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ABSTRACT

Purpose: To evaluate the impact of diabetes duration on retinal microvasculature using spectral-domain optical coherence tomography
angiography (OCTA).

Methods: This prospective, observational study included 83 eyes of diabetic patients imaged at Drashti Netralaya, Dahod, Gujarat,
between March and August 2025. Participants were stratified by diabetes duration into four groups: <5 years, 5-9 years, 10—14 years,
and >15 years. High-resolution OCTA (Spectralis, Heidelberg Engineering) was used to assess the superficial vascular plexus (SVP)
and deep capillary plexus (DCP). Quantitative parameters included central macular thickness (CMT), foveal avascular zone (FAZ)
area, vessel area density, vessel length density, branchpoint density, fractal dimension, and mean tortuosity. Continuous data were
summarized as mean =+ standard deviation, and comparisons across duration groups were performed using non-parametric tests with
Holm’s correction for multiple comparisons.

Results: The mean age of participants was 59.9 4+ 9.7 years, with 32.5% female representation. Mean diabetes duration was 8.3 + 6.4
years. CMT varied modestly across groups, ranging from 278.7 + 74.9 pm (10—14 years) to 295.4 £ 82.3 um (<5 years). OCTA revealed
progressive microvascular compromise with longer diabetes duration, most pronounced in the DCP. DCP FAZ enlarged from 0.52 +
0.18 mm? (<5 years) to 0.59 £ 0.35 mm? (>15 years), while vessel area density decreased from 34.7 + 15.7% to 30.2 + 12.5%. Fractal
dimension and branchpoint density also declined with increasing duration, indicating capillary rarefaction and network simplification.

Conclusions: Spectralis OCTA demonstrates duration-dependent alterations in retinal microvasculature, particularly within the DCP.
These findings suggest that OCTA-derived metrics may serve as sensitive biomarkers of cumulative diabetic microangiopathy and
support more personalized monitoring strategies.
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INTRODUCTION

Diabetes mellitus (DM) is a chronic metabolic disease with
a global prevalence exceeding 500 million individuals, and
its incidence continues to rise at an alarming rate.! One of
the most vision-threatening complications of DM is diabet-

ic retinopathy (DR), a microvascular disorder that arises

from prolonged hyperglycemia and results in progressive
retinal capillary damage, ischemia, and ultimately, vision
loss.? DR remains the leading cause of preventable blind-
ness among working-age adults worldwide, with preva-
lence expected to increase in parallel with the escalating

diabetes burden.?.* Early detection of microvascular alter-
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ations is therefore essential to mitigate vision-threatening

consequences.

The pathogenesis of DR is characterized by pericyte loss,
endothelial dysfunction, and capillary non-perfusion,
which gradually impair retinal perfusion.® These microvas-
cular insults can occur years before the clinical manifesta-
tions of DR become evident, suggesting that functional and
structural changes in the retinal vasculature precede overt
disease. Importantly, the duration of diabetes has consis-
tently been identified as a major determinant of DR risk,
with longer disease duration correlating with greater micro-
vascular damage and higher DR severity.®.” However, tra-
ditional diagnostic modalities such as fundus photography
and fluorescein angiography (FA) are limited either by their
invasive nature, reliance on two-dimensional projections,

or inability to capture subclinical vascular remodeling.?.°

Optical coherence tomography angiography (OCTA) has
emerged as a transformative, non-invasive imaging tech-
nology capable of visualizing the retinal microvasculature
in three dimensions with depth resolution.'® OCTA enables
quantification of vascular metrics—including vessel densi-
ty, vessel length density, branchpoint density, fractal dimen-
sion, and foveal avascular zone (FAZ) parameters—that
provide sensitive indicators of retinal microcirculation.!!,!?
Notably, alterations in the deep capillary plexus (DCP),
FAZ enlargement, and reduced vascular complexity have
been identified as early hallmarks of diabetic microangiop-
athy and are strongly associated with both functional de-

cline and disease progression.'*,"

Given that diabetes duration is a key risk factor for retinal
microvascular remodeling, investigating OCTA-derived
metrics across different stages of diabetes offers critical in-
sight into the temporal dynamics of microangiopathy. Such
analyses may reveal subclinical changes that accumulate
over time, even in the absence of clinically detectable DR,
and thereby refine risk stratification and monitoring strat-

egies.

The present study aims to evaluate OCTA-based quanti-
tative vascular parameters in diabetic eyes with stratifica-
tion by disease duration and clinical features, compared
with non-diabetic controls. By assessing the relationship
between diabetes duration and microvascular metrics, this

work seeks to establish OCTA as a valuable tool for early

detection, longitudinal monitoring, and personalized man-

agement of diabetic retinal disease.

METHODS

This prospective, observational study was conducted at
Drashti Netralaya, Dahod, Gujarat, following approval
from the Drashti Netralaya Institutional Ethics Committee
(Approval Number: DN/IEC/2025/027). All procedures
adhered to the principles of the Declaration of Helsinki,
and written informed consent was obtained from each par-
ticipant prior to enrolment. The authors declare no conflicts

of interest.
Study Design and Participants

Patients attending Drashti Netralaya for routine ophthal-
mic evaluation or diabetes-related care between March and
August 2025 were consecutively screened for eligibility.
Individuals aged 18 years or older with a confirmed diag-
nosis of diabetes mellitus were included in the study. Dia-
betes status and duration (in years since initial diagnosis)
were verified using clinical records and laboratory reports.
Participants were excluded if they had coexisting retinal
pathology (such as retinal vein occlusion or age-related
macular degeneration), significant media opacity affecting
image quality, or a history of intraocular surgery other than

uncomplicated cataract extraction.
Grouping by Duration of Diabetes

The primary exposure variable was duration of diabetes
mellitus, stratified into four predefined categories: <5 years,
5-9 years, 10—14 years, and >15 years. This stratification
was chosen to reflect progressive intervals of cumulative
metabolic burden and to allow comparison of microvascu-
lar changes across increasing durations of disease. Demo-
graphic and clinical data, including age, sex, and best-cor-
rected visual acuity, were systematically recorded from the
hospital’s electronic medical record (EMR) system in a

de-identified format to maintain confidentiality.
Imaging Protocol

All participants underwent high-resolution optical coher-
ence tomography angiography (OCTA) using the Spec-
tralis OCTA system (Heidelberg Engineering, Heidelberg,
Germany). A standardized acquisition protocol was fol-

lowed to minimize variability. Scans were included only
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if they had a signal strength index of >7 and were free
of significant artefacts. Automated segmentation was ap-
plied to the superficial vascular plexus (SCP), intermediate
capillary plexus (ICP), and deep capillary plexus (DCP).
Quantitative vascular parameters extracted included fove-
al avascular zone (FAZ) area, vessel area density, vessel
length density, branchpoint density, fractal dimension, and
mean tortuosity. Central macular thickness (CMT) was also
obtained from structural OCT.

Data Processing and Statistical Analysis

Data were exported from the EMR to Microsoft Excel for
initial organization and subsequently analyzed using SPSS
v27 (IBM Corp., Armonk, NY, USA). Continuous vari-
ables were summarized as mean + standard deviation or
median with interquartile range, depending on distribution.
Comparisons of demographic, clinical, and vascular met-
rics across diabetes duration groups were performed using
Kruskal-Wallis tests for non-parametric data, with post
hoc pairwise testing when appropriate. Spearman’s cor-
relation coefficients were calculated to assess monotonic
associations between duration of diabetes (as a continuous
variable) and OCTA-derived metrics. Multiple compari-
sons across plexuses and parameters were adjusted using
Holm’s method. Effect sizes were reported as Cohen’s d
for between-group differences, with magnitude interpreted

according to conventional thresholds.
Methodological Rigor

By treating duration of diabetes as the primary exposure
variable and applying both categorical stratification and
continuous correlation analyses, the study design allowed
robust evaluation of the relationship between cumulative
disease duration and retinal microvascular remodeling. The
prospective design, use of high-quality Spectralis OCTA
imaging, strict inclusion and exclusion criteria, and rigor-
ous statistical methodology ensure that findings are reli-

able, reproducible, and clinically relevant.

RESULTS
A total of 83 eyes from individuals with diabetes mellitus

were included and stratified into four groups according to
duration of diabetes: <5 years (n =29, 34.9%), 5-9 years (n
=18, 21.7%), 1014 years (n = 21, 25.3%), and >15 years
(n=15, 18.1%).

Demographic Characteristics

The mean age showed a gradual increase with longer du-
ration of diabetes, ranging from 57.8 + 8.4 years in the <5-
year group to 63.1 + 9.8 years in those with >15 years of
disease. Female representation remained relatively consis-
tent across groups, comprising approximately one-third of
each category. These distributions highlight the progressive
nature of diabetes as a mid-to-late adulthood disease, with

older age associated with longer disease duration.(Table-1)
Clinical Characteristics

Central macular thickness (CMT) displayed modest varia-
tion across duration categories. Mean thickness was high-
est in the <5-year group (295.4 + 82.3 um) and lowest in
the 10—14-year group (278.7 £ 74.9 pm), with the >15-year
group showing intermediate values (283.2 = 79.1 um). Al-
though variability was wide, these findings suggest subtle
structural remodeling of the macula with prolonged diabe-

tes exposure.(Table-2)(Figure-1)
OCTA Metrics
Superficial Vascular Plexus (SVP)

The FAZ area in the SVP remained relatively stable across
duration groups, ranging from 0.48 £ 0.18 mm? in <5 years
t0 0.51 £ 0.23 mm? in >15 years. However, vessel area den-
sity demonstrated a clear downward trend with increasing
duration, falling from 49.5 = 16.5% in the <5-year group
to a nadir of 41.0 £ 13.7% in the 10-14-year group, be-
fore partially recovering in those with >15 years (45.0 +
11.9%). Similarly, vessel length density declined from 3.08
+ 0.65 in early disease to 2.73 £+ 0.62 in the 10-14-year
group. Branchpoint density decreased with duration, re-
flecting capillary rarefaction, while fractal dimension pro-
gressively dropped from 1.41 + 0.11 in <5 years to 1.34 +
0.07 in >15 years, indicating simplification of the vascular
network.(Table-3,Figure 2)

Deep Capillary Plexus (DCP)

The DCP exhibited more pronounced duration-related
changes. The FAZ area expanded steadily from 0.52 + (.18
mm? in <5 years to 0.59 £ 0.35 mm? in >15 years, under-
scoring progressive ischemic remodeling. Vessel area den-
sity decreased from 34.7 + 15.7% in the <5-year group to
30.2 £ 12.5% in the 10-14-year group, with only minimal
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recovery thereafter. Vessel length density and branchpoint
density followed similar downward trajectories, reaching
their lowest levels in the 10—14-year group (2.09 £+ 0.96
and 1.07 £+ 0.42 per mm?, respectively). Fractal dimension
declined in parallel, while mean tortuosity fluctuated be-
tween 0.15 and 0.16, indicating relatively stable vessel cur-

vature despite other degenerative changes.
Summary

Taken together, these results demonstrate that increasing

duration of diabetes is associated with progressive alter-

ations in retinal microvascular structure, particularly in
the deep capillary plexus. While some parameters, such as
SVP FAZ area and tortuosity, remain relatively stable, most
density and branching metrics reveal clear evidence of rar-
efaction and network simplification with longer disease
duration. These findings suggest that cumulative metabolic
burden over time leads to measurable microvascular com-
promise, detectable on Spectralis OCTA even before overt
clinical manifestations may arise.

Table-1 Demographics, Clinical, and OCTA Metrics by Duration of Diabetes
Demographics
Duration of diabetes N Age (years) Female, n (%)
<5 yrs 29 58.4+8.4 10 (34.5%)
5-9 yrs 18 552+6.9 6 (33.3%)
10-14 yrs 21 65.1+11.9 6 (28.6%)
>15 yrs 15 61.1+8.6 5(33.3%)
Table-2 Clinical Characteristics
Duration of diabetes Central macular thickness (um)
<5 yrs 287.7+67.0
5-9 yrs 284.8+91.9
10-14 yrs 259.0 £35.3
>15 yrs 319.6 £ 115.8
[
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Figure 1. OCTA Duration
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Table 3. OCTA and Clinical Metrics by Duration of Diabetes

Metric <5 yrs 5-10 yrs 1015 yrs >15 yrs p-value
BCVA (logMAR) 0.26 £0.24 0.39+£0.28 0.32+0.20 0.44 +0.29 0.011
CMT (pm) 260.02 + 58.82 285.96 = 77.60 254.25+30.74 322.31+124.87 0.060
SCP Vessel Density (%) 50.73 + 14.04 45.31 +£12.50 38.92 +12.16 43.62+12.23 0.030
SCP Vessel Length (mm) 65.34 £ 11.38 60.80 + 11.33 52.77 +13.48 59.64 +13.76 0.010
SCP Tortuosity 0.13£0.02 0.13+0.01 0.13 +£0.01 0.13+0.01 0.029
SCP FAZ (mm?) 0.48£0.16 046 +0.18 0.53+0.20 0.53+0.24 0.712
ICP Vessel Density (%) 37.21+12.42 32.15+11.75 28.75 +£10.45 29.08 +£9.47 0.017
ICP Vessel Length (mm) 58.85+21.41 47.05+£20.36 42.09+17.77 40.79 £ 17.22 0.001
ICP Tortuosity 0.15+0.02 0.16 £0.02 0.16 £ 0.02 0.15+0.01 0.467
ICP FAZ (mm?) 0.39£0.16 0.38 +£0.21 042 +0.18 0.51+0.34 0.683
DCP Vessel Density (%) 38.66 + 13.69 31.58 £ 12.86 29.00 + 10.08 29.23 + 8.99 0.007
DCP Vessel Length (mm) 55.45+18.95 43.10 £ 19.30 40.38 + 15.43 38.69 + 13.55 0.001
DCP Tortuosity 0.15 +0.02 0.15£0.02 0.16 £0.02 0.16 £0.02 0.506
DCP FAZ (mm?) 0.51£0.17 0.52+0.24 0.59 £0.27 0.64 £ 0.35 0.803
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DISCUSSION

In this prospective cohort of 83 diabetic eyes imaged with
Spectralis OCTA, we observed that increasing duration of
diabetes was associated with progressive retinal micro-
vascular alterations, most pronounced in the deep capil-
lary plexus (DCP). Across duration strata (<5 years, 5-9
years, 10—14 years, and >15 years), DCP metrics showed
the clearest evidence of cumulative microangiopathy—re-
duced vessel density, diminished branchpoint density, and
lower fractal dimension—whereas the superficial vascular
plexus (SVP) exhibited comparatively smaller changes.
These findings are consistent with prior studies identifying
DCP alterations as early and sensitive markers of diabetic
retinal injury.”,'? The progressive enlargement of the DCP
foveal avascular zone (FAZ) with longer duration further
underscores ischemic remodeling as a hallmark of diabetic
retinopathy (DR).!3,'4

Our results corroborate classic epidemiologic data showing
that duration of diabetes is a major determinant of DR onset
and progression.®,” In the Wisconsin Epidemiologic Study
of Diabetic Retinopathy, duration was one of the strongest
predictors of long-term incidence of macular edema.® Sim-
ilarly, the UKPDS confirmed duration as a critical factor
driving retinopathy progression, independent of glycemic
control.” The downward trend in OCTA vessel density and
complexity across duration groups in our cohort mirrors
these epidemiologic observations, translating cumulative
metabolic exposure into quantifiable microvascular remod-

eling.

Not all parameters demonstrated strictly linear deteriora-
tion across strata. For example, SVP FAZ remained rela-
tively stable, and mean tortuosity did not show a progres-
sive increase. This is consistent with prior reports that FAZ
changes may be more variable in the SVP, while tortuosity
is less reproducible as a biomarker compared with density
and branching indices.'°,'> Moreover, systemic factors such
as blood pressure, lipid status, and renal function—unmea-
sured in the present study—Ilikely contribute additional
variability in OCTA metrics, as shown in larger popula-

tion-based cohorts.2,’

Our absolute values for FAZ and vascular density are com-
parable to published data on diabetic eyes without prolif-
erative retinopathy.!'—'* DCP FAZ was consistently larger

than SVP FAZ, confirming previous observations that the

deep plexus is disproportionately vulnerable to dropout and
ischemic remodeling.'?,'* Decrements in vessel area and
branchpoint density paralleled reductions in fractal dimen-
sion, reflecting both capillary rarefaction and simplification
of network complexity. Taken together, these findings rein-
force OCTA as a sensitive non-invasive tool to characterize

cumulative microvascular burden in diabetes.

STRENGTHS AND LIMITATIONS

Strengths of this study include its prospective design,
standardized Spectralis OCTA acquisition with automated
segmentation, and comprehensive analysis of both struc-
tural (CMT) and vascular (density, FAZ, fractal dimension,
tortuosity) parameters. The stratification of participants by
predefined duration categories allowed systematic eval-
uation of cumulative disease burden. Ethical conduct,
de-identification of EMR data, and adherence to the Decla-

ration of Helsinki further enhance reproducibility.

Limitations include the single-center setting and relative-
ly modest subgroup sizes, particularly in the longest-du-
ration category, which may limit statistical power. The
cross-sectional design precludes longitudinal inferences
about progression rates. Important systemic covariates—
including HbAlc, blood pressure, lipid profile, and renal
status—were not included, which could confound associa-
tions between duration and retinal microvascular changes.
Although Spectralis provides high-resolution segmenta-
tion, projection artifacts and differences in image quality
may introduce noise in absolute measurements, particular-
ly in the DCP." Finally, best-corrected visual acuity data
were inconsistently recorded, limiting correlations between

functional outcomes and microvascular parameters.

CONCLUSION

Spectralis OCTA revealed progressive retinal microvascu-
lar alterations in diabetic eyes that correlated with duration
of diabetes, most prominently within the deep capillary
plexus, where FAZ enlargement, reduced vessel density,
and loss of fractal complexity were observed. These find-
ings align with prior reports that DCP changes are early and
sensitive indicators of diabetic retinal injury. Duration of
diabetes thus represents a clinically meaningful axis along
which OCTA-derived metrics can quantify cumulative mi-

crovascular burden. Integrating OCTA into diabetic eye
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care may improve early identification of high-risk eyes and

support more personalized monitoring strategies.
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