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Abstract

Purpose To compare microperimetric retinal sensitivity (RS) and Optical Coherence tomography angiography (OCTA)-
derived perfusion metrics between eyes with diabetic macular edema (DME) and healthy controls, and to explore clinical
and imaging parameters associated with lower RS within the diabetic cohort.

Methods Prospective cross-sectional study of 38 diabetic eyes from 31 patients and 25 control eyes. All participants under-
went microperimetry and OCTA on the same day. RS and OCTA-derived vessel metrics were assessed using a standard/
general microperimetry pattern and clinician-defined customized subgrids targeting areas of suspected reduced perfusion in
the deep vascular complex. Between-group differences were analyzed using linear mixed-effects models with patient identity
as a random intercept to account for inter-eye correlation. Within the diabetic cohort, generalized linear mixed-effects models
were used to explore parameters associated with RS, including Best-corrected visual acuity (BCVA), anti-vascular endothe-
lial growth factor (VEGF) treatment intensity, persistent intraretinal fluid, previous panretinal photocoagulation, cardial and
cerebral comorbidity, Optical Coherence Tomography (OCT)-derived neuroretinal metrics, and OCTA-derived vessel metrics.
Results Compared with healthy controls, diabetic eyes showed significantly lower general macular RS and altered OCTA-
derived perfusion metrics, particularly in the deep vascular complex. General macular RS was reduced by —3.99 dB in
diabetic eyes compared with controls (95% CI: —5.51 to —2.48, p<0.001). OCTA-derived vessel metrics showed moderate
correlations with general RS. Localized OCTA-guided subgrids did not provide additional functional information beyond
the standard/general microperimetry pattern. Within the diabetic cohort, worse BCVA, previous panretinal photocoagulation,
and persistent intraretinal fluid were associated with lower RS in exploratory mixed-effects models. Cardio- and cerebrovas-
cular comorbidity showed a non-significant tendency toward lower RS.

Conclusion Eyes with DME showed reduced retinal sensitivity and altered OCTA perfusion compared with healthy controls.
Focal OCTA-guided subgrids did not improve functional assessment beyond the standard/general microperimetry pattern.
Reduced general RS in treated DME appears to reflect multifactorial mechanisms, including visual function, residual exuda-
tive activity, prior retinal treatment.

Key messages
What is known

o OCTA-derived vessel metrics are moderately associated with retinal sensitivity in diabetic retinal disease, but visual
function in DME is likely influenced by multiple structural, vascular, and clinical factors.

What is new

e In anti-VEGF-treated DME, OCTA-derived vessel metrics showed moderate correlations with retinal sensitivity but did
not provide a complete explanation for functional impairment. Exploratory mixed-effects models suggested associations
of reduced retinal sensitivity with lower BCVA, previous PRP, and persistent IRF; cardiovascular and cerebrovascular
comorbidity showed a non-significant trend and should be interpreted cautiously.

o OCTA-guided customized subgrids targeting DVC hypoperfusion did not show added functional benefit over the stan-
dard/general microperimetry pattern, suggesting that focal perfusion deficits alone may not capture the dominant deter-
minants of retinal sensitivity loss in treated DME.
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Introduction

Diabetic macular edema (DME) remains a leading cause
of visual dysfunction in diabetic retinopathy [1]. Although
anti-vascular endothelial growth factor (VEGF) therapy has
substantially improved anatomical and visual outcomes,
visual impairment frequently persists despite apparent fluid
control. This incomplete relationship between retinal mor-
phology and visual function suggests that functional loss
in DME is not explained by best-corrected visual acuity
(BCVA) or retinal thickening alone but may reflect a com-
bination of photoreceptor and neuroretinal dysfunction,
microvascular compromise, and systemic vascular disease
as proposed by several authors. In line with this, Mokrane et
al. and Montesano et al. showed that retinal sensitivity (RS)
is spatially associated with Optical coherence tomography
angiography (OCTA)-derived superficial vessel density and
OCT-derived inner retinal layer thickness, supporting the
use of combined vascular and neuroretinal parameters when
evaluating functional impairment in diabetic retinal disease.
Bhaskaran et al. demonstrated that retinal nerve fiber layer
(RNFL) was reduced in diabetic retinopathy patients com-
pared to age-matched controls. Consistent with this concept,
OCT studies have documented alterations of inner retinal
layers in diabetes, supporting the inclusion of neurodegen-
eration-related markers, such as RNFL and ganglion cell
layer thickness, when interpreting functional outcomes in
DME [2-5].

Microperimetry provides spatially resolved measure-
ments of RS at multiple macular loci. OCTA similarly
generates spatially resolved maps of macular microvascu-
lar integrity, including vessel area density, vessel length
density, branch point number, and vessel diameter index.
Because both modalities assess overlapping macular
regions, microperimetry and OCTA can be colocalized to
investigate whether local perfusion deficits correspond to
local functional loss and elucidate the structure-function-
relationship in the macula [6].

Previous studies have demonstrated correlations between
OCTA-derived vessel metrics and RS in microperimetry
in diabetic retinal disease, with reported correlation coef-
ficients for vessel area density in the superficial or deep vas-
cular plexus ranging approximately from 0.33 to 0.55 [7-9].
These findings support a relevant structure—function rela-
tionship between macular perfusion and retinal sensitivity.
However, they also indicate that OCTA-derived perfusion
metrics explain only part of the variability in RS. Therefore,
reduced retinal sensitivity in DME may depend not only on
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macular perfusion, but also on additional clinical, systemic,
treatment-related, and neuroretinal factors [9—14].

Accordingly, one aim of this study was to determine
whether clinical characteristics, systemic comorbidities,
anti-VEGF treatment-related parameters, and OCT-derived
neuroretinal metrics such as retinal nerve fiber layer integ-
rity provide additional explanatory value for RS in micro-
perimetry beyond established OCTA-derived perfusion
metrics such as vessel area density.

As a secondary topographic analysis, we assessed whether
customized microperimetry subgrids targeting OCTA-
defined hypoperfused regions provide additional structure—
function information compared with general macular RS and
global OCTA metrics. This analysis was based on the prem-
ise that global OCTA metrics, derived from the entire OCTA
image, may average areas of normal and reduced perfusion
and could therefore dilute focal structure—function relation-
ships. By colocalizing customized microperimetry subgrids
with OCTA-defined regions of reduced perfusion, we tested
whether locally hypoperfused areas show lower RS than the
general macular pattern and whether local OCTA metrics cor-
respond more closely to local RS than global measurements.
If localized metrics showed stronger correspondence with
RS than global metrics, this would support their inclusion in
subsequent explanatory models; however, in the absence of
added local structure—function information, general macular
RS and global OCTA metrics would suffice for the primary
multivariable analysis.

Thus, this cross-sectional study addressed two comple-
mentary objectives: the primary objective was to identify
clinical, systemic, OCT-derived, and OCTA-derived param-
eters associated with general macular RS, while the sec-
ondary objective was to determine whether OCTA-defined
hypoperfused regions correspond to localized reductions in
RS.

Methods

Description of the diabetic retinopathy cohort and
control subjects

Diabetic retinopathy (DR) patients and healthy controls
were recruited between June and December 2023. DR inclu-
sion criteria were: age> 18 years; type 1 or type 2 diabetes
mellitus with a documented duration>5 years; a prior diag-
nosis of DME with ongoing anti-VEGF therapy; best-cor-
rected visual acuity (BCVA) better than 1.3 logMAR; and
stable fixation, defined on Macular Integrity Assessement
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(MAIA) microperimetry by fixation stability indices with
P1>85% (percentage of fixation points within 1°). Patients
were examined at a visit when DME was considered most
reduced/stable under ongoing anti-VEGF treatment (i.e.,
least intraretinal fluid across available recent visits), allow-
ing residual but non—center-involved DME in accordance
with International Council of Ophthalmology (ICO) defini-
tions. For full stability criteria, see ‘Definition of stable dis-
ease, central subfield thickness and residual macular edema’
below.

Exclusion criteria were: history of retinal detachment,
retinal disease such as macular degeneration, epiretinal
membrane, arterial or venous occlusions, serous central reti-
nopathy, inherited retinal diseases, corneal disease or other
media opacities precluding high-quality imaging, refractive
error<—6.0 diopter or >+3.0 diopter, prior macular laser
treatment, ellipsoid zone disruption involving the analyzed
macular region. Uncontrolled glaucoma was defined as
prior glaucoma surgery and/or persistently elevated intra-
ocular pressure with evidence of progressive glaucomatous
damage and thus was excluded. Eyes with glaucomatous
visual field loss affecting the central 10° (corresponding to
the microperimetry test region) or more than 3 decibles of
mean deviation were excluded. Eyes with controlled glau-
coma were eligible only if intraocular pressure was within
the normal range under topical medication alone, with no
prior surgery and no central 10° visual field involvement.
Patients with normal tension glaucoma were excluded.

Control subjects were recruited from the outpatient clinic.
Inclusion and exclusion criteria matched those for patients,
except for diabetes and DME history. Controls underwent
OCT, OCTA, and fundoscopy to exclude macular or retinal
abnormalities.

DR staging was determined by fundoscopy, with patients
may having past panretinal photocoagulation (PRP; >2
years) and no active proliferative signs graded as moderate
or mild. Data were recorded in a study-specific electronic
system [15]. PDR was defined by clinical evidence of neo-
vascularization and/or preretinal/vitreous hemorrhage at the
study visit.

Clinical examination, OCT, OCTA and microperimetry
were done at the same day. Subgrids for microperimetry
assessement derived from the OCTA of the same day.

Definition of stable disease and central subfield
thickness

Stable disease was defined as no treatment escalation during
the three visits preceding the study examination, including
no shortening of the anti-VEGF injection interval and no
re-initiation of anti-VEGF therapy after a treatment pause.
Additionally, absence of a worsening in best-corrected

visual acuity of > 0.2 logMAR compared to any BCVA
value of the last three visits was required. No prespecified
CST cutoff was applied. Instead, CST was used descrip-
tively to confirm that the cohort did not show marked cen-
ter-involving edema at the study visit. The median CST was
296 um (IQR: 273-335 um), consistent with an anti-VEGF-
treated cohort with minimal residual thickening. Norma-
tive CST values for non-edematous eyes on Spectralis OCT
System ((Heidelberg Engineering, Heidelberg, Germany)
are typically ~ 265-315 um [16]. In our cohort, the median
CST was 296 pm (25%-Interquartile Range (IQR): 273 um,
75%-1QR: 335 um), reflecting an anti-VEGF-treated popu-
lation with minimal residual thickening.

General and customized local pattern in
microperimetry

Macular Integrity Assessment (MAIA, Software version
v2.6) (Centervue Inc., San Jose, USA) was used for micro-
perimetry (MP). Participants were dilated and dark adapted
in a dimmed room for 10 min before testing under mesopic
conditions. For study eyes, one was randomly selected for
testing. The general pattern used a 10° circular design with
37 stimuli.

To enable spatially resolved structure—function analy-
sis, the standard pattern was complemented by customized
rectangular subgrids targeting regions of suspected hypo-
perfusion on DVC OCTA en face images. Because OCTA
imaging and microperimetry were performed during the
same study visit, objective post-processing of vessel density
maps was not immediately available at the time of testing.
Therefore, an experienced clinician identified suspected
areas of perfusion compromise directly on the DVC OCTA
image and used this assessment to position the customized
subgrids.

Perfusion status within each customized region was
graded as normal, capillary dropout approaching normal (CD
to normal), capillary dropout (CD), or severe capillary drop-
out (CD severe). This grading was used only to guide subgrid
placement and was subsequently validated quantitatively by
measuring vessel area density within the exact same custom-
ized subgrid areas. Quantitative vessel density values for the
global OCTA image and customized grids according to these
grading categories are shown in Supplementary Fig. 1.

The customized protocol was designed to test whether
denser probing of OCTA-defined hypoperfused regions
provides additional functional information beyond gen-
eral macular sampling. To keep testing conditions compa-
rable, the total number of stimuli and test duration were
kept similar between the general and customized protocols,
with approximately 30—40 stimuli per examination distrib-
uted across three to four rectangular subgrids. Areas with
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Fig. 1 A The vessels from the
superficial vacular complex in the
en face infrared images from the
microperimtery device and OCT
were used for registration by the
research software SP-X1701.
The OCTA corresponds to the
area within the green rectangular
frame in the infrared image on
the left side. Notably, the general
pattern of the microperimetry
was superimposed on the en face
image of the OCTA. The blue
triangle, blue asterisks and the
red rectangle represents vessels
that were used for registration in
this example. B For each diabetic
patient, a customized micro-
perimetry pattern with stimuli
focused on areas in the OCTA
with pronounced VAD loss or
vessel abnormalities such as
microaneurysms was created. C
demonstrates the corresponding
areas in the OCTA for the stimuli
shown in B as colored boxes in
red, purple and yellow

intraretinal fluid or ellipsoid zone disruption were excluded,
and random subgrids were used when capillary dropout was
minimal.

The customized protocol was designed to test whether
denser probing of OCTA-defined hypoperfused regions
provides additional functional information beyond general
macular sampling. To keep testing conditions comparable,
the total number of stimuli and test duration were kept
similar between the general and customized protocols, with
approximately 30—40 stimuli per examination. Customized
stimuli were distributed across three to four rectangular sub-
grids. Areas with intraretinal fluid or ellipsoid zone disrup-
tion were excluded, and random subgrids were used when
capillary dropout was minimal.

Figure 1 shows the general and customized pattern and
the colocalization with OCTA. Colocalization between
microperimetry results with OCTA was ensured using the
research software SP-X1701 by Heidelberg Engineer-
ing (Spectralis Viewing Module ver. 6.9.5.703) [17, 18].
Both microperimetry and OCTA registration were device-
integrated: the MAIA microperimetry system uses its own
built-in scanning laser ophthalmoscope (SLO) for real-time
fundus tracking and stimulus placement, while the Spectra-
lis OCTA uses TruTrack active eye tracking with SLO-based
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Registered External Image

fundus imaging as the spatial reference frame. Colocal-
ization between the two modalities was achieved using
the Heidelberg Engineering research software SP-X1701
(Spectralis Viewing Module ver. 6.9.5.703), which aligns
both datasets to the same SLO fundus reference via vessel-
based landmark registration.

A 4-2 projection strategy, Goldmann III stimulus size,
200 ms duration, and 36 dB luminance range were used,
with eye-tracking and fixation quality metrics included.

OCT acquisition for macula volume scan and retinal
nerve fiber layer (RNFL) scan, segmentation quality
control

Spectral-domain OCT imaging was performed using the
Spectralis OCT2 system (Heidelberg Engineering, Heidel-
berg, Germany), and export via HeyEx. Macular imaging
followed a standardized protocol using Fast Volume mode
(25-line macular line-scan (20° x 20°), Automatic Real-
Time averaging with 25 frames, section spacing 240 pm).
All examinations were obtained under pharmacologic pupil
dilation. Automated retinal layer segmentation generated
by the device software was manually reviewed in all cases
and, when required, corrected by an experienced clinician
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to ensure accurate delineation of retinal boundaries. The
Spectralis OCT uses the same Q score (0 to 40) for both
structural OCT and OCTA, with the manufacturer recom-
mending more than 15 as the minimum threshold. We used
images with Q score >/= 25.

Standard glaucoma preset was used for RNFL circle
scan

Other OCT biomarkers — including disorganization of the
inner retinal layers (DRIL), hyperreflective foci, and inner
retinal layer thickness measurements — were not formally
analyzed, as their systematic grading was beyond the pre-
specified scope of this study and would require dedicated
grading protocols that were not established at the time of
data collection.

Quantification of vessel metrics in the OCTA

Fovea-centered 15° x 15° OCTA volumes (default: five
B-scan repeats) were acquired using a spectral-domain
OCT system (Spectralis, Heidelberg Engineering). Super-
ficial (SVC) and deep vascular plexus (DVC) slabs were
generated using the device’s automated layer segmentation
and exported as en face TIFF images. Segmentations were
manually verified by LJK and MNP. Projection artifacts
were addressed using the proprietary Projection Artefact
Removal algorithm (Spectralis OCTA module, Heidelberg
Engineering), and all scans underwent a clinical image-
quality review prior to inclusion. Given that the analysis was
restricted to eyes with minimal or no DME (per CST-based
criteria), projection artifacts were expected to be limited.

Images were processed in Matlab_R2024a with annota-
tion lines adjusted to gray value 0 to avoid vasculature den-
sity interference [19]. Regions of interest were annotated
and retained for further analysis. Image processing and
quantification were applied similarly to en face images and
customized microperimetry regions.

The authors followed the nomenclature and metric defini-
tions by Sampson et al. [20]. Histogram-based binarization
(Otsu’s method) was performed using Matlab’s ‘imbina-
rize,” with stored thresholds. Vessel Area Density (VAD)
was calculated as:

Number of white pizels

Vessel Area Density = /Overall number of pizels

Distance maps from binarized images were created using
Matlab’s ‘bwdist,” and mean distances were calculated.

Skeletonization applied the ‘bwmorph’ thinning method to
calculate Vessel Length Density (VLD):

Vessel Length Density = Number of centerline pixels/()vemll number of pizels

The Vessel Diameter Index (VDI) was calculated by divid-
ing Vessel Area Density by Vessel Length Density, indicat-
ing the mean diameter of vessels within the analyzed region:

Ves. i . . VAD _ Number of white pizels
Veessel Diameter Index = /VLD - Number of centerline pizels

Branchpoints were extracted with the ‘bwmorph’ branch-
points function but were not normalized, as all images cap-
tured 10°x10° retinal eccentricity. Detailed protocols for
VAD and VDI are available in a prior publication [21].

Axial length was not available for all participants and
therefore no axial-length—based magnification correction
was applied; to reduce magnification-related variability, we
restricted inclusion to eyes with refractive error between
—6.0 and +3.0 diopters and used a standardized OCTA
acquisition protocol across all subjects.

Definition of dependent and independent variables
and statistical analysis

The main dependent variable was retinal sensitivity (RS)
measured by microperimetry and expressed in decibels.
For group comparisons and primary multivariable analyses,
general macular RS from the standard microperimetry pat-
tern was used. For the localized structure—function analy-
sis, local RS from customized subgrids was compared with
OCTA-derived perfusion metrics measured within the cor-
responding regions of interest. Local RS was additionally
analyzed as a secondary dependent variable.

Independent variables included clinical parameters, sys-
temic comorbidities, structural OCT-derived parameters, and
OCTA-derived vessel metrics. Clinical variables comprised
BCVA in logMAR, anti-VEGF injections per year, persistent
intraretinal fluid despite anti-VEGF therapy, and previous
panretinal photocoagulation. Systemic variables included dia-
betes-related and cardiovascular/cerebrovascular comorbidi-
ties. In the multivariable mixed-effects models, cardio- and
cerebrovascular disease was defined as a composite patient-
level variable comprising coronary heart disease, myocardial
infarction, or stroke. Arterial hypertension was not included
in this variable because it was highly prevalent and was con-
sidered separately as a common cardiovascular risk factor
rather than as manifest cardio- or cerebrovascular disease.
OCT-derived variables included central retinal thickness and
RNFL thickness. OCTA-derived variables included vessel
area density, vessel length density, branch point number, ves-
sel diameter index, and mean distance to the nearest vessel,
assessed in the superficial and deep vascular complexes.
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Because some participants contributed both eyes, mixed-
effects models with patient identity as a random intercept
were used for group comparisons of BCVA, OCTA metrics,
fixation stability, and retinal sensitivity, as well as for mul-
tivariable analyses of RS. Age was compared between dia-
betic patients and healthy controls using Welch’s t-test, as
this test does not assume equal variances between groups
and is appropriate for comparing continuous variables
between two independent groups with unequal sample sizes.

Pearson correlation coefficients were calculated to assess
univariable associations between OCTA-derived vessel met-
rics, clinical parameters, treatment-related variables, and
RS. Candidate variables were considered for multivariable
modeling if they showed a relevant univariable association
with RS, defined as an absolute correlation coefficient>0.3
and/or statistical significance, or if they were considered
clinically relevant based on the study rationale.

Generalized linear mixed-effects models (GLMM) were
used to evaluate parameters associated with RS. Because
RS is a positive continuous variable, Gamma models with
a log link were fitted. Subject-ID was included as a random
intercept to account for inter-eye correlation. Candidate
predictors were added in an exploratory stepwise approach,
and model fit was compared using the Akaike Information
Criterion (AIC), together with convergence behavior, bio-
logical plausibility, and statistical significance of included
predictors.

All estimates are reported with 95% confidence intervals
and p-values.

Statistical analysis and visualization were performed in
RStudio/R version 4.3.1.

Results

This analysis included 25 eyes from 24 healthy controls
and 38 eyes from 31 diabetic patients. Demographics and
anti-VEGF treatment details are in Table 1. Age was not
significantly different in both groups (95% CI: -4.3 to 9.3,
p>0.05). Diabetic patients had worse visual acuity than
controls, with an adjusted mean difference of 0.217 log-
MAR (95% CI: 0.128 to 0.306, p<0.001). Cardiovascu-
lar and cerebrovascular risk factors were similar (50%
vs. 60%), with higher percentages in the diabetic group.
Hypertension was most common (58% in controls, 74%
in diabetics), followed by risk factors including previous
stroke, myocardial infarction and coronary artery dis-
ease (8% in controls, 25% in diabetics). Half of diabetic
patients received ongoing anti-VEGF therapy, averaging
six injections annually. Most diabetics had proliferative or
severe non-proliferative DR.
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Table1 Demographics and anti-VEGF characteristics of study patients
and controls

ControlsN=24  Diabetic
patientsN=31

Demographic characteristics

Number of study eyes 25 38
Age (years, mean + SD) 57.80+ 1593 61.21+
10.93
Male (n; in %) 12 (50%) 23 (74%)
BCVA in logMAR 0.04 +0.07 0.25+0.21
Type 2 Diabetes (n; in %) N.A. 25 (80%)
Cardio- and cerebrovascular risk 15 (60%) 22 (70%)
factors (i.e. hypertension, coronary
artery disease, previous stroke or
myocardial infarction)
HbAlc in % N.A. 7.65
Pseudophakic Eyes (n; in %) 5(20%) 20 (52%)
Presence of non-center involved N.A. 25 (65%)
DME (n; in %), otherwise dry
macula
History of panretinal photocoagula- N.A. 29 (76%)
tion (PRP) sessions (n; in %)
Ongoing anti-VEGF therapy (n; N.A. 21 (55%)
in %)
Number of anti-VEGF injections N.A. 6.05+2.73
for the past 12 months (n; in %)
Diabetic retinopathy stages (n; in ~ N.A.
%)
Mild NPDR 7 (18%)
Moderate NPDR 8 (21%)
Severe NPDR 12 (31%)
PDR 12 (31%)

SD standard deviation, N.4. not applicable, BCVA best corrected
visual acuity, HbAIc glycated hemoglobin, VEGF vascular endothe-
lial growth factor, NPDR non-proliferative diabetic retinopathy, PDR
proliferative diabetic retinopathy

Diabetic patients showed reduced
perfusion in OCTA and retinal sensitivity in
microperimetry

OCTA and microperimetry metrics are presented in Table 2.
Overall retinal sensitivity (RS) and OCTA parameters
derived from the entire image, included vessel area density
(VAD), vessel length density, branching point number, ves-
sel diameter index, and mean distance to the nearest ves-
sel were compared between healthy controls and diabetic
patients. All DVC parameters were significantly altered in
the diabetic group (all p-value<0.05; see Table 2), while
in SVC, only vessel diameter index and length density dif-
fered significantly from healthy controls. Diabetic patients
had significantly lower retinal sensitivity than controls with
an adjusted mean difference of -3.99 dB (95% CI: -5.51 to
-2.48, p<0.001).Fixation stability showed no significant
differences between controls and diabetics for both patterns
(95% CI: -2.23 to 1.97; p>0.05).
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Table 2 OCTA and microperim- OCTA metrics Controls Diabetic Adjusted 95% CI mixed
etry metrics of study patients and Mean+SD  patients mean dif- effects
controls Mean+SD  ference (DR p-value
— Control)
SvC
vessel area density (VAD) 0.21+0.05 0.19£0.05 -0.0281 -0.060 to p>0.05
(mean+SD) 0.004
Branch point number (mean=SD) 46561462 40081152 -825 -1603 to p>0.05
-47.76
Mean distance to nearest vessel 7.66+4.42 8.43+2.66 0.258 -1.75 to p>0.05
(mean+SD) 2.26
Vessel diameter index (mean+SD)  3.80+0.20 3.98+0.34 0.178 0.02t0 0.33 0.024
Vessel length density (mean+SD) 0.056+0.015 0.048+0.011 -0.01 -0.02 to 0.020
-0.002
DVC
vessel area density (mean+ SD) 0.26+0.05 0.20+£0.04 -0.065 -0.097 to 1.28 *
-0.033 10
Branch point number (mean=+SD) 8830+2014 6333+1596 -2714 -3822 to 8.60 *
-1606 107
Mean distance to nearest vessel 3.98+1.65 5.89+1.8 1.52 0.41 to 2.62 0.008
(mean=SD)
Vessel diameter index (mean+SD)  3.04+0.16 3.22+0.20 0.18 0.08 to 0.28 4.8% *
107
Vessel length density (mean+SD) 0.08+0.01 0.06+£0.01 -0.02 -0.03 to 2.81*
-0.02 10°°
Microperimetry metrics
Retinal sensitivity in dB, general 27.03£1.23  22.96+3.48 -3.99 -2.48-551 2.04*
SVC superficial vascular p att.ern (mea.n.i.SDv) ) 10°
complex, DVC deep vascular Retinal sensitivity in dB, customized n.a. 22.80+£3.64 n.a. n.a. n.a.
complex, dB decibel, n.s. non- local pattern (mean=SD)
significant defined as p-value > Fixation stability in %, general pat- 97.72+4.08 97.12+4.04 -0.128 -2.23-197 ns.
0.05. n.a. not applicable tern (mean+SD)
Fixation stability in %, customized  n.a. 96.97+5.08 n.a. n.a. n.a.

*compared to retinal sensitivity
pattern ((mean=+SD)

general pattern in diabetic group

OCTA parameter and retinal sensitivity
correlation assessment

DVC metrics mean vessel distance (»=—0.55, p<0.05) and
vessel length density (r=—0.59, p<0.05) showed the stron-
gest correlations with RS, while other parameters ranged
from »=-0.39 to 0.59 (»<0.05). In SVC, correlations were
lower (r=—0.23 to 0.36, p<0.05), except for mean vessel
distance, which was not significant (Fig. 2).

In stepwise linear analysis, Vessel Length Density was
found to be a significant predictor for retinal sensitivity in
the diabetic group, but not in healthy Controls.

Subgrid OCTA parameters from DVC showed lower
correlations with focal RS than OCTA parameters from
the entire image and RS from the general pattern in
microperimetry, with coefficients R? ranging from 0.20
to 0.26 (p<0.05). Vessel diameter index and all OCTA
parameters from SVC were not significantly correlated
with local RS.

Impact of clinical parameters on vessel area
density and retinal sensitivity

Clinical parameters that might influence the vessel area
density in DVC or RS in microperimetry were analyzed.
Correlation coefficient greater than 0.3 was found for RS in
general and local pattern (#=0.80, p<0.05), RS in general
pattern with BCVA (r=—0.42, p<0.05) and global RNFL
(r=0.41, p<0.05), VAD in local pattern and RS in general
pattern (r=0.49, p<0.05). Age, HbAlc, and the number of
anti-VEGF injections per year showed no correlation with
the VAD or RS (Table 3).

Risk factors for reduced retinal sensitivity

In the general retinal sensitivity pattern, worse BCVA and
previous PRP were significant predictors of lower retinal
sensitivity. A 0.1-unit increase in logMAR BCVA was asso-
ciated with a 2.77% reduction in retinal sensitivity (95% CI:
-3.29% to -2.25%, p<0.01). Absence of PRP was associated
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Fig. 2 Pearson’s correlation between
mean retinal sensitivity and OCTA
parameters in superficial vascular
complex (SVC) and deep vascular
complex (DVC). Branchpoint numbers
are counted as total numbers, vessel area
density and vessel length density are
expressed as ratio
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Table 3 Correlation between clinical DR and anti-VEGF parameters and visual function

Variable Age BCVA HbAlc Mean VAD in Retinal Retinal sensi- Anti-VEGF
(logMAR) local pattern  sensitivity tivity in local injections
in general pattern per year
pattern
Age
BCVA (logMAR) 0.11
[-0.26, 0.46]
HbAlc 0.13 0.05
[-0.25,0.46] [-0.31,0.41]
Mean VAD in local pattern -0.04 -0.21 -0.21
[-0.39,0.33] [-0.53,0.16] [-0.53,0.16]
Retinal sensitivity in general -0.04 —0.42%* -0.10 0.49**
pattern
[-0.39,0.33] [-0.68, [-0.45,0.27] [0.15,0.72]
—0.07]
Retinal sensitivity in local pattern ~ 0.01 -0.19 —0.12 0.35 0.80%*
[-0.35,0.37] [-0.52,0.18] [-0.46,0.25] [-0.01,0.63] [0.62,0.90]
Anti-VEG injections per year 0.10 -0.13 -0.17 0.07 —-0.09 -0.20
[-0.27,0.45] [-0.47,0.24] [-0.50,0.21] [-0.29,0.42] [-0.43,0.28] [-0.52,0.17]
RNFL global 0.07 0.03 -0.30 0.21 0.41* 0.27 -0.24
[-0.29,0.4] [-0.33,0.39] [-0.60,0.06] [-0.17,0.53] [0.06,0.67] [-0.10,0.58] [-0.55,0.14]

Numbers in square brackets indicate the 95% confidence interval for each correlation. * indicates p < 0.05. ** indicates p < 0.01

with 26.61% higher retinal sensitivity (95% CI: 20.54% to
32.98%, p<0.01), indicating lower retinal sensitivity in
eyes with previous PRP.

Absence of cardio and- cerebrovascular risk factors
showed a tendency toward higher retinal sensitivity, but this
association did not reach statistical significance (+21.23%,
95% CI: -3.13% to 51.72%, p=0.093). Absence of per-
sistent IRF was associated with higher retinal sensitivity
(+6.62%, 95% CI: 3.03% to 10.34%, p<0.01). The final
model including BCVA, cardio- and cerebrovascular risk
factors, persistent IRF, and previous PRP showed lower AIC
than the comparator model including BCVA and previous
PRP (AIC 114.1 vs. 141.9).

RS from local pattern was tested as dependent variable
as well. BCVA and previous PRP remained significant pre-
dictors. A 0.1-unit increase in logMAR BCVA was associ-
ated with a 0.60% reduction in local retinal sensitivity (95%
CI: -0.81% to -0.39%, p<0.01), and absence of previous
PRP was associated with 87.45% higher local retinal sen-
sitivity (95% CI: 83.84% to 91.13%, p<0.01). Cardio- and
cerebrovascular risk factors again showed a non-significant
tendency (+30.84%, 95% CI: -3.26% to 76.97%, p=0.081)
(Fig. 3).

Black dots represent individual eyes. White dots repre-
sent model-adjusted predicted retinal sensitivity averaged
over the observed covariate distribution. Error bars indicate
95% confidence intervals of the predictions.

Discussion

This cross-sectional study evaluated retinal sensitivity in
eyes with DME using both standard/general microperim-
etry and OCTA-guided customized local subgrids. The
study was designed to address two related questions: first,
whether clinical, systemic, anti-VEGF treatment-related,
OCT-derived, and OCTA-derived parameters are associ-
ated with general macular retinal sensitivity; and second,
whether localized OCTA-defined hypoperfused regions
provide additional structure—function information beyond
global OCTA metrics and the standard microperimetry pat-
tern. Overall, diabetic eyes showed reduced retinal sensi-
tivity and altered OCTA perfusion metrics compared with
healthy controls. However, the explanatory analyses did
not identify a strong set of clinically actionable predictors
for reduced retinal sensitivity. Moreover, customized local
subgrids did not provide additional functional information
beyond the general macular pattern. These findings suggest
that retinal sensitivity loss in treated DME is likely multi-
factorial and is not sufficiently explained by focal OCTA
perfusion deficits alone.

Our study aligns with prior research demonstrating cor-
relations between VAD in the superficial or deep vascular
plexus and RS in microperimetry, reported as 0.33 to 0.55,
similar to our findings (0.35 to 0.49) [9, 22, 23].

Prior OCTA work suggests that deep-layer perfusion
metrics (DVC) are often more sensitive to DR severity than
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Fig. 3 Predictors of general retinal sensitivity in the inter-eye GLMM analysis

superficial metrics, particularly in earlier stages: Ashraf et al.
reported that DVC vessel density/length density were already
reduced in mild NPDR compared with no DR, whereas SVC
metrics were not, indicating that early microvascular loss
may be more apparent in deeper plexuses [24]. Consistent
with this depth-specific vulnerability, deep capillary nonper-
fusion metrics have also been shown to predict clinically sig-
nificant DR outcomes even after adjusting for baseline DR
severity and BCVA.” [25]. Functionally, Scarinci et al. dem-
onstrated a spatial colocalization of DVC capillary nonper-
fusion with reduced microperimetric sensitivity in diabetic
macular ischemia, providing a mechanistic rationale to focus
on DVC when mapping perfusion to retinal sensitivity [12].
Against this background, we prioritized DVC-based perfu-
sion measures rather than SVC for our primary correlation
analyses and for guiding the subgrids concept.

The absence of a measurable advantage of OCTA-guided
customized grids is an important methodological finding.
Although the customized subgrids were placed over regions
with objectively lower vessel area density, local retinal sen-
sitivity within these regions was not lower than the general
macular retinal sensitivity of the same eye. Thus, the expected
focal structure—function relationship between localized DVC
hypoperfusion and localized RS loss was not observed in this
cohort. This suggests that focal OCTA-defined hypoperfusion
alone may not be sufficient to explain the spatial distribution
of retinal sensitivity loss in anti-VEGF-treated DME.

Several factors may have contributed to this finding. The
standard and customized protocols were designed with simi-
lar stimulus counts and test duration, which may have lim-
ited differences in sampling density. In addition, functional
impairment in treated DME may be spatially diffuse or influ-
enced by prior edema, neuroretinal damage, treatment his-
tory, or systemic vascular disease rather than by current focal
perfusion deficits alone. Finally, mean RS values may dilute
subtle pointwise differences, and residual registration error
between OCTA and microperimetry cannot be fully excluded.

Datlinger et al. found RS can remain unaffected despite
smaller non-perfused areas in the DVC, suggesting

@ Springer

compensatory mechanisms or photoreceptor tolerance to
ischemia [26]. This highlights the need to explore the spa-
tiotemporal relationship between structural abnormalities
and retinal dysfunction.

As expected, and reported from previous studies, BCVA
was significantly associated with retinal sensitivity, reflecting
the well-established overlap between central visual acuity
and macular function [10, 27, 28]. We therefore do not pres-
ent the BCVA—RS relationship as a novel finding. Rather,
BCVA was included as a clinically relevant covariate to con-
textualize microperimetry outcomes and to adjust for over-
all visual function. Previous PRP and persistent IRF were
also associated with lower retinal sensitivity in the mixed-
effects models. These findings are biologically plausible, as
previous PRP may reflect more advanced ischemic diabetic
retinopathy, while persistent IRF may indicate ongoing or
recurrent exudative activity. However, these associations
should not be interpreted as causal effects, because the cross-
sectional design cannot distinguish whether these variables
directly contribute to reduced RS or act as markers of more
advanced or longer-standing disease.

Cardio- and cerebrovascular comorbidity showed a ten-
dency toward lower retinal sensitivity, but the association
was not statistically robust in the final analysis and should
be interpreted with particular caution. The variable rep-
resented a composite history of coronary artery disease,
myocardial infarction, or stroke, and the subgroup size was
limited overall. Therefore, this finding may reflect a broader
systemic vascular disease burden rather than an independent
determinant of retinal sensitivity. Larger cohorts with more
detailed systemic vascular phenotyping are needed to clar-
ify whether cardio- and cerebrovascular comorbidity con-
tributes independently to functional impairment in DME.

Interestingly, OCTA metrics were not among the significant
predictors for RS, even though VAD from local pattern strongly
correlated with the general RS in linear regression and stepwise lin-
ear model identified vessel length density as significant predictors
for retinal sensitivity [29]. Possible explanations include significant
individual variability in vessel impairment [30], which complicates
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objective quantification of its effects. From the technical aspect,
potential influencing factors include the size of the region of inter-
est that was chosen for automated quantification, amount of image
averaging and other preset parameters during the image acquisition
as well as algorithms applied in the image processing. Kawai et al.
presented a study that confirms that scan sizes affects the quanti-
fication of vessel metrics such as vessel density and vessel length
density [31]. Since we applied the same quantification algorithms
to assess vessel metrics of the corresponding OCTA in both the
customized subgrid and the general MP pattern, differences in the
ratio, composition, and characteristics of small and large vessels
may arise in the smaller subgrids. We therefore speculate that these
differences could affect the quantification results, thus leading to
weaker correlation coefficients for the correlation between RS and
OCTA metrics that derived from the customized subgrids.

Our study has several limitations that need to be
addressed. Although we attempted to exclude the effects of
macular edema by recruiting only patients without center-
involving macular edema or ellipsoid zone abnormalities,
we cannot rule out the impact of prior damage from DME
or prolonged functional improvement following the resolu-
tion of IRF. However, comparable fixation stability between
DR and control persons is suggestive for comparable foveal
fixation ability. Residual registration error inherent to any
device-based alignment represents another limitation. The
OCT acquisition protocol generated data beyond what was
formally analyzed in this study. Biomarkers such as DRIL,
hyperreflective foci, and granular inner retinal layer thick-
ness measurements were not included in the predictive mod-
els. These parameters have been associated with functional
impairment in DME and may carry additional explanatory
value for retinal sensitivity beyond the variables examined
here. The macular OCT protocol used in this study — a
25-line fast volume scan over a 20°x20° field with a sec-
tion spacing of 240 um — provides sufficient coverage for
central subfield thickness measurement and detection of
intraretinal fluid but represents relatively sparse spatial sam-
pling. This limitation is inherent to the tradeoff between field
coverage and spatial resolution under a standardized, clini-
cally feasible acquisition protocol, and may have resulted in
underdetection of OCT biomarkers that could independently
contribute to the observed variation in retinal sensitivity.

Because most associations were modest and the cohort
size was limited, the explanatory models should be regarded
as exploratory and hypothesis-generating rather than as a
basis for clinical prediction.

In summary, this study confirms that eyes with DME show
reduced retinal sensitivity and altered OCTA perfusion met-
rics compared with healthy controls, and that OCTA-derived
vessel metrics show moderate associations with RS. How-
ever, neither localized OCTA-guided subgrids nor the evalu-
ated clinical, systemic, treatment-related, OCT-derived, and

OCTA-derived parameters provided a strong or clinically
definitive explanation for reduced retinal sensitivity. These
findings support the concept that functional impairment in
treated DME is multifactorial and cannot be inferred reli-
ably from focal OCTA perfusion deficits or single imaging
biomarkers alone. Future studies with larger cohorts, longi-
tudinal follow-up, pointwise OCT/OCTA-microperimetry
registration, and more detailed OCT biomarker grading are
needed to clarify the relative contributions of vascular, neuro-
retinal, and treatment-related factors to retinal sensitivity loss.
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