OCT system version
2018.0.0.14 (RTVue XR Avanti, Optovue Inc., Fremont, CA, USA), with a split-spectrum amplitude decorrelation
angiography (SSADA) algorithm used to detect blood flow and provide rapid imaging of detailed microvasculature at
distinct depths.'® The AngioVue system provided an automated software algorithm to generate the boundaries of the
superficial capillary plexus (SCP) (from the inner limiting membrane [ILM] to 10 pm above the inner plexiform layer
[IPL]) and deep capillary plexus (DCP) (from 10 pm above the IPL to 10 um below the outer plexiform layer [OPL]).
The boundaries of the foveal avascular zone (FAZ) area were from the ILM to 10 um below the OPL. When necessary,
segmentation boundaries could be adjusted and corrected manually.'® Following correction of the segmentation bound-
aries, the parameters of macular perfusion status, derived from a 6x6 mm macular scan grid, were automatically
calculated by OCTA software. The central foveal thickness (CFT), defined as the average value within a circle 1 mm
in diameter centered in the fovea, was also measured automatically.

Statistical Analysis

The main measurements were tested by the Kolmogorov—Smirnov test, with p<0.05 defined as statistically significant.
Parameters in the control group and the three DR subgroups were generally compared using #-tests. The relationships
between BCVA and macular perfusion indexes were evaluated by Pearson correlation analysis, factors influencing DR
stage were determined using multi-class logistic regression analyses. All statistical analyses were performed using SPSS
25.0 software (SPSS Inc., Chicago, III, USA), with p<0.05 indicating statistical significance.
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Table | Demographic and Clinical Characteristics of Patients with Mild-Moderate NPDR, Severe
NPDR, and PDR, and Health Controls

Control (n=29) Stage of DR (n=173)
Mild and Moderate Severe PDR (n=34)
NPDR (n=40) NPDR (n=99)

Gender (male: female), n | 16:13 17:23 49:50 21:13
Age, years 56.5%7.3 54.0+£9.3 56.5+8.2 54.3£8.0
Eye (left: right), n 14:15 18:22 53:46 15:19
Course, years \ 7.8+3.0 9.4£5.27 9.7£3.6
BCVA, logMAR units \ 0.40+0.30 0.48+0.30 0.60+0.347
IOP, mmHg \ 17.4+2.4 17.0£2.4 16.2+2.6
CFT, um 250+18 367+130%* 327+120* 303+£109%A
FAZ area, mm2 0.302+0.076 0.405+0.143* 0.412£0.154* 0.438+0.163*
FAZ perim, mm 2.140£0.269 2.646+0.591* 2.724+0.614* 2.887+0.784*
FD-300um, % 52.77+3.82 48.6+4.4* 47.11£4.8%0 43.5£6.1%A
SCP-Vessel Density, %
Whole 49.1+34 45.0+3.9* 43.4£4.2%7 41.324.4%7
Farafovea 51.0+4.6 44.1+5.0* 41.8£5.1%A 39.9+4.6%A
Perifovea 49.8+3.5 45.9+4.2* 44.314.6*° 42.4£4.7%0
DCP-Vessel Density, %
Whole 50.1+4.0 45.614.1%* 42.1£4.2%0 41.3+3.6%
Farafovea 54.5+3.0 49.314.1* 45.1£5.1%A 44.114.6*
Perifovea 51.3x4.6 46.314.6* 42.7+44*A 41.9+4.0*

Notes: *: p< 0.05, comparisons of each DR group with the Control group, A: p< 0.05, comparisons of the severe NPDR and
mild-moderate NPDR groups, comparisons of the PDR group with the severe NPDR group.
Abbreviations: DR, diabetic retinopathy; NPDR, non-proliferative diabetic retinopathy; PDR, proliferative diabetic retino-
pathy; BCVA, best corrected visual acuity; IOP, intraocular pressure; CFT, central foveal thickness; FAZ, foveal avascular zone;
FD, foveal denstity; SCP, superficial capillary plexus; DCP, deep capillary plexus.

Results

This study enrolled 29 healthy people and 173 patients with DR, including 40 patients with mild-moderate NPDR, 99 with
severe NPDR group, and 34 with PDR. A comparison of each of these three DR subgroups with the control group showed
no significant differences in gender distribution, age and eye (Table 1). Conversely, CFT, FAZ area, and vessel density
differed significantly in DR patients and healthy controls, with DR patients showing evidence of diabetic edema and
ischemic changes, such as FAZ expansion and irregularities (area and perimeter), macular nonperfusion (MNP), macular
perfusion index (FD-300 um, vessel densities of the SCP and DCP), and reduced macular area. Figure 1 shows typical
OCTA appearances of the macula in patients with mild-moderate NPDR, severe NPDR, and PDR and in healthy controls.

FAZ (men?. 0221, PERIM (wen). 1777. FD. 5259

Eutivge | FAZ (mm?. 0358, PERIM (mm): 2517, FD. 4667

FAZ (mem?. 0272, PERIM (mem). 2012, FD. 5088
- 53

Cortige| FAZ(mm?. 1479, PERIM (mm) 5945, FD- 49.09 ot Ao

Nt

Severe NPDR PDR

Mild-Moderate NPDR

Figure | OCTA images in healthy controls and in patients with mild-moderate NPDR, severe NPDR, and PDR. (6*6mm). The red areas indicate the locations of FAZ area
measurements.
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Figure 2 BCVA, CFTand macular perfusion indexes in healthy controls and in patients with mild-moderate NPDR, severe NPDR, and PDR. *p < 0.05, **p < 0.00| compared

with the control group.
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Increases in the severity of DR were associated with increases in logMAR BCVA, from 0.40+0.30 in patients with
mild-moderate NPDR to 0.48+0.30 in patients with severe NPDR (p=0.059) and to 0.60+0.34 in patients with PDR
(p=0.043), with the latter being significantly different. Increases in DR severity were associated with reductions in CFT,
and the FAZ area, perimeter increased significantly, and parameters of vessel density, such as FD-300 um and SCP-vessel
density decreased significantly by stage of DR. Although DCP-vessel density was also significantly lower in patients with
severe than mild-moderate NPDR, DCP-vessel density did not differ significantly in patients with PDR and severe NPDR
(p=0.155) (Figure 2).

The correlations of DR stage and BCVA with macular perfusion indexes in all patients (Table 2). LogMAR BCVA
(p=0.005) was positively correlated with the severity of the DR, whereas CFT (p=0.023), FD-300 pum (p<0.001), SCP
(p<0.001) and DCP vessel density (p<0.001) were negatively correlated with the severity of DR. Patients with PDR
showed lower CFT and more severe macular ischemic changes, such as FAZ area expansion, MNP appearance, and blood
flow density decrement, than patients with NPDR. Figure 3 shows the changes of macular perfusion status at different
plexuses during different stages of DR. Figure 4 shows Pearson correlation analysis of BCVA and macular perfusion
indexes in all DR patients. SCP vessel density showed a significant negative correlation with logMAR BCVA (p<0.001,
R=-0.267), whereas the course of DR was significantly positively correlated with logMAR BCVA (p<0.001, R=0.199).
Additionally, BCVA was significantly worse in patients who had DR for >10 years than for <10 years (p=0.005).

Multiple logistic regression analysis of the effect of macular perfusion indexes on DR staging showed that the FD-
300 pm (p=0.004) and DCP vessel density (p=0.009) were significant factors affecting DR staging (Table 3). Both of
these parameters, reflecting early changes in macular perfusion, may therefore be markers of progression of DR severity.

In summary, these findings showed that macular perfusion status was significantly poorer in DR patients than in
healthy controls and that macular ischemia was significantly worse in patients with PDR than NPDR. Visual acuity and
DR staging were closely related to vessel density in macular region. Worse SCP vessel density and longer course might
indicate poorer vision acuity in DR patients. Figure 5 shows typical differences in retinal perfusion status and macular
ischemia in NPDR and PDR patients, with OCTA being more sensitive and consistent than FA. PDR usually presented
with more severe damage to retinal perfusion status, especially in the structure of the foveal capillary network. This
damage frequently included enlargement and irregularities of the FAZ and the appearance of macular nonperfusion,
leading to disturbances in macular function. Different levels of macular perfusion status may therefore represent DR
severity and progression, with a greater degree of deterioration in FD-300 pm and DCP vessel density being significantly
associated with the increase of severity.

Table 2 Pearson Correlation Analysis of DR Staging and
BCVA with Macular Perfusion Indexes

Stage of DR | BCVA
Pearson correlation | Stage of DR | | 0.212*
BCVA 0.212% |
Course 0.145 0.199**
CFT —0.173% 0.021
FAZ 0.069 0.014
FAZ perim 0.12 0.043
FD-300um —0.314%* —0.103
SVD-Whole | —0.281%* —-0.267+*
DVD-Whole | —0.337%* —0.121

Notes: * p< 0.05, **p< 0.001.

Abbreviations: DR, diabetic retinopathy; BCVA, best corrected visual acuity;
CFT, central foveal thickness; FAZ, foveal avascular zone; FD, foveal density;
SVD, superficial vessel density, DVD, deep vessel density.
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Figure 3 Typical changes of macular perfusion status at different plexus in eyes with mild-moderate NPDR, severe NPDR, and PDR.

Discussion
The appearance of macular ischemia usually indicated worse visual acuity, and it had been confirmed decreased macular
perfusion status in both the superficial and deep vascular networks, and vascular density and FAZ area appeared to correlate
with visual function.'” And visual acuity was significantly correlated with FAZ area and macular vessel density at the SCP in
the eyes of patients with diabetic macular edema.'® The present study found that DR was associated with ischemic changes,
such as FAZ area expansion, the appearance of macular nonperfusion areas, and a reduction in blood flow density compared
with healthy people. Retinal ischemia was found to be an important manifestation of DR. The development of retinal ischemia
gradually reduced the compensatory function of retinal microcirculation, while accelerating the progression of retinal
ischemia. Retinal ischemia and nonperfusion area formation are therefore the inevitable results of DR development.'®
The decrease in macular perfusion status indicated the progression of retinal ischemia and an increase in disease
severity, with the development of macular ischemia being closely related to the deterioration of visual acuity.'® Macular
ischemia has been reported to be an independent risk factor for DR, with the Early Treatment Diabetic Retinopathy Study
Research Group (ETDRS) reporting that the risk of developing PDR was much lower in NPDR patients with good

macular perfusion status (18.2%) than in those with severe macular ischemia (41.3%).%%**
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Figure 4 Correlation of BCVA and macular perfusion indices.

Course

The present results indicated that the macular perfusion status gradually deteriorated as NPDR progressed to PDR,
with significant reductions in FD-300 pm and DCP vessel density likely indicating the progression of DR severity.
Reductions in retinal capillary perfusion may be due to the loss of retinal neurovascular coupling and chronic
neurodegeneration in DR, impairing the ability of the retinal nerve to regulate blood vessels.”” Disease progression
was accompanied by an increase in frequency of abnormally appearing retinal capillaries, manifesting as more obvious
macular ischemia.”® Expansion of the FAZ area is accompanied by a decrease in visual sensitivity in DR, with visual
sensitivity being negatively correlated with FAZ area and positively correlated with macular vessel density.?” Superficial
vessel density has been associated with the development of macular edema, distributed in the nerve fiber and ganglion
cell layers, whereas the deep retinal capillary network, located in the transition area between the retinal and choroidal

Table 3 Multiclass Logistic Regression Model of the Effect of Macular Perfusion Indexes on Stage of DR

Test of Parallel Lines®

Model —2 Log Likelihood Chi-Square df Sig.
Null Hypothesis | 305.671
General 297.682 7.990 5 0.157

(Continued)
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Table 3 (Continued).

Parameter Estimates

Estimate | Std. Error | Wald | df Sig. 95% CI
Lower | Upper
Bound | Bound
Threshold [State of DR= Mild and —-10.629 2433 19.091 | 1.000 | 0.000 | —15.397 | —5.86l
Moderate NPDR]
[State of DR= Severe NPDR] | —7.591 2.346 10.467 | 1.000 | 0.001 —12.189 | —2.992
Location FAZ area —2.067 2.454 0.710 1.000 | 0.400 | —6.877 | 2.743
FAZ perim 0.673 0.595 1.277 1.000 | 0.259 | —0.494 1.839
FD-300 um —0.098 0.034 8211 1.000 | 0.004* | —0.165 | —0.031
SVD-Whole —0.020 0.043 0.221 1.000 | 0.638 | —0.106 | 0.065
DVD-Whole —0.111 0.042 6.924 1.000 | 0.009* | —0.194 | —0.028

Notes: * p< 0.05. *Link function: Logit. The null hypothesis states that the location parameters (slope coefficients) are the same across response categories.
Abbreviations: DR, diabetic retinopathyp; FAZ, foveal avascular zone; FD, foveal density; SVD, superficial vessel density; DVD, vessel density.

vascular circulation, was easily affected by ischemic changes.® Although changes in choroidal blood flow were not
observed in the present study, choroidal thickness has been reported to be significantly lower in DR patients than in
healthy people, indicating ischemic changes.”®

Indicators of macular perfusion had been reported to correlate with BCVA.?**° A deterioration in macular perfusion
status resulted in the blocking of retinal capillaries, especially in the macular area, thereby reducing leakage of the
macular capillaries. The present results showed that macular edema was reduced as the severity of DR progressed,
whereas visual acuity was not improved, and that DCP vessel density correlated positively with visual acuity.'®

Macular perfusion status in the present study was primarily evaluated by OCTA. Although FA has been regarded as
a standard method of grading DR, comparisons of FA and OCTA revealed that both tests were consistent in showing the

vessels in the macular area.®*' OCTA, however, had several limitations. For example, fluid might induce segmentation

Figure 5 FA and OCTA determinations of retinal perfusion status and macular ischemia in patients with NPDR and PDR. Red boxes indicate that the FA images was
cropped to 6X6 mm, equalling the sizes of the OCTA images.
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artifacts, with projection artifacts from large superficial vessels being inevitably included in the deep capillary plexus in
OCTA images, despite using the PAR algorithm to reduce decorrelation tailing and projection artifacts.>'~** Further
developments of OCTA might yield vessel density measurements that more precisely represent the actual flow. Other
limitations in our study mainly included the small sample size and the short study period. We needed a larger sample size
and a longer observation period to determine how macular perfusion status plays a role in predicting disease progression.

Conclusion

Macular microvascular structure showed significantly greater deterioration in eyes with DR than in healthy eyes. Worse
SCP vessel density and longer course might indicate poorer vision acuity, and worse FD-300 um and DCP vessel density
might be associated with the increase of severity. OCTA may enable a greater understanding of retinal vascular diseases
and predict disease progression.
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