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Purpose: When performed for clinically significant carotid artery stenosis (CAS), the long-term impact of
carotid endarterectomy (CEA) on choroidal and choriocapillaris (CC) circulation was studied using swept-source
OCT angiography.

Design: Prospective observational study.
Participants: Patients with clinically significant CAS undergoing unilateral CEA.
Methods: Swept-source OCT angiography scans were performed on both eyes at baseline (before CEA),

within 1 week post-CEA (short-term follow-up [FU]), and �30 days post-CEA (long-term FU). Using validated
algorithms, we measured mean choroidal thickness (MCT), choroidal vascularity index (CVI), choroidal vessel
volume (CVV), CC flow deficit percentage (CC FD%), and CC thickness within the 5-mm circle centered on the
fovea for both the eye ipsilateral to CEA (surgical side) and the contralateral eye (nonsurgical side). Multivariable
regression analysis was conducted to evaluate the impact of baseline demographic and clinical factors on the
changes in choroidal and CC parameters.

Main Outcome Measures: Both the short- and long-term changes in MCT, CVI, CVV, CC FD%, and CC
thickness.

Results: The study included 58 eyes from 29 patients. Significant short-term improvements in MCT
(P < 0.001) and CC thickness (P ¼ 0.006) were observed post-CEA on the surgical side. Long-term FU showed
sustained increases in MCT compared with baseline (P ¼ 0.02), while CC thickness was not significantly different
from baseline (P ¼ 0.10). The CVI did not change significantly from baseline at either short-term (P ¼ 0.45) or long-
term (P ¼ 0.22) FU on the surgical side. While CVV demonstrated a short-term rise immediately post-CEA
(P < 0.001), the difference was not statistically significant at the long-term evaluation (P ¼ 0.06). No significant
improvement in CC FD% from baseline was observed at any visit post-CEA (short-term P ¼ 0.81, long-term
P ¼ 0.91). The nonsurgical side only showed a significant reduction in CVI at the long-term FU visit compared
with before CEA (P ¼ 0.01). Clinical variables such as age, degree of stenosis, diabetes, hypertension, and
smoking status did not greatly impact the outcomes.

Conclusions: Unilateral CEA demonstrated a sustained increase in MCT, suggesting persistent improve-
ments in choroidal perfusion in the ipsilateral eye.
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Carotid artery stenosis (CAS) is characterized by the
narrowing of the internal carotid artery (ICA) due to the
development of atherosclerotic plaques.1 Carotid artery
stenosis represents a critical health concern due to its
direct correlation to ischemic stroke, the third leading
cause of death and disability combined worldwide.2 The
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consequences of CAS can extend beyond the brain, with
the reduction of blood flow in the ophthalmic artery (OA),
the ICA’s first intradural branch.3e6 Given the OA’s
central role in ocular circulation, clinically significant CAS
can precipitate ocular symptoms and signs on the ipsilateral
side of the affected artery, such as amaurosis fugax or ocular
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ischemic syndrome, potentially heralding severe cerebral
consequences.3,4,6 Advanced diagnostic methods, including
Doppler ultrasound and 4-dimensional flow magnetic reso-
nance imaging, have shown decreased, absent, or even
reversed blood flow in the OA among patients with severe
CAS, underscoring the profound impact of CAS on the
ocular circulation.5,6

Carotid endarterectomy (CEA) is one of the first-line
treatments for stroke prevention in patients with clinically
significant CAS.7 In addition, several studies demonstrated
that CEA restores blood flow in the OA, corrects reversed
flow, and ameliorates ischemic ophthalmic symptoms.4,6,8,9

Despite the potential therapeutic benefits of CEA to
improve OA blood flow, the modalities traditionally
employed to assess changes in ocular blood flow after CEA
directly, such as Doppler ultrasound and 4-dimensional
flow magnetic resonance imaging, face practical limitations
in ophthalmology clinics due to their limited availability and
the need for specialized operators. OCT is a convenient,
widely available, and easily performed imaging method for
the indirect measurement of OA perfusion.

Given these considerations, we previously reported on
the use of swept-source OCT angiography (SS-OCTA) to
explore ocular perfusion changes in patients undergoing
CEA.10e12 Swept-source OCT angiography imaging using a
single dense raster macular scan can generate a volumetric
3-dimensional assessment of the choroidal and chorioca-
pillaris (CC) perfusion. Since around 85% of the blood flow
coming from the OA is directed toward the posterior ciliary
arteries, which then directly supply the choroidal circula-
tion, SS-OCTA provides a fast, noninvasive, and easily
reproduced imaging modality to assess the vascular impact
of CEA on the eye.13

Our initial report described patients with clinically
significant CAS undergoing unilateral CEA, measuring
changes in mean choroidal thickness (MCT) and the
choroidal vascularity index (CVI) before and within 1 week
after CEA.12 The study observed significant choroidal
thinning before surgery on the ipsilateral side of the CEA
compared with the contralateral side. After surgery, a
significant increase in the MCT was observed on the
ipsilateral side, with no changes observed on the
contralateral side. No significant alterations in the CVI
were observed on both sides, highlighting the
independence of the CVI measurements from the
choroidal thickness (CT) measurements as previously
described.14 These results suggested a prompt and
substantial improvement in ocular vascular perfusion
shortly after CEA.

Building on this initial report, our subsequent research
focused on the microvascular changes in the CC by
assessing the impact of CEA on CC thickness and the
percentage of CC flow deficits (CC FDs%).12 At baseline,
we found a significantly higher CC FD% in the eyes
located on the surgical side compared with eyes on the
nonsurgical side. After CEA, results showed a notable
decrease in CC FD% and an increase in CC thickness
within eyes on the surgical side, which suggested a
beneficial impact from CEA on the microvascular
perfusion of the CC. Our findings also showed an
2

immediate and significant positive impact of CEA on the
circulation in the ipsilateral eye.

This present paper extends the findings from our previous
reports and explores the long-term outcomes after CEA on
both the choroidal and CC circulation and whether the short-
term postsurgical improvements are sustained over time. In
this extended longitudinal study, we report that the increase
in MCT after CEA persisted over time while the CC
measurements reverted back to baseline values.

Methods

This prospective OCT imaging study was approved by the ethics
committee of the Tel Aviv Medical Center at the University of Tel
Aviv in Israel. Informed consent was obtained from each subject.
This study was performed following the tenets of the Declaration
of Helsinki and complied with the Health Insurance Portability and
Accountability Act of 1996.

Participants

Patients diagnosed with unilateral CAS and scheduled to
undergo CEA between January 2021 and December 2022
were identified from the vascular surgery clinic at Tel Aviv
Medical Center. Stenosis in the ICA was diagnosed by
ultrasound and classified according to the North American
Symptomatic Carotid Endarterectomy Trial criteria, with
stenosis categorized as low (0%e40%), moderate
(50%e60%), and severe (>70%). Clinically significant
CAS was defined as stenosis >50%.15,16 The decision
for CEA was guided by the 2021 Society for Vascular
Surgery guidelines for managing extracranial
cerebrovascular disease.10

Patient Data Collection

The patient’s gender, age, degree of stenosis, medical his-
tory, including diabetes and hypertension, and the status of
smoking were recorded. The blood pressure was measured
at baseline before the CEA when SS-OCTA imaging was
performed. In this study, patients were excluded if they
could not undergo ocular imaging or if the condition of their
ocular media significantly affected the ability of OCT to
capture clear retinal images. This included cases with poor
image quality due to factors such as significant central
corneal scarring, lens opacities affecting the visual axis, and
posterior capsule opacification. Additionally, exclusion
criteria included conditions that could impact choroidal
or CC integrities and assessments, such as retinal vascular
occlusions, diabetic retinopathy, age-related macular
degeneration, polypoidal choroidal vasculopathy,
geographic atrophy, central serous chorioretinopathy,
choroiditis, vitreomacular changes like traction or an
epiretinal membrane, and history of retinal detachment,
severe ocular trauma, previous retinal laser therapy, any
vitreoretinal surgery, high refractive error, and glaucoma.

Imaging Protocol

Patients underwent imaging using SS-OCTA scans (PLEX
Elite 9000; Carl Zeiss Meditec) on both eyes at 3 time
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points: 1 to 2 days before surgery (baseline visit), within 1
week after surgery (short-term follow-up [FU] visit), and
after �30 days after surgery (long-term FU visit). All
imaging was performed during morning clinics to minimize
diurnal variation effects.17 The SS-OCTA instrument’s
specifications include a laser central wavelength of 1050
nm, a bandwidth of 100 nm, and a scanning rate of 100k Hz,
providing an axial resolution of w5 mm in tissue and a
lateral resolution of w20 mm. The OCTA 6 � 6 mm
scanning protocol centered on the fovea was employed for
all participants. This scan pattern consists of 500 A-scans
per B-scan with 2 repeated B-scans at the same B-scan
position to generate the OCTA images using the published
complex optical microangiography algorithm,18 and 500
horizontal B-scans resulting in a 12 mm uniform spacing
between A-scans and B-scans. Each A-scan was sampled
with 1536 pixels, giving each pixel an axial dimension of
w2 mm. Scans with signal strength <7 were excluded,
and all OCTA scans were normalized to a signal strength
score of 9 to minimize signal strength variations between
scans.19 The side ipsilateral to the CEA was referred to as
the surgical side, whereas the side contralateral to the
CEA is referred to as the nonsurgical side.

Choroidal and CC Measurements

Swept-source OCT angiography scans acquired at the 3
different time points (baseline, short-term FU, and long-term
FU visits) were used for both choroidal and CC measure-
ments, including (1) MCT;14 (2) CVI;14 (3) choroidal vessel
volume (CVV);14 (4) CC FD%, which is defined as the
percentage of pixels representing flow deficits relative to
all the pixels within a given region;20e25 and (5) CC
thickness.26

The choroidal measurements were obtained using a
previously validated automated algorithm that detects the
boundaries of Bruch’s membrane (BM) and choroidal-
scleral interface.27 Briefly, OCT signal attenuation was
corrected to enhance the contrast of the choroidal vessels
and the choroidal-scleral interface to improve the accuracy
of choroidal layer segmentations.28 A color-coded en face
CT map was then created using the distance between BM
and the choroidal-scleral interface. In addition, the choroidal
vessels were segmented using Otsu’s method on the
attenuation-corrected image. The CVV was obtained by
calculating the volume of the segmented vessels, while the
CVI was calculated as the ratio between the CVV and the
total volume of the choroid. The en face CVV and CVI
maps were then generated by mapping CVV and CVI values
for each A-line.14,27,29 Finally, MCT, CVV, and CVI
measurements were averaged within 5-mm circles centered
on the fovea on both the surgical and nonsurgical sides for
regional analysis.

The CC en face flow images were segmented using an
inner boundary positioned 4 mm beneath BM and an outer
boundary positioned 20 mm beneath BM according to
published guidance.30 The BM was first detected by an
automated segmentation algorithm with manual
corrections performed if needed. The retinal vessel
projection artifacts were then removed using a validated
algorithm,19 and a compensation strategy using the
corresponding CC en face structural images was
employed to compensate for signal loss in the CC en
face flow images due to the overlying anatomy.24

Choriocapillaris flow deficit binary maps were finally
generated by the fuzzy C-means method using adaptative
thresholds with a diameter of flow deficits <24 mm being
removed from the maps to reduce noise.20 To calculate
the CC thickness, the OCTA scans were first flattened at
the retinal pigment epithelium centerline.27,31 The A-scan
signals were then normalized by local averaging, and the
position of the OCTA CC flow peak along each A-scan
was detected. Mean CC thickness was defined as the full
width at half maximum of the CC flow peak.26

Choriocapillaris flow deficits and CC thickness were
finally analyzed in circles centered on the fovea with
diameters of 5 mm within the 6�6 scan pattern on both
the surgical and nonsurgical sides.
Statistical Analysis

Statistical analyses were conducted using SAS version 9.4
(SAS Institute) and R (version 4.3.2, R Foundation for
Statistical Computing) software.32 Normality was checked
by normal quantile-quantile plots. Results were expressed
as mean and standard deviation (�) or mean and 95%
confidence interval (CI), as applicable. Covariance pattern
models with a compound symmetry correlation structure
between fellow eyes and an unstructured correlation matrix
for longitudinal correlation of visits were used to analyze the
outcomes MCT, CVI, CVV, CC FD%, and CC thickness in
the 5-mm circle.33

Multivariable longitudinal regression analysis was used
to assess the impact of variables including age, mean arterial
pressure, degree of stenosis, diabetes, hypertension, and
status of smoking on the changes of MCT, CVV, CVI, CC
FD%, and CC thickness. P values <0.05 were considered
statistically significant.
Results

A total of 60 patients were originally enrolled in the
INFLATE study and underwent both baseline and
short-term assessments. However, 31 patients declined to
participate further in the study, resulting in their absence
from the long-term FU evaluation. Therefore, the current
study includes a final cohort of 29 patients (58 eyes) who
completed evaluations at all 3 time points. The
mean � standard deviation age of patients was 72.6 � 7.7
years, and 23 participants (79.3%) were men. Twelve
patients (41.4%) had diabetes, 25 (86.2%) had hypertension,
and 14 (48.3%) were smokers. The mean degree of stenosis
at baseline was 86.3% � 8.9% on the surgical side and
34.91% � 19.9% on the nonsurgical side, P < 0.001. The
mean short-term FU time was 3.8 � 2.6 days, while the
long-term FU time was 170.1 � 85.9 days. The
demographic, clinical, and baseline OCT angiography
characteristics of patients are provided in Table 1.
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Table 1. Baseline Features of Participants (N ¼ 29 Subjects)

Age (y), Mean � SD 72.6 � 7.7
Male gender, n (%) 23 (79.3)
Diabetes, n (%) 12 (41.4)
Hypertension, n (%) 25 (86.2)
Smoking, n (%) 14 (48.3)

Surgical Nonsurgical P Value

Stenosis degree (%), mean � SD 86.3 � 8.9 34.9 � 19.9 <0.001
OCTA parameters
MCT (mean [95% CI], mm) 223.1 (198.1, 248.1) 237.4 (212.4, 262.4) 0.17
CVV (mean [95% CI], mm3) 3.64 (3.18, 4.11) 3.95 (3.48, 4.41) 0.19
CVI (mean [95% CI]) 0.59 (0.58, 0.60) 0.60 (0.59, 0.61) 0.06
CC FD% (mean [95% CI]) 10.7 (10.0, 11.4) 10.2 (9.5, 10.9) 0.21
CC thickness (mean [95% CI], mm) 6.7 (6.3, 7.0) 6.9 (6.6, 7.2) 0.15

CC ¼ choriocapillaris; CC FD% ¼ choriocapillaris flow deficit; CI ¼ confidence interval; CVI ¼ choroidal vascularity index; CVV ¼ choroidal vessels
volume; MCT ¼ mean choroidal thickness; OCTA ¼ OCT angiography; SD ¼ standard deviation.
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Choroidal Parameters

For the 29 patients included in this study, the baseline MCT
within the 5 mm fovea-centered circle was 223.1 mm (95%
CI: 198.1, 248.1) on the surgical side and 237.4 mm (95%
CI: 212.4, 262.4) on the nonsurgical side, with no signifi-
cant difference observed (P ¼ 0.17). Postsurgery, the MCT
on the surgical side showed a significant increase, with a
mean of 246.0 mm (95% CI: 219.4, 272.6) at the short-term
FU visit (P < 0.001). At the long-term FU, the MCT
remained significantly elevated at 235.6 mm (95% CI: 210.3,
260.9) compared with baseline (P ¼ 0.02), yet it showed a
significant decrease from the short-term FU measurement
(P ¼ 0.03). Conversely, the nonsurgical side exhibited no
significant changes in MCT across the FU with all P values
>0.09: short-term FU (243.6 mm, 95% CI: 217.1, 270.2)
and long-term FU (245.9 mm, 95% CI: 220.6, 271.2).

In evaluating CVV at baseline, the surgical side presented
with a mean CVV of 3.64 mm3 (95% CI: 3.18, 4.11), while
the nonsurgical side had a slightly higher mean of 3.95 mm3

(95% CI: 3.48, 4.41). However, this difference was not
statistically significant (P ¼ 0.19). In the short-term FU, the
surgical side showed a notable increase in CVV, reaching a
mean of 3.98 mm3 (95% CI: 3.49, 4.47), with this change
being statistically significant compared with the baseline
(P < 0.001). The long-term FU further showed an increase to
a mean of 4.28 mm3 (95% CI: 3.55, 5.00). However, the
change from the baseline was not significant (P ¼ 0.06), and
there was no significant difference between the short-term
and long-term FU (P ¼ 0.36). On the nonsurgical side, the
short-term FU revealed a minimal increase in CVV to a mean
of 4.05 mm3 (95% CI: 3.56, 4.54), which was not statistically
significant when compared with presurgery values
(P ¼ 0.14). Similar results were obtained for the long-term
FU, where the mean CVV was 4.07 mm3 (95% CI: 3.34,
4.80), indicating no significant change from the baseline
(P ¼ 0.71) or the short-term FU (P ¼ 0.95).

Regarding the CVI, no significant difference was noted
between the 2 sides at baseline (0.59, [95% CI: 0.58, 0.60]
on the surgical side and 0.60, [95% CI: 0.59, 0.61] on the
4

nonsurgical side, P ¼ 0.06). The CVI on the surgical side
remained relatively stable over time showing no significant
changes, measuring 0.59 (95% CI: 0.58, 0.60) at short-term
FU and 0.58 (95% CI: 0.57, 0.59) at long-term FU (P: 0.45
and 0.22, short-term vs. baseline and long-term vs. baseline,
respectively). In contrast, the nonsurgical side exhibited a
statistically significant decrease in CVI at the long-term FU
(0.58 [95% CI: 0.57, 0.59]) compared with both the baseline
(P ¼ 0.01) and the short-term FU (0.59 [95% CI: 0.58,
0.61], P ¼ 0.02). Figure 1 and Table 2 show the longitudinal
changes of choroidal parameters on the surgical and
nonsurgical sides.

Figure 2 presents the case of a patient experiencing a
notable increase in MCT from a baseline measurement of
261.4 mm to 305.3 mm 4 days post-CEA on the surgical
side. By the long-term FU, 110 days after CEA, the MCT
had slightly decreased to 301.5 mm but remained signifi-
cantly elevated compared with the baseline. Additionally,
there was a marked increase in CVV on the surgical side,
rising from 4.38 mm3 at baseline to 5.35 mm3 in the
short-term FU and slightly decreasing to 5.18 mm3 by the
long-term assessment. The CVI increased from 0.60 at
baseline to 0.62 shortly after surgery before settling at 0.61
at the long-term assessment. No visually significant
changes are present on the nonsurgical side.

CC Parameters

At baseline, the mean CC FD% was similar in the surgical
(10.7% [95% CI: 10.0, 11.4]) and nonsurgical sides (10.2%
[95% CI: 9.5, 10.9]), with no significant difference
(P ¼ 0.21). Throughout the FU, the surgical side maintained
this mean with no statistically significant changes at either
short-term (10.7% [95% CI: 10.0, 11.3]) or long-term FU
visits (10.7% [95% CI: 10.1, 11.4]). The nonsurgical side
also showed a consistent mean CC FD% at the FU time
points, with means of 10.4% at both short-term (95% CI:
9.8, 11.1) and long-term FU visits (95% CI: 9.7, 11.0).

Between the surgical and nonsurgical sides, the CC
thickness at baseline was comparable, P ¼ 0.15. For CC



Figure 1. Box plots showing the distribution of MCT (A), CVV (B), and CVI (C) across 3 time points: before CEA, short-term FU, and long-term FU. Red
boxes represent the surgical side, while blue boxes correspond to the nonsurgical side, with each measurement taken within a 5-mm circle centered on the
fovea. The median value for each parameter is depicted by the central line of the box, and the mean is indicated by the dot. The extremities of the boxes
define the first and third quartiles. CEA ¼ carotid endarterectomy; CVI ¼ choroidal vascularity index; CVV ¼ choroidal vessel volume; FU ¼ follow-up;
MCT ¼ mean choroidal thickness.
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thickness on the surgical side, the baseline mean was 6.7 mm
(95% CI: 6.3, 7.0), with a statistically significant increase at
the short-term FU to 7.0 mm (95% CI: 6.6, 7.3, P ¼ 0.006).
At the long-term FU, a slight reduction to 6.9 mm (95% CI:
6.5, 7.2) was noted, with the changes from baseline
(P ¼ 0.10), and short-term FU being nonsignificant
(P ¼ 0.45). The nonsurgical side’s mean CC thickness
showed no significant changes, with measurements of 6.9 mm
(95% CI: 6.6, 7.2) at baseline, 7.0 mm (95% CI: 6.6, 7.3) at
the short-term FU, and 6.9 mm (95% CI: 6.6, 7.2) long-term
FU. Figure 3 and Table 3 present the longitudinal changes of
CC parameters on the surgical and nonsurgical sides.

Figure 4 illustrates a case with one of the largest increases
in CC thickness after CEA on the side ipsilateral to the
surgery. Initially, the CC thickness was measured at 5.29
mm at baseline, which then increased to 7.33 mm 4 days
postsurgery. By the long-term FU, 235 days after CEA, the
CC thickness had decreased to 5.71 mm but was still higher
than the initial baseline measurement. Additionally, the CC
FD% on the surgical side showed a decrease from 14.3% at
baseline to 12.2% in the short-term FU, with a small change
to 12.43% in the long-term assessment.
Multivariable Regression Analysis

We performed a multivariable longitudinal regression analysis
to evaluate the effects of various factors, including FU duration
(short- and long-term), age, presence of diabetes, hypertension,
smoking status, and degree of stenosis on changes in choroidal
and CC parameters postsurgery (Supplementary Tables 4e8,
available at www.ophthalmologyscience.org). The only
clinically relevant and statistically significant association in
the multivariable models was a positive association between
the degree of stenosis and changes in MCT from baseline on
the surgical side (P ¼ 0.02).
FU Loss Analysis

Given the significant number of patients lost to FU (N ¼ 31,
51.7%),we analyzed baseline choroidal andCCparameters for
all 60 patients initially enrolled in the study (Supplementary
Table 9, available at www.ophthalmologyscience.org).
Comparing the surgical and nonsurgical sides among these
patients revealed that baseline MCT within the 5-mm circle
was significantly lower on the surgical side (P¼ 0.007), along
with reduced CVV (P ¼ 0.007) and CVI (P ¼ 0.015). Addi-
tionally, the surgical side exhibited a thinner CC (P < 0.001)
and a higher CC FD% (P ¼ 0.007).

We also compared patients with long-term FU to those lost
to FU across all demographic, clinical, and quantitative mea-
sures to identify any significant differences between the 2
groups (Supplementary Table 10, available at www.oph
thalmologyscience.org). No significant differences were
found between the cohorts for any variable except for
hypertension status, with the long-term FU group having a
higher percentage of patients with hypertension (P ¼ 0.03).
Discussion

This study uses advanced SS-OCTA imaging techniques
to provide a comprehensive analysis of the long-term
changes in choroidal and CC circulation after CEA.
Our observations extend and refine the results from our
previously published short-term results, offering a deeper
understanding of the ocular vascular changes post-
CEA.11,12 When analyzing the full dataset of 60 patients,
we observed significant differences between the surgical
and nonsurgical sides at baseline, aligning with our
previous findings.11,12 We had previously hypothesized
that the reduced MCT on the stenotic side could be
attributed to impaired circulation in the posterior ciliary
5
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arteries, which receive reduced blood flow from the OA
due to CAS.12 The diminished blood flow in the eye on
the stenotic side similarly explains the reduced CVV and
CVI observed in these eyes.12 Additionally, the reduced
CC thickness and increased CC FD% on the surgical side
corroborate our earlier results, further supporting the
notion that CAS affects CC perfusion as well.11

However, when focusing only on patients having long-
term FU, these baseline choroidal and CC differences
were no longer evident, likely due to the smaller sample
size and probable selection bias. The comparison be-
tween patients lost to FU and those included in the long-
term analysis showed no significant differences, indi-
cating that the long-term patients can adequately repre-
sent the entire cohort. The only exception was a higher
prevalence of hypertension in the long-term group.
However, multivariable regression analysis did not
identify any association between hypertension and
changes in choroidal or CC parameters after surgery.

Despite the absence of baseline differences, the impact of
CEA on the CT varied between the 2 sides within our long-
term study population. After CEA, a significant elevation in
MCT was detected only on the surgical side. Here, the MCT
rose immediately after surgery and remained significantly
higher at the long-term FU compared with baseline. This
persistent increase underscores the durable positive impact
of CEA on ocular vasculature, corroborating similar
findings from other authors. For instance, the study by
Lareyre et al34 documented increases in MCT on the
surgical side both at 1 month and 3 months postsurgery,
and Krytowska et al,35 while finding no immediate change
in CT right after CEA, identified a significant increase
3 months later on the side ipsilateral to CEA. In contrast
to our results, other studies relying on single B-scan
measurements did not observe CT changes post-CEA,
suggesting that CAS might not invariably impact the OA
circulation. Specifically, Rabina et al36 evaluated CT before
and 14 months post-CEA in a small cohort of 8 patients and
observed no significant alterations on the surgical side. They
suggested that if preoperative CT is normal or comparable to
the contralateral side, as seen in their study group, no
significant changes should be expected post-CEA.
Conversely, improvements would be anticipated only in
eyes with significantly impaired CT at baseline due to
reduced OA blood flow. However, even though in our long-
term study population, there were no significant disparities
between the ipsilateral and contralateral eyes, we still
observed a post-CEA increase in MCT on the surgical side.
Ala-Kauhaluoma et al37 also reported no improvements in
CT 6 months after CEA and suggested that the ocular
blood flow impairments induced by a severe degree of
stenosis (>70%) might be irreversible and, hence,
revascularization may not restore normal ocular circulation
in these cases. Supporting this hypothesis, Akca Bayar
et al38 documented CT increase over time (at 1, 3, and
6 months postsurgery) exclusively in patients with <70%
CAS. Our multivariable regression analysis instead
identified a positive association between the degree of
stenosis and the improvements in MCT, with significant
increases in MCT observed despite the severe mean



Figure 2. A 78-year-old patient with 80% CAS on the surgical side and 40% CAS on the nonsurgical side that underwent unilateral carotid endarterectomy
(CEA) on the ipsilateral surgical side. Columns represent: (1&4) Baseline visit (3 days before CEA); (2&5) short-term FU visit (4 days after CEA); (3&6)
long-term FU visit (3.7 months after CEA). Rows represent (A) choroidal thickness (CT) maps; (B) choroidal vascularity index maps; (C) en face choroidal
vasculature map; (D) choriocapillaris (CC) thickness maps; (E) CC flow deficits binary maps. On the surgical side, there is a visually significant increase in
both CT and CC thickness 4 days after CEA compared with 1 day before CEA (A-2 and D-2); the increase in CT was maintained in the long-term (A-3)
while the CC thickness at the long-term visit was comparable to baseline (D-3). On the nonsurgical side, no visually significant changes at the long-term
visit compared with before CEA were noted, except for a slight increase in CC thickness (D-6). CAS ¼ carotid artery stenosis; FU ¼ follow-up.
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degree of stenosis (86%). Perhaps our volumetric approach
to choroidal measurements and our measurements of MCT
within the entire fovea-centered 5-mm circle provided a
greater sensitivity, detecting changes that might have been
missed by manual measurements on single B-scans. Another
possible explanation for the absence of changes in MCT
after revascularization procedures in some cases might be
the presence of arterial stenosis in vessels located down-
stream of the ICA, possibly within the OA.39,40

A notable statistically significant increase in CVV was
observed on the surgical side immediately after surgery,
and the mean CVV remained elevated at the long-term
FU, although statistical significance was not reached.
While CEA should enhance blood flow in the OA, a
direct correlation between improved OA circulation and
increased choroidal circulation has not been definitively
established, even though systemic arterial vasodilators
have been shown to increase choroidal perfusion, as
demonstrated through swept-scan high-frequency digital
ultrasound techniques.41,42 However, the association
between an increased carotid perfusion and an increase
in choroidal perfusion assumes a normal OA without
any stenoses.39,40 If the perfusion of the OA increases
after CEA, then we propose that the improved OA
perfusion contributes to the elevated CVV detected on
the surgical side post-CEA. The observed increase in
CVV likely accounts for the higher MCT in our study.
Future studies exploring the anatomy of the OA and
whether stenoses are present might explain why some
eyes had an increase in the MCT and CVV while other
7



Figure 3. Box plots illustrating the distribution of CC thickness measurements (A) and CC FD% measurements (B) across 3 time points: before CEA,
short-term FU, and long-term FU. The surgical side is indicated in red and the nonsurgical side in blue, and each parameter is measured within the 5-mm
circle centered on the fovea. The central line of each box marks the median value of CC thickness or CC FD%, and the dot within indicates the mean.
Box boundaries represent the first and third quartiles. CC ¼ choriocapillaris; CC FD ¼ choriocapillaris flow deficit; CEA ¼ carotid endarterectomy;
FU ¼ follow-up.
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eyes did not similarly respond to the CEA procedure. On
the other hand, we were not surprised by the absence of
significant variations in the CVI on the surgical side,
either in the short or long term. The CVI reflects the ratio
of CVV to the total choroidal volume, and since we
observed an increase in both, there would not necessarily
need to be a change in the CVI. We observed a similar
situation in aging, where both the CT and CVV
decreased, but not the CVI.14

After CEA, the acute increase in both the MCT and
CVV on the surgical side was accompanied by a
noticeable increase in CC thickness. At the long-term
FU, the mean CC thickness remained high compared
with baseline, but statistical significance was not reached,
most likely due to the smaller number of patients
analyzed. We did not find any changes in CC FD%
compared with baseline in both short-term and long-term
FUs on the side undergoing CEA.11 The lack of
longitudinal changes in CC FD% suggests that
alterations in CC thickness, rather than FDs, could be
more indicative of increased blood flow within the CC.
This inference aligns with our prior observation of a
mismatch between changes in CC FD% and CC
thickness, where changes in volume appeared more
pronounced than those related to flow.11 We previously
hypothesized that this divergence might stem from the
methodological limitations of OCT angiography in
measuring flow deficits, which are identified as areas of
reduced or absent perfusion below the detection
threshold of the device.11 The process of binarizing
OCT angiography images to calculate CC FD% might
not fully capture actual improvements in blood flow,
particularly in regions with initially low perfusion.
Therefore, the observed increase in CC thickness might
better represent the restoration of blood volume in
these areas, which is not directly proportional to flow
improvements. This would be consistent with a
8

situation where enhanced perfusion in capillaries might
elevate thickness without necessarily altering flow
deficit percentage. No existing research has explored
the long-term changes in CC after CEA, underlining
the unique value of our findings. Among the limited
studies focusing on different CC parameters in CEA
patients, none have found differences either before sur-
gery or in short-term longitudinal FU visits post-CEA. In
particular, Wan et al43 analyzed the mean perfusion of
the CC, defined as the length of microvessels in the
perfused CC per unit area (mm2), whereas Pierro
et al44 employed a custom algorithm to evaluate the
CC’s vessel density, so their findings are not
comparable with each other or with our study using
CC FD% measurements.

Our study is marked by several strengths. First, the use of
SS-OCTA allowed for deep choroidal penetration and reli-
able identification of choroidal structures. Second, unlike
prior studies that depended on manual CT and CVI mea-
surements from single B-scans,34e37,43,45 we used validated
semiautomated algorithms on dense SS-OCTA scans that
allowed for measurements of MCT, CVI, and CC thickness
in 3 dimensions. By measuring choroidal parameters within
the fovea-centered 5-mm circle, we propose that our method
ensures more accurate and reliable estimates of choroidal
alterations than manual measurements from OCT B-scans.
Third, while earlier attempts to study the CC involved
methods like measuring CC microvessel length or CC vessel
density, which are techniques limited by the insufficient
resolution of current OCT devices to accurately identify CC
capillaries, our study relied on an extensively validated
methodology able to accurately quantify the extent of CC
regions with reduced or absent perfusion (CC FDs).20e24,26

The longitudinal nature of our research, building upon the
patient population from previous reports, offers a unique
perspective on the progression or stabilization of
postsurgical vascular changes. This approach has not only
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filled a gap in the current literature but also offered new
insights into the discourse on the role of vascular surgery
in enhancing choroidal perfusion. This will be particularly
relevant in the context of conditions marked by reduced
CC perfusion, such as diabetic retinopathy, central serous
chorioretinopathy, and age-related macular degeneration,
in which the restoration of blood flow in the OA is being
investigated as a potential therapeutic avenue to improve
choroidal blood flow.39,40 Our research offered a strategy to
study CC and choroidal parameters effectively, and our
evidence can be used to better understand the impact of
revascularization procedures both over the short- and
long-term.

Despite these strengths, our study does have limita-
tions. The long-term cohort size of this study was
significantly smaller than the original number of patients
included in the INFLATE study due to the challenges of
scheduling long-term FU ophthalmic visits for vascular
surgery patients. While assessments before and imme-
diately after surgery were more easily performed, as
these visits coincided with the patients’ presurgical ap-
pointments or hospitalizations, it proved difficult to
convince patients to return specifically for ophthalmic
evaluations during the long-term FU period. This smaller
size likely impacted the statistical significance of some
changes in the long-term cohort compared with the
short-term FU cohort. While the reasons for the loss of
FU in these subjects were unlikely to selectively affect
specific individuals, the possibility of selection bias
cannot be completely ruled out. Secondly, in this study,
we have decided to focus our analysis exclusively on the
5 mm fovea-centered circle, which is different from our
earlier studies, where we also analyzed either the 2.5- or
the 3-mm circles. This decision was guided by a stra-
tegic intent to streamline our investigation, aiming to
balance the breadth of parameters examined without
introducing an excessive number of variables that could
potentially dilute the clarity of our findings. Nonetheless,
the 5-mm circle covers a large area of the macula,
providing a comprehensive view of the changes occur-
ring in both the choroid and the CC. As stated in our
previous publications,11,12 the introduction of novel
biomarkers for assessing the impact of CEA on ocular
blood flow underscores the need for comparisons with
established methods, such as OA Doppler ultrasound, a
comparison that is currently limited by the technical
challenges and routine clinical practices. Moreover,
while our use of MCT, CVV, CVI, CCT, and CC FD
% as surrogate markers offer valuable insights into
choroidal and CC perfusion, a more comprehensive
vascular assessment would necessitate direct
measurement of blood flow within choroidal vessels,
which is beyond the capabilities of our current
technology. Finally, the lack of correlation with
clinical visual function outcomes, such as visual acuity
and microperimetry, limits our understanding of how
these vascular changes translate into functional visual
improvements.
9



Figure 4. An 80-year-old patient with 95% CAS on the surgical side and 20% CAS on the nonsurgical side that underwent unilateral carotid endar-
terectomy (CEA) on the ipsilateral surgical side. Columns represent: (1&4) Baseline visit (3 days before CEA); (2&5) short-term FU visit (4 days after
CEA); and (3&6) long-term FU visit (7.8 months after CEA). Rows represent (A) choroidal thickness (CT) maps; (B) choroidal vascularity index (CVI)
maps; (C) en face choroidal vasculature map; (D) choriocapillaris (CC) thickness maps; (E) CC FDs binary maps. On the surgical side, there is a visually
significant increase in CT 4 days after CEA compared with 3 days before CEA (A-1 vs. A-2); this increase was slightly reduced at the long-term assessment
but was still increased compared with baseline (A-1 vs. A-3). There is an enlargement of choroidal vessels at the short-term FU visible both on the CVI
maps (B-2) and on the en face choroidal vasculature maps (C-2). This increase was no longer evident at the long-term assessment (B-3 and C-3). There is
also a visually significant increase in CC thickness at the short-term FU visit (D-2). The CC thickness returned to its baseline appearance at the long-term
FU visit (D-3). No visually significant changes were noted in the CC FD maps (E-1, E-3). On the nonsurgical side, there was a subtle increase in the CT at
the long-term assessment (A-6) compared with previous visits (A-4 and A-5), but no other significant changes at the long-term visit were appreciated when
compared with baseline, 3 days before CEA (B-6, D-6). CAS ¼ carotid artery stenosis; CC FD ¼ choriocapillaris flow deficit; FU ¼ follow-up.
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In conclusion, by extending our previous short-term
findings, we have offered deeper insights into the
dynamics of ocular perfusion after CEA and captured the
nuanced changes in the choroidal and CC circulation over
time. Our findings highlight the persistence of increased CT
on the eye ipsilateral to CEA and the stability of the CVI
despite these changes. Our results clearly indicate that
successful unilateral CEA positively impacts long-term
choroidal perfusion in the ipsilateral eye.
10
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