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Purpose: To evaluate retinal hemodynamic responses to anti-vascular endothelial
growth factor (VEGF) injection in eyes with diabeticmacular edema using optical coher-
ence tomography angiography (OCTA). We performed a comparison of two different
thresholdingmethods to identify themost accurate for studying the vessel density (VD)
in diabetic macular edema eyes.

Methods: The study prospectively included 26 eyes of 22 subjects (aged 60.2 ± 13.7
years) who underwent OCTA scan before and after anti-VEGF injection (mean inter-
val between OCTA = 31.1 ± 17.3 days). We analyzed adjusted flow index, VD, and
Skeletonized vessel length density in the parafoveal area (3-mm annulus with a
1-mm inner circle), alongwith full-thickness fovea avascular zone area and central foveal
thickness (CFT). Using averaged scans VD as the ground truth, we compared two differ-
ent algorithms for VD at the different plexuses. Longitudinal changes were assessed
using a generalized linear model correcting for central foveal thickness and Q-score.

Results: We found significantly decreased adjusted flow index in the DCP layer (P =
0.010) at the follow-up. Furthermore, foveal avascular zone (P < 0.001) and central
foveal thickness (P = 0.003) showed significant decrease on follow-up compared with
baseline. Comparing the thresholding algorithms showed that vessel length density–
based thresholding was more accurate for quantifying the DCP VD.

Conclusions: The adjusted flow indexdecreased significantly in theDCP layer on follow-
upOCTA scan, suggesting vascular flowdisruption anddecreaseddeep retinal perfusion
after anti-VEGF injection. Our results also highlight the fact that the choice of threshold-
ing method is particularly critical for DCP quantification in eyes with diabetic macular
edema.

Translational Relevance: Findings confirmed impaired deep retinal capillary flow after
anti-VEGF injection.

Introduction

Diabetic macular edema (DME) is a leading cause
of visual loss among diabetics, with a prevalence
approaching 30% depending on diabetic retinopathy
(DR) severity, type of diabetes, and duration of the
disease.1 The pathophysiology of DME is complex but
upregulation of vascular endothelial factor (VEGF)
leading to breakdown of the inner blood-retina
barrier with retinal vascular leakage is thought to

be a major contributing factor.2 Anti-VEGF therapy
has, therefore, become the first-line treatment for
DME.3

In addition to their role in DME treatment, anti-
VEGF injections have become the new gold standard
for a considerable variety of other retinal diseases.4
Although the clinical outcomes of anti-VEGF therapy
have generally been positive, several reports have
raised potential concerns regarding anti-VEGF effects
on retinal hemodynamics. In eyes with neovascular
age-related macular degeneration, progressive retinal
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arteriolar vasoconstriction was associated with each
subsequent intravitreal anti-VEGF injection as seen
on retinal vessel analyzer.5 This finding was replicated
in 27 eyes with branch retinal vein occlusion, where
significant vasoconstriction was observed in the large
retrobulbar retinal arteries along with a decrease in
flow velocities measured on color Doppler imaging.6
Furthermore, sustained retinal arteriolar vasocon-
striction was seen 1 year after the first intravitreal
anti-VEGF injection in eyes with neovascular age-
related macular degeneration.7 These findings could
have clinical implications for eyes with an already
attenuated retinal vasculature, potentially exacerbating
ischemic damage in eyes with DR. Although blocking
VEGF decreases macular edema, it is important to
investigate the effects of these treatments on the retinal
microvasculature.8–12

Optical coherence tomography angiography
(OCTA) is a noninvasive imaging method that has
been used to study capillary changes in eyes with
DR and to characterize the distinct macular capil-
lary plexuses.13–15 Interestingly, eyes with DME were
shown to have lower vascular density in the deep capil-
lary plexus (DCP) compared with non-DME eyes.16
Although OCTA is widely used in DME, little atten-
tion has been paid to correcting OCTA artifacts such
as suspended scattering particles in motion, which
could lead to overestimations of DCP vessel density
(VD).17 In a study using swept- source OCTA, artifacts
were found in approximately 25% of DME eyes.18

The purpose of this study was to use OCTA
imaging to quantitatively characterize short-term
retinal hemodynamic changes in patients with DME
after a single intravitreal anti-VEGF injection. Given
the various artifacts associated with DME, we also
explored the most effective OCTA thresholding
algorithm for the three capillary plexuses (superficial,
middle, and deep retinal capillary plexuses). Different
thresholding methods can yield significantly different
quantitative OCTA results and can even impact the
directionality of trends.19 With the understanding that
imaging artifacts in DME could potentially confound
OCTA measurements, it is particularly important to
identify the most effective thresholding algorithm.
In this study, we demonstrate that the most reliable
thresholding methods to remove background noise in
DME depends on the capillary layer studied.

Methods

Study Sample

This prospective studywas conducted in theDepart-
ment of Ophthalmology at Northwestern University in

Chicago, Illinois, betweenApril 2017 andOctober 2021
with approval from the Institutional Review Board of
Northwestern University. This study was conducted
in accordance with the Health Insurance Portability
and Accountability Act regulations and the Declara-
tion of Helsinki tenets. Individuals with DME treated
with anti-VEGF injections, determined by review of
electronic health records, were recruited from the clinic.
All participants gave written informed consent before
images were obtained.

Inclusion criteria were subjects with diabetes and
eyes with center-involved DME based on OCT central
subfield thickness of more than 240 μm, the presence
of residual cystic or intraretinal fluid requiring anti-
VEGF treatment, and clinical assessment by board-
certified ophthalmologists. Only eyes that had baseline
OCTA scan before anti-VEGF injection and follow-up
OCTA scan after anti-VEGF injectionwere included in
the current study. Patients diagnosed with either type 1
or type 2 diabetes were included. Eyes with prior ocular
interventions for diabetes (e.g., panretinal photocoag-
ulation, surgery, or intravitreal injection) or nonvisu-
ally significant cataracts were not excluded from the
study. Individuals with age-related macular degenera-
tion were excluded from the study.

The International Clinical Diabetic Retinopathy
Disease Severity Scale was used to classify patients
with proliferative DR or nonproliferative DR (NPDR)
as mild, moderate, or severe based on color fundus
photographs.20 In this staging system, patients with
only microaneurysms are staged as mild NPDR,
whereas patients with more than just microaneurysms
such as soft exudates, venous beading, or hemor-
rhages or microaneurysms that do not meet severe
NPDR criteria are staged as moderate NPDR. Severe
NPDR was staged if there were four quadrants
of hemorrhages or microaneurysms, two quadrants
of venous beading, or one quadrant of intraretinal
microvascular abnormalities exceeding standard refer-
ence photographs with no evidence of proliferative
retinopathy.

Subjects with baseline imaging but without follow-
up OCTA scans within 3 months from anti-VEGF
injections were excluded. Follow-up OCTA scan was
done at patients’ next scheduled appointment in clinic.
Additional study-specific appointments were scheduled
for imaging patients who did not have a clinical visit
within the study window. Eyes with motion artifact
on OCTA scan or poor OCTA image quality, defined
as quality index (Q-score) of less than 5 and a signal
strength index (SSI) of less than 48 were also excluded.

Demographic and clinical information were
reviewed and extracted from the electronic medical
records.
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OCTA Imaging

Using the RTVue-XR Avanti System (Optovue,
Inc., Fremont, CA) with split spectrum ampli-
tude decorrelation angiography software (version
2017.1.0.151), 3 × 3 mm2 OCTA scans centered on the
fovea were acquired.21 Specifications of the machine
include A-scan rate of 70,000 scans per second and
light source centered at 840 nm with a bandwidth
of 45 nm. Two B-scans (M-B frames) were captured
consecutively with each containing 304 A-scans.
Split spectrum amplitude decorrelation angiography
software was used for angiographic flow information
generation. The SSI and quality index (Q-score) which
represent the overall quality of image were obtained
from the machine’s proprietary software.

Image Analysis Segmentation

Using default segmentation parameters, OCTA
images of the full retinal angiogram and the superficial
capillary plexus (SCP) were segmented using the built-
inAngioVueAnalytics software (version 2017.1.0.151).
The full retinal thickness OCTA was segmented from
the internal limiting membrane to 10 μm below the
outer plexiform layer. The SCP was segmented from
the internal limiting membrane to 10 μm above the
inner plexiform layer (IPL). Manual segmentation was
performed on the instrument to obtain the middle
capillary plexus (MCP) and DCP, as described previ-
ously.22 TheMCPwas segmented from 10 μmabove the
IPL to 30 μm below the IPL. The DCP was segmented
from 30 μm below the IPL to 10 μm below the outer
plexiform layer.

Calculation of OCTA Parameters

OCTA parameters were obtained for the parafoveal
region, defined as the annulus centered on the fovea
with inner and outer ring diameters of 1 and 3 mm,
respectively. All image analyses were performed using
Image J (developed byWayne Rasband, National Insti-
tutes of Health, Bethesda, MD; available at http://
rsb.info.nih.gov/ij/index.html) by two separate graders.
The central foveal thickness (CFT) was also obtained
from the machine from the full retinal thickness
scan.

The foveal avascular zone (FAZ) area was manually
traced and calculated as previously described.22 The
adjusted flow index (AFI) is an indirect measure of
blood flow based on the average pixel density of all
vessels in the parafoveal region and was calculated
according to previously described protocols via image
J.23 The parafoveal VD, calculated as the percentage

of pixels occupied by blood vessels in the parafoveal
region, was obtained directly from the built-in machine
software for the full retina, SCP, and MCP layers. The
VDof theDCP layer was calculated according to previ-
ously described protocols.23

Each image was binarized and then skeletonized
by the ImageJ open source plugin Skeletonize3D
(developed by Ignacio Arganda-Carreras; available at
http://imagej.net/Skeletonize3D) as shown in Figure
1.24 Skeletonized images were used to determine
the skeletonized VD, also known as vessel length
density (VLD), which represents all vessels skele-
tonized to 1 pixel width. This function eliminates
the influence of larger arterioles and venules on
density measurements in contrast with the VD, which
will disproportionately represent larger arterioles and
venules.

Binarization and Thresholding Validation
Methods

Because thresholding methods may impact the
measured parameters, we compared two different
thresholding methods to identify the method that more
accurately represents the ground truth in the differ-
ent capillary layers.23 In the previously reported VLD-
based thresholding method for the DCP,23 a custom
ImageJ macro was used to calculate DCP skeletonized
VLD for a variety of possible threshold values. These
calculated VLDs were then plotted against the thresh-
old values on a graph. Because noise presumably
decreases faster than the true vessel signal, the optimal
threshold value is determined to be the point where the
DCP vessel length versus threshold curve transitions
from steep to shallow. Best fit lines were drawn on the
DCP VLD versus threshold plot (Fig. 2). The intersec-
tion of these the two lines was calculated and represents
the DCP binarization threshold that we used. This
approach allowed us to better distinguish the true vessel
signal from noise by using an individualized threshold
for each eye.23

To validate the thresholding method, we prospec-
tively performed five repeated OCTA scans on nine
eyes with DME. In these eyes, we performed image
segmentation, registration, and averaging to generate
an averaged scan for the full retina as well as the SCP,
MCP, and DCP slabs. Using the averaged scans, we
calculated the ground truth parafoveal VD using an
automated method (Huang) available in ImageJ (Fig.
3a).23 TheVD from the proprietary software andVLD-
based methods were then compared with the ground
truth VD for each layer (Fig. 3b).23 We compared the
mean absolute error between the ground truth VD for

http://rsb.info.nih.gov/ij/index.html
http://imagej.net/Skeletonize3D
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Figure 1. Optical OCTA of the DCP from baseline to follow-up with AFI. (Top row) Parafoveal area of DCP at baseline (left) and follow-up
(right). (Middle row) Binarized parafoveal area of DCP at baseline (left) and follow-up (right). (Bottom row) Skeletonized parafoveal area of DCP
at baseline (left) and follow-up (right).

each layer to the other two methods using a two-sided
paired t test.

Based on these results, we used the threshold from
the VLD-based method for subsequent calculations
of the DCP layer.23 The VD of the full retina, SCP,
and the MCP layers were based on the proprietary

software. However, because this proprietary software
did not provide the AFI values, we used the FAZ signal
on a full-thickness angiogram to find the threshold
for subsequent manual image analyses, as previously
described.22,24,25 This threshold was then used to calcu-
late the AFI and VLD of the SCP.
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Figure2. ExampleofDCPVLD-based thresholdingmethod. For a variety of possible threshold values, theDCPVLD is calculated andplotted
on a graph. Two regression lines are fitted, with one on the steep region of the curve representing noise (blue) and one on the plateau region
of the curve representing signal (orange). The final chosen threshold for this particular image is located at the intersection of the regression
lines (black arrow).

Statistical Analyses

Statistical analyses were performed with SPSS
version 28 (IBM SPSS Statistics; IBM Corporation,
Chicago, IL). Statistical significance was defined as a
P value of less than 0.05. Two-way mixed intraclass
correlation coefficient (ICC) was used to assess inter-
grader reliability for threshold measurements gathered
from full retinal scan and DCP scans. Pearson corre-
lations were used to evaluate associations between
potential confounding variables and OCTA param-
eters. Shapiro–Wilk tests were performed to deter-
mine normal distribution of OCTA parameter data.
A generalized linear model with a repeated measures
design was used for comparing OCTA parame-
ters comparison between baseline and follow-up
scans.

Results

Demographics

We included a total of 26 eyes of 22 patients (aged
60.2 ± 13.7 years) who had prospective OCTA scan
before and after anti-VEGF injection for DME (mean
interval between OCTA, 31.1 ± 17.3 days). Overall
patient demographic and clinical characteristics are
summarized in Table 1. All eyes had center involving
DME requiring anti-VEGF treatment.

Evaluation of Thresholding Methods

For the DCP layer, the mean absolute error of
the VLD-based method was smaller than that of the
AngioVue output (P = 0.042). For the SCP layer, the
opposite was true (P = 0.037). For the full retina and
MCP layer, the AngioVue method had a smaller mean
absolute error than the VLD-based method, but the
difference between the two methods was not statisti-
cally significant (P = 0.46 and P = 0.42, respectively,
for these two slabs) (Figs. 2c, d).

Overall, based on this analysis, we found that,
for DME eyes, the VLD-based method is signifi-
cantly more accurate for the DCP slab, the propri-
etary software output is more accurate for the SCP
layer, and the twomethods performing similarly for the
full retina and MCP slabs. Therefore, for subsequent
image analysis, when calculating the VD, we used the
VLD-based method for the DCP slab and the software
output for the VD in the MCP, SCP, and full retina
layers.

Comparison of OCTA Parameters Between
Baseline and Follow-up

Threshold measurements used for AFI and VLD
calculations by the two separate graders had an ICC
of 0.990 (95% confidence interval [CI], 0.971–0.996)
for the full retinal layer, SCP, and MCP and an ICC
of 0.991 (95% CI, 0.974–0.997) for the DCP. FAZ
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Figure 3. Evaluating Different OCTA Thresholding Methods for DME Eyes. (a) Example of an averaged scan of the DCP layer in a DME eye.
(b) Best quality scan out of the 5 scan used to generate the average image in with black line indicating ideal fit line (a). Here, the VLD-
based method (VD = 0.293) matches the ground truth VD (VD = 0.338) more closely than the AngioVue method (VD = 0.451). (c, d) Graph
comparing the AngioVue method (c) and the VLD- based method (d) with the averaged scan VD. MAE, mean absolute error; m, slope of the
best fit line.

measurements by the two separate graders had an ICC
of 0.991 (95% CI, 0.975–0.997).

The SSI and Q-scores, which are proxies for image
quality, were compared using paired t tests and found
to be not significantly different between baselineOCTA
scans from follow-up scans. The CFT (P = .003) was
found to be significantly decreased comparing baseline
with follow-up, consistent with prior studies.26 Pearson
correlation coefficient analysis indicated SSI and Q-
score showed significant associations with OCTA
parameters along with baseline CFT (Supplementary
Table S1). Therefore, we chose to adjust for Q-score

along with CFT in the subsequent OCTA outcome
analysis.

We found the DCP AFI was significantly decreased
on follow-up OCTA scans (P = 0.010) compared with
baseline. We also found significant decreases in FAZ
area (P < 0.001) via generalized linear model and
significant decreases in CFT (P = 0.003) from baseline
via paired t tests. Detailed findings are summarized
in Table 2.

No significant differences were found for VD in
any layer or VLD of the SCP comparing the baseline
OCTA scan compared with the follow-up scans.
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Table 1. Demographic and Clinical Characteristics of
Study Patients

Patients 22
Eyes 26
Age, years 60.2 ± 13.7
Sex
Female 11 (50)
Male 11 (50)

Diabetes
Type 1 4 (18)
Type 2 18 (82)

Disease duration, years 19.0 ± 11.3
DR Dx
Mild NPDR 3 (12)
Moderate NPDR 10 (38)
Severe NPDR 3 (12)
PDR 10 (38)
PRP treated 8 (80)
No PRP 2 (20)

Last HbA1c 7.6 ± 1.4
Mean Interval between OCTA scans
(days)

31.1 ± 17.3

Treatment
Naïve 3 (12)
Previous treatment (e.g., intravitreal
injections, panretinal
photocoagulation)

23 (88)

Prior intravitreal injections
<10 17 (65)
10–19 2 (8)
20–29 2 (8)
≥30 5 (19)
Values are number, number (%), ormean± standarddevia-

tion.

Overall, the AFI trends were similar in all layers except
for the MCP P Value < 0.05.

Discussion

In this study, we used OCTA to study retinal
hemodynamic changes in the retinal capillaries after
an anti-VEGF injection in eyes with DME. Using the
OCTA parameter of AFI, which serves as a proxy
for blood flow, we found a significant decrease in
AFI of the DCP layer after anti-VEGF injection. We
also performed a systematic analysis of the different
thresholding approaches to identify the most accurate
approach for the three capillary plexuses in eyes with
DME.We found that the VLD-based method is signif-
icantly more accurate for the DCP slab, whereas the

proprietary software output was acceptable for the full,
MCP, and SCP layer.18,23 This finding will be useful for
researchers using OCTA in eyes with DME.

The most salient finding in our study was that the
AFI was significantly decreased in the DCP layer,
which suggests a disruption of deep retinal perfusion
after a single anti-VEGF injection in eyes with DME.
In contrast, using fluorescein angiography (FA), large
randomized controlled clinical trials found no worsen-
ing of macular perfusion after following anti-VEGF in
eyes with DME.27 This finding is not surprising; the
DCP is not visualized by FA and can only be discerned
using the depth resolved OCTA scans.28,29 Further-
more, OCTA has unique advantages over FA and,
being unperturbed by leakage, is generally much better
at resolving capillary nonperfusion.30 Our AFI results
suggest perfusion-related injury to ocular structures
cannot be ruled out in patients receiving intravitreal
injections. Unlike previous studies, we used the VLD-
based threshold for the DCP based on our systematic
analysis. Our study was uniquely positioned to inves-
tigate hemodynamic responses in previously treated
individuals, a population that is clinically relevant. This
would fit with the patient population most impacted
by hemodynamic disruptions that could potentially
exacerbate their preexisting ischemia. Because retinal
microvascular impairment in the DCP correlates with
DME severity, further disruption of retinal perfusion
during anti-VEGF therapy could be detrimental to this
specific capillary plexus.31

Decreased CFT is consistent with reduced DME
after anti-VEGF intravitreal injections, as would
be expected. Several studies using FA images have
reported enlargement of the FAZ after anti-VEGF
therapy, which could be related to decreased leakage
and better definition of the FAZ boundaries.32,33
Ghasemi Falavarjani et al.34 examined the SCP and
DCP FAZ separately on OCTA and did not find signif-
icant differences after anti-VEGF therapy in eyes with
DME or secondary to retinal vein occlusion. Differ-
ent from this latter study, we measured the FAZ area
of the full retinal slab rather than the separate capil-
lary plexuses. Separating the FAZ into different vascu-
lar plexuses may increase variability, whereas a single
full retina FAZ may provide more accurate measure-
ments.35–38 Displacement of vessels owing to edema
could also displace the FAZborder laterally. A decrease
in edema would be consistent with a corresponding
decrease in FAZ area in the full retinal slab, as we have
found. Thus, measurement of a single FAZ in the full
retinal slab allowed us to capture these global changes.

Previous studies have not explored the accuracy
of OCTA thresholding methods in eyes with DME.
In one study analyzing averaged OCTA scans, images
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Table 2. OCTA Retinal Hemodynamic Imaging Outcomes at Baseline Versus Follow-Up

Measurement Baseline Mean Follow-Up Mean
(Mean ± SD) (n = 26) (n = 26) P Value

SSI 58.65 ± 6.34 59.58 ± 7.22 0.373
Q-Score 7.15 ± 1.05 7.12 ± 1.07 0.840
CFT 339.53 ± 75.86 314.92 ± 69.96 0.003
FAZ 0.3362 ± 0.1598 0.3173± 0.1492 <0.001
AFI
Full Retina 0.441 ± 0.058 0.439 ± 0.062 0.639
SCP 0.452 ± 0.057 0.450 ± 0.060 0.742
MCP 0.424 ± 0.064 0.428 ± 0.069 0.248
DCP 0.430 ± 0.023 0.417 ± 0.043 0.010

VD
Full retina 46.185 ± 6.771 46.877 ± 5.770 0.201
SCP 37.065 ± 6.127 36.881 ± 5.856 0.467
MCP 41.085 ± 5.636 41.246 ± 6.084 0.844
DCP 25.423 ± 6.330 27.253 ± 7.087 0.093

VLD
SCP 13.046 ± 2.894 13.344 ± 2.948 0.984
Imaging characteristics (SSI, Q-score, CFT) were compared using paired t tests. OCTA measurements (FAZ, AFI, VD, and

VLD) were compared using generalized linear model adjusted for CFT and Q-score. Values presented in bold are significant
as defined by p-value < 0.05.

were binarized using the autothresholding function on
ImageJ to measure the VD.39 Other OCTA studies
have used the built-in software values for VD.26,34
However, it is important to critically assess the thresh-
old choice for binarization because it significantly
impacts quantitative measurements, including VD and
VLD.19 By comparing the two methods with ground-
truth values (VD data extracted from averaged OCTA
scans), we found that the VLD-based thresholding is
more accurate for the DCP slab, whereas the built-in
method more accurately reproduces the ground truth
VD for the SCP layer, and performed similarly to the
VLD-based thresholding method for the MCP and
full retina layers.23 In particular, our use of the VLD
thresholding method for the DCP slab allowed us to be
confident of our results in that layer.

We found no significant changes in the VD or
VLD in any of the capillary layers. Other studies
that examined these parameters have yielded variable
results. Most studies did not find significant differ-
ences, consistent with our study.26 Previously, a retro-
spective longitudinal study using OCTA has reported
significantly increased VD after anti-VEGF treatment
for DME, different from our study findings.40 This
finding was attributed to response to treatment as eyes
with DME had a lower VD at baseline as compared
with healthy eyes and a decreased VD was correlated
with worsening DR.40 A small subset of studies found

a significantly decreased VD in the SCP after injec-
tions in macular edema secondary to retinal vein occlu-
sion.34,41 OCTA capillary segmentation could possi-
bly account for the differences, because these studies
did not consider the MCP.34,40,41 By segmenting the
three capillary plexuses, we achieved better specificity
of sublayer VD. Because we evaluated these metrics in
the short term (after one injection), we cannot exclude
the possibility of chronic, progressive changes that may
be more obvious on longer follow-up.

Our study was limited by its small sample size,
which was imposed by our strict quality and inclusion
criteria. Different anti-VEGF agents may have distinct
effects on the capillaries, but our small sample did now
allow us to adjust for this factor. Furthermore, previ-
ous injection history was not an exclusion criterion for
this study. And, although we did not find a correla-
tion between vessel parameters and total number of
injections, our cross-sectional dataset along with the
small sample does not allow us to resolve the possible
cumulative impact of chronic therapy. We considered
the possibility that edema and microaneurysms at
baseline in DME eyes could potentially induce shadow
artifacts and artifactual ischemia. We would expect
that, with treatment, the resolution of these findings
would remove the artifactual ischemia. With that,
we would anticipate an artifactually increased flow
after injection. Our findings of decreased flow after
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injections are in the opposite direction, which reassures
us that these types of artifacts, even if they were
present at baseline, did not have a prominent effect on
our results. In fact, it is more likely that these artifacts
are attenuating the magnitude of our main outcome
metric.

Conclusions

Our finding of decreased AFI in the DCP layer
suggests decreased deep retinal perfusion after a single
anti-VEGF injection in eyes with DME. Additional
prospective research is needed to explore these findings
with long-term anti-VEGF use as well as explore the
interaction between baseline macular ischemia and the
injections. We have validated the VLD thresholding
as most effective for the DCP in eyes with DME.23
Additional large prospective trials using OCTA are
necessary to confirm our results.
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