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Abstract: Background: Both greater retinal neurodegenerative pathology and greater cardiovascular
burden are seen in people with multiple sclerosis (pwMS). Studies also describe multiple extracranial
and intracranial vascular changes in pwMS. However, there have been few studies examining the
neuroretinal vasculature in MS. Our aim is to determine differences in retinal vasculature between
pwMS and healthy controls (HCs) and to determine the relationship between retinal nerve fiber
layer (RNFL) thickness and retinal vasculature characteristics. Methods: A total of 167 pwMS and
48 HCs were scanned using optical coherence tomography (OCT). Earlier OCT scans were available
for 101 pwMS and 35 HCs for an additional longitudinal analysis. Segmentation of retinal vasculature
was performed in a blinded manner in MATLAB’s optical coherence tomography segmentation and
evaluation GUI (OCTSEG) software. Results: PwMS has fewer retinal blood vessels when compared
to HCs (35.1 vs. 36.8, p = 0.017). Over the 5.4 year follow up, and when compared to HCs, pwMS has
a significant decrease in number of retinal vessels (average loss of −3.7 p = 0.007). Moreover, the total
vessel diameter in pwMS does not change when compared to the increase in vessel diameter in the
HCs (0.06 vs. 0.3, p = 0.017). Only in pwMS is there an association between lower RNFL thickness
and fewer retinal vessel number and smaller diameter (r = 0.191, p = 0.018 and r = 0.216, p = 0.007).
Conclusions: Over 5 years, pwMS exhibit significant retinal vascular changes that are related to greater
atrophy of the retinal layers.

Keywords: multiple sclerosis; optical coherence tomography; retinal vessels; retinal nerve fiber layer;
vessel diameter; cardiovascular

1. Introduction

Multiple sclerosis (MS) is a chronic demyelinating and neurodegenerative disease of
the central nervous system that is characterized by episodic neurological attacks of inflam-
mation, axonal injury, and gliosis [1]. Multiple studies recently investigated the vascular
contributions to the MS pathophysiology, and showed that the presence of cardiovascular
comorbidities associated with poorer physical, cognitive, and clinical MS outcomes [2,3].
Moreover, the presence of cardiovascular comorbidities also contributes towards higher
MS lesion burden and lead to a greater rate of brain atrophy [4]. A possible common etio-
logical mechanism between MS and its vascular comorbidities has been proposed where
the years around MS diagnosis are also accompanied with new onset of cardiovascular and
cerebrovascular events [5]. The impact of cardiovascular comorbidities in people with MS
(pwMS) is also linked with changes through the heart–brain axis. Several post-mortem
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and imaging studies demonstrate higher level of peripheral and central atherosclerosis in
pwMS that lead to morphological vessel changes [6].

One useful technique for continuing the research into the cerebral vasculature and
neurodegeneration of pwMS is through the use of optical coherence tomography (OCT) [7].
OCT is a fast five-min-long scan that can non-invasively provide an in-depth image of
the retina that can allow both qualitative and quantitative investigation of the retinal
layers [8]. It has been frequently utilized as a tool for monitoring retinal changes (mac-
ular edema during treatment with sphingosie-1-phosphate modulators) or as a proxy
of the global neurodegenerative processes in pwMS. When compared to MRI, OCT pro-
vides a much more comfortable experience that can be utilized at each routine clinical
visit. A systemic review and meta-analysis showed that the thinning of the retinal nerve
fiber layer (RNFL) in pwMS was, on average, greater than the extent expected change in
normal aging and was even more pronounced in pwMS presenting with optic neuritis
(ON) [7].

The use of non-invasive OCT and OCT angiography (OCT-A) techniques over conven-
tional vessel analysis methods are multifold. MRI-based studies such as MR angiography
and conventional angiography requires the injection of gadolinium-based fluorescein and
indocyanine green dyes that could cause anaphylactic reactions and other systemic ad-
verse events [9]. Moreover, gadolinium-based contrast agents are limited to only subjects
with healthy kidney function and repeated use of such agents can result in both systemic
and cerebral contrast accumulation [10]. Recent segmentation methods allow retrospec-
tive analysis of already acquired A-image OCT scans, even when the OCT-A scan is not
available [11].

The aim of this work is to determine if there are differences in retinal vasculature be-
tween pwMS and healthy controls (HCs) and to determine if there is a relationship between
the retinal vessel characteristics with the volume of the retinal layers. We hypothesize
that pwMS would exhibit altered vascular retinal structure that worsens over a mid-term
period. We also hypothesize that these vascular retinal changes may be related to greater
neurodegeneration within the retinal layers.

2. Materials and Methods
2.1. Study Population

The patients that participated in this work were a part of a larger, prospective study
that examined cardiovascular, environmental, and genetic factors in multiple sclerosis
(CEG-MS) variables in pwMS enrolled from 2014–2017 [8,12]. The inclusion criteria were
as follows: (1) age between 18 and 75 years old; (2) having MRI, neuropsychological
examination, and OCT scan within 30 days of the clinical examination; (3) being a HC
required no known history of a neurological disorder; and (4) pwMS diagnosed as de-
fined by the 2010—revised McDonald criteria [13]. The exclusion criteria were as follows:
(1) known history of morphological vascular abnormalities (Klippel–Trenaunay–Weber,
Parkes–Weber, Servelle–Martorell, or Budd–Chiari syndromes); (2) history of major depres-
sive disorder, mood disorders, or other confirmed psychiatric diseases; and (3) pregnant
and nursing mothers. The demographic and clinical data were collected using a previously
published structured interview-based questionnaire and were cross-referenced with elec-
tronic medical records [4]. Among these variables, data regarding sex, age of symptom
onset, annualized relapsing rate (ARR), and the status of disease-modifying therapy (DMT)
were included. All interferon-β preparations were considered in one group, all generic
and proprietary glatiramer acetate preparations were also considered as one group. Teri-
flunomide, dimethyl fumarate, and fingolimod were considered oral DMTs. Intravenous
immunoglobulins, azathioprine, mitoxantrone, and mycophenolic acid were considered
as off-label DMTs. MS patients were examined by an experienced neurologist and the
Expanded Disability Status Scale (EDSS) was used to determine the level of physical disabil-
ity [14]. Based on the clinical presentation and disease history, the pwMS were classified
into relapsing–remitting MS (RRMS) and progressive MS (PMS) according to the 2013
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Lublin criteria [15]. Due to the low individual sample size, the primary progressive MS
(PPMS) and secondary progressive MS (SPMS) groups were merged. Only at the follow-up
timepoint, the vision abilities were assessed using the low-contrast letter acuity (LCLA)
test at 100% contrast, 2.5% contrast, and 1.25% contrast levels. The study was approved
by the local Institutional Review Board (IRB) and all study participants signed written
consent forms.

2.2. OCT Acquisition and Analyses

A total of 167 pwMS (113 pwRRMS and 54 pwPMS) and 48 HCs were scanned using
OCT. Baseline OCT scans were retrieved from the baseline study timepoint and available
in a smaller sample size of 101 pwMS and 35 HCs for an additional 5 year follow up anal-
ysis. OCT scans were completed on a Heidelberg Spectralis® OCT machine (Heidelberg,
Germany) without any pharmacological dilatation of the pupils in a dark room. Scans
were determined to be of sufficient quality using the OSCAR-IB criteria. Scans with quality
lower than 15 were excluded from the analysis. Each OCT acquisition is corrected for the
differences derived from the subject’s refraction error. The retinal vasculature segmentation
was performed on the peripapillary RNFL scans, a ring-type (3.3 mm and 12.0 circle diame-
ter) B scan that was acquired using 768 A-scans. Real-time eye tracking mode was set on
maximum 100 frames. These OCT scans were then imported into MATLAB’s optical coher-
ence tomography segmentation and evaluation graphical user interface (OCTSEG.) The
software is freely available at: https://www.mathworks.com/matlabcentral/fileexchange/
66873-octseg-optical-coherence-tomography-segmentation-and-evaluation-gui (accessed
2 February 2023). Automated segmentations were run on all of the imported scans and
then all scan segmentations were manually corrected and adjusted in a blinded manner.
Both raters for the segmentation were not privy of the disease status and were not aware
if the scan was from the baseline or follow-up visit. The first analysis was completed by
the first rater and the second reproducibility analysis was completed by both raters again
after one month. Once all OCT images were manually segmented without any particular
order, and the results were extracted as comma separated values (CSVs). The process
of OCT segmentation is shown in Figures 1 and 2. Iterating pixel by pixel, the software
produces a 0 to where there is no vessel present and a 1 to indicate the presence of a vessel
highlight. Summation of all of highlighted pixels and multiplication by the pixel scale
allowed calculation of the total vessel diameter. All vessels segmented using this method-
ology could be classified as part of the superficial capillary plexus. The segmentation
process has been previously utilized in a similar publication shown elsewhere [16]. In
particular, the peripapillary circle shown on the right-hand side of Figure 1 is unwrapped
and each vertical line represents pixels of the circle. A short code within Spyder integrated
development environment (Python platform) allowed quantification of the groupings of
1′s to calculate the total number of blood vessels in each OCT image. Lastly, we calcu-
lated the average diameter per vessel using the two aforementioned values. RNFL and
ganglion cell inner plexiform layer (GCIPL) thicknesses were automatically segmented
in the native Heidelberg software. The GCIPL thickness was determined on a macular
level through a scan containing 61 B-scans sections (each containing 786 A scans) and
real-time tracking set at 9 frames. A circular 1 mm/3 mm/6 mm early treatment diabetic
retinopathy study (ETDRS) grid covered area of 30◦ × 25◦ with 120 µm spacing. Unfor-
tunately, due to the old pattern of OCT data acquisition, we did not have peripapillary
B-scan images that could allow quantification of both RNFL and GCIPL from the same
retinal site.

https://www.mathworks.com/matlabcentral/fileexchange/66873-octseg-optical-coherence-tomography-segmentation-and-evaluation-gui
https://www.mathworks.com/matlabcentral/fileexchange/66873-octseg-optical-coherence-tomography-segmentation-and-evaluation-gui
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Figure 1. Layout of the OCT image in the OCTSEG software. The blue circle on the right-hand image
is unwrapped and showcased on the left side. The blue line shown in the left side of the picture is
indicating the vessel that is highlighted with red square.
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Figure 2. An example of manual OCT segmentation in the OCTSEG software. (a) An OCT image
imported into the OCTSEG software with no segmentation. (b) A figure of the OCT shown in (a)
but after manual segmentation. The segmentations are represented as red columns spanning the
diameter of the blood vessel. Our code returns a total of 15 blood vessels in this example.

2.3. Statistical Analyses

The statistical analysis was performed using SPSS 26.0 (IBM, Armonk, NY, USA.)
Differences between demographic and retinal variables between pwMS, HC, pwRRMS,
and pwPMS were calculated using chi-square test, Student’s t-test, Mann–Whitney U test,
and analysis of covariance (ANCOVA) adjusted for age, as appropriate. In particular, the
chi-square test was used to compare categorical variables such as sex ratios, history of
ON, and disease phenotype. Student’s t-test was used to compare normally distributed
numerical values such as age, disease duration, age of symptom onset, ARR, change in
EDSS, and the retinal vessel and nerve layer characteristics. Due to the ordinal nature of the
EDSS, a non-parametric Mann–Whitney U test was used. The associations between RNFL
and vessel characteristics were analyzed using non-parametric Spearman’s correlations.
The relationship between RNFL change over the follow-up with baseline and change
in retinal vessel measures was assessed using linear regression model. The intra-rater
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and inter-rater reproducibility were assessed on a batch of 30 OCT scans and analyzed
using intra-class correlation coefficient (ICC). p-values of less than 0.05 were considered
statistically significant.

3. Results
3.1. Demographic and Clinical Characteristics of the Study Population

The demographic, clinical, and treatment characteristics of all pwMS, pwRRMS, pw-
PMS (7 PPMS and 38 SPMS), and HCs are shown in Table 1. The pwMS were, on average,
47.4 years old (SD = 11.5) with an average disease duration of 13.8 (SD = 9.9) years. There
was not a significant difference in the sex ratio between pwMS and HCs. PwRRMS had
a disease duration of 11.08 years and pwPMS had a disease duration of 21.00 years. Pw-
PMS had a significantly greater EDSS both at baseline and follow up when compared to
pwRRMS (median 5.7 vs. 1.5, p < 0.001 and median 6.5 vs. 2.0, p < 0.001, respectively).
pwPMS had a larger annual relapse rate when compared to pwRRMS. There were no
significant differences in the history of optic neuritis (p = 0.688). A significant difference
in the pattern of DMT use among the pwRRMS and pwPMS was noted (p = 0.038). The
pwMS had significantly worse performance when compared to the HCs in 100% contrast
LCLA assessment (52.6 vs. 55.9, p = 0.001), 2.5% contrast LCLA assessment (36.9 vs. 43.2,
p < 0.001), and 1.25% contrast assessment (29.8 vs. 36.0, p = 0.018). The pwPMS also had
significantly worse vision performance when compared to the pwRRMS for both 100%
contrast LCLA assessment (49.3 vs. 53.9, p = 0.002) and 2.5% contrast LCLA assessment
(31.9 vs. 38.9, p = 0.004).

Table 1. Demographic and clinical characteristics of the study population at baseline visit.

Demographics
Characteristics

pwMS
(n = 167)

pwRRMS
(n = 122)

pwPMS
(n = 45)

HCs
(n = 48)

pwMS vs. HCs
p-Value

pwRRMS vs.
pwPMS
p-Value

Female, n (%) 122 (73.1) 86 (70.5) 36 (80.0) 33 (68.8) 0.558 0.402

Age in years,
mean (SD) 47.4 (11.5) 44.4 (11.2) 55.5 (7.9) 43.75 (14.8) 0.125 <0.001

Time of follow-up,
mean (SD) 5.5 (0.6) 5.5 (0.6) 5.4 (0.6) 5.6 (0.5) 0.293 0.76

Disease duration,
mean years (SD) 13.8 (9.9) 11.08 (8.4) 21.00 (10.2) - - <0.001

Age of symptom
onset, mean (SD) 33.45 (10.1) 33.08 (9.7) 34.44 (11.3) - - 0.442

RRMS/PMS,
n (RRMS %) 122/45 (73.1) - - - - -

EDSS at baseline,
median (IQR) 2.5 (1.5–4.5) 1.5 (1.5–2.5) 5.7 (4.0–6.5) - - <0.001

EDSS at follow-up,
median (IQR) 3.0 (1.5–6.0) 2.0 (1.5–3.4) 6.5 (4.5–6.5) - - <0.001

EDSS change,
mean (SD) 0.46 (0.9) 0.44 (1.0) 0.49 (0.8) - - 0.814

ARR, mean (SD) 0.18 (0.43) 0.20 (0.41) 0.09 (0.3) - - 0.115

History of ON, n (%) 84 (50.3) 62 (50.8) 22 (48.8) - - 0.688

LCLA 100%,
mean (SD) 52.6 (7.9) 53.9 (7.8) 49.3 (7.6) 55.9 (4.5) 0.001 0.002
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Table 1. Cont.

Demographics
Characteristics

pwMS
(n = 167)

pwRRMS
(n = 122)

pwPMS
(n = 45)

HCs
(n = 48)

pwMS vs. HCs
p-Value

pwRRMS vs.
pwPMS
p-Value

LCLA 2.5%,
mean (SD) 36.9 (12.9) 38.9 (11.7) 31.9 (14.3) 43.2 (8.6) <0.001 0.004

LCLA 1.25,
mean (SD) 29.8 (18.1) 31.1 (17.9) 26.5 (18.2) 36.0 (13.9) 0.018 0.193

DMT at baseline,
n (%) -

IFN-β 66 (39.4) 47 (38.5) 19 (42.2)

- -
0.038

GA 33 (19.8) 22 (18.0) 11 (24.4)

Natalizumab 23 (13.8) 18 (14.8) 5 (11.1)

Oral DMT 0 (0.0) 0 (0.0) 0 (0.0)

Off-label DMT 4 (2.4) 2 (1.7) 2 (4.4)

Not on any DMT 41 (24.6) 33 (27.0) 8 (17.8)

Legend: pwMS—people with multiple sclerosis, HCs—healthy controls, EDSS—Expanded Disability Status
Scale, ARR—annualized relapse rate, ON—optic neuritis, DMT—disease-modifying therapy, IFN—interferon,
GA—glatiramer acetate, SD—standard deviation, IQR—interquartile range, LCLA—low-contrast letter acuity
measured at 100% contrast, 2.5% contrast, and 1.25% contrast. All LCLA measures are collected at the follow-up
visit. Teriflunomide, dimethyl fumarate, and fingolimod were considered oral DMTs. Intravenous immunoglobu-
lins, azathioprine, mitoxantrone, and mycophenolic acid were considered as off-label DMTs. p-value lower than
0.05 was considered statistically significant and shown in bold.

3.2. OCT-Based Measures at Baseline and Follow-Up

The intra-rater and inter-rater reproducibility of the retinal vasculature segmentation is
shown in Table 2. The intra-rater reproducibility of the total vessel diameter and number of
vessels are excellent (ICC 0.906, 95% CI 0.8–0.956) and good (ICC 0.762, 95% CI 0.493–0.888),
respectively. Both measures demonstrate good inter-rater reproducibility as well (ICC 0.774,
95% CI 0.519–0.894 and ICC 0.876 95% CI 0.736–0.942 for total vessel diameter and number
of vessels, respectively).

Table 2. Intra- and inter-rater reproducibility of OCT-based vasculature measures.

OCT-Based
Measure

Rater
1—Trial 1

Rater
1—Trial 2 Rater 2

Intra-Rater Reproducibility Inter-Rater Reproducibility

ICC p-Value ICC p-Value

Total vessel diameter 1.19 (0.2) 1.09 (0.2) 0.92 (0.2) 0.906 (0.8–0.956) <0.001 0.774 (0.519–0.894) <0.001

Number of vessels 15.1 (2.5) 16.4 (3.3) 15.1 (2.9) 0.762 (0.493–0.888) <0.001 0.876 (0.736–0.942) <0.001

Legend: OCT—optical coherence tomography, ICC—intraclass correlation coefficient. The raw data are shown as
mean (standard deviation), whereas the ICC is shown as type C correlation coefficient (95% confidence intervals
for lower and upper bounds). Two-way mixed effects models were used. p-value lower than 0.05 was considered
statistically significant and shown in bold.

The characteristics of the retinal vasculature and retinal layers are shown in Table 3. At
baseline and follow up, pwMS show a significantly smaller RNFL thickness compared to
HCs (86.3 µm vs. 99.9 µm, p = 0.004 and 82.8 µm vs. 95.9 µm, p ≤ 0.001, respectively) and
smaller GCIPL thickness (75.3 µm vs. 86.8 µm, p = 0.016 and 74.1 µm vs. 79.9 µm, p ≤ 0.001,
respectively) while pwRRMS show a significantly larger RNFL thickness compared to
pwPMS (88.6 µm vs. 79.4 µm and 86.1 µm vs. 74.1 µm, respectively). At baseline and
follow up, HCs also show a significantly greater macular volume when compared to pwMS
(8.8 mm3 vs. 7.9 mm3, p = 0.004 and 8.5 mm3 vs. 8.2 mm3, p = 0.001, respectively). Lastly, at
follow up, the HCs display a significantly larger number of retinal vessels when compared
to pwMS (36.8 vs. 35.1, respectively). Within the pwMS and HCs groups, there are no inter-
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eye differences in the number of retinal vessels (left eye 17.5 vs. right eye 17.5, p = 0.926,
and left eye 18.6 vs. right eye 18.1, p = 0.354, respectively) and total vessel diameter (left
eye 1.3 vs. right eye 1.2, p = 0.145, and left eye 1.3 vs. right eye 1.4, p = 0.597). Differences in
number of retinal vessels between example cases of pwMS and HC are shown in Figure 3.

Table 3. Retinal layer thickness and retinal vasculature measures in the study population at their
study visits.

Retinal Layer
Thickness and Retinal
Vasculature Measures

pwMS pwRRMS pwPMS HCs pwMS vs. HCs
Age Adjusted

p-Value

pwRRMS vs. pwPMS
Age-Adjusted

p-Valuen = 101 n = 167 n = 73 n = 113 n = 28 n = 54 n = 35 n = 48

Baseline peripapillary
RNFLT (µm) 86.3 (12.9) 88.6 (12.1) 79.4 (13.2) 99.9 (9.5) 0.004 0.015

Follow-up
peripapillary RNFLT
(µm)

82.8 (12.9) 86.1 (11.6) 74.1 (12.3) 95.9 (11.4) <0.001 <0.001

Baseline macular
volume (mm3) 7.9 (0.9) 7.9 (0.9) 7.6 (0.8) 8.8 (0.6) 0.004 0.317

Follow-up macular
volume (mm3) 8.2 (0.4) 8.3 (0.4) 7.9 (0.4) 8.5 (0.5) 0.001 0.003

Baseline macular
GCIPLT (µm) 75.3 (12.2) 78.2 (9.9) 65.4 (13.7) 86.8 (7.2) 0.016 0.095

Follow-up macular
GCIPLT (µm) 74.1 (8.3) 75.5 (8.2) 70.4 (7.6) 79.9 (9.3) <0.001 0.176

Baseline total vessel
diameter (cm) 2.6 (0.3) 2.60 (0.31) 2.50 (0.4) 2.5 (0.4) 0.082 0.794

Follow-up total vessel
diameter (cm) 2.5 (0.4) 2.56 (0.42) 2.43 (0.3) 2.7 (0.3) 0.182 0.899

Baseline number of
vessels (n) 36.7 (7.4) 37.14 (7.3) 35.18 (7.6) 34.8 (7.2) 0.987 0.691

Follow-up number of
vessels (n) 35.1 (5.9) 35.7 (5.9) 33.6 (5.6) 36.8 (5.3) 0.017 0.973

Baseline average vessel
diameter (cm) 0.07 (0.01) 0.07 (0.01) 0.07 (0.01) 0.07 (0.01) 0.167 0.975

Follow-up average
vessel diameter (cm) 0.074 (0.01) 0.07 (0.1) 0.08 (0.1) 0.075 (0.01) 0.457 0.527

Legend: pwMS—people with multiple sclerosis. pwRRMS—people with relapsing–remitting multiple scle-
rosis. pwPMS—people with progressive multiple sclerosis. HCs—healthy controls. RNFLT—retinal nerve
fiber layer thickness. GCIPLT—ganglion cell inner plexiform layer thickness, n—number. cm—centimeters.
µm—micrometers. The N in the first column of each group represents the sample size with available data from
the baseline timepoint and the N in the second column represents the sample size with available data from the
follow-up timepoint. All values are shown as mean and standard deviation. The sample size is shown for both
the baseline and follow-up visits for each group, respectively. p-value lower than 0.05 were considered statistically
significant and shown in bold.

There are no differences in retinal vessel metrics at the follow-up between MSON and
non-MSON eyes. When compared to the 214 non-MSON eyes, the 120 MSON-affected eyes
of pwMS have similar per-eye total vessel diameter (1.2 vs. 1.3, p = 0.117), similar average
number of vessels (17.2 vs. 17.7, p = 0.182), and similar average per-vessel average diameter
(0.07 vs. 0.07, p = 0.877).

Table 4 shows the changes in retinal vasculature characteristics in pwMS, HCs, pwR-
RMS, and pwPMS over the 5 year follow up. PwMS show a significantly smaller increase
in vessel diameter and a significant reduction in the number of retinal blood vessels when
compared to HCs (0.06 cm vs. 0.3 cm, p = 0.017 and −3.7 vs. 0.7, p = 0.007, respectively).
Despite the changes in number and total vessel diameter, the average per-vessel diameter
between pwMS and HCs remains similar (increase of 0.008 vs. 0.007, p = 0.661). In par-
ticular, the decrease in number of vessels over the follow-up has weak correlation with
decrease in total vessel diameter (r = 0.295). No differences in the change in retinal vessel
architecture between the pwRRMS and pwPMS is notable in the change in total vessel
diameter, total number of vessels, or in the average per-vessel diameter.
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Figure 3. Comparison of an OCT of a pwMS and a HC at 5 year follow up. Legend: pwMS—person
with multiple sclerosis, HC—healthy control, OCT—optical coherence tomography. (a) A figure
showing the segmentation of the pwMS’s OCT. (b) A figure showing the segmentation of the HC’s
OCT at 5 year follow up.

Table 4. Longitudinal changes in retinal vasculature over the follow-up.

pwMS
(n = 167)

HCs
(n = 48)

pwRRMS
(n = 122)

pwPMS
(n = 45)

pwMS vs. HCs
p-Value

pwRRMS vs.
pwPMS
p-Value

Change in total vessel
diameter (cm),
mean (SD)

0.06 (0.5) 0.3 (0.5) 0.08 (0.5) 0.005 (0.6) 0.017 0.504

Change in number of
vessels (n), mean (SD) −3.7 (8.4) 0.7 (7.6) −3.5 (8.9) −4.4 (7.2) 0.007 0.617

Change in average
per-vessel diameter
(cm), mean (SD)

0.008 (0.02) 0.007 (0.02) 0.007 (0.02) 0.01 (0.02) 0.661 0.482

Legend: pwMS—people with multiple sclerosis, HCs—healthy controls, pwRRMS—people with relapsing–
remitting multiple sclerosis, pwPMS—people with progressive multiple sclerosis, cm—centimeter, n—number,
SD—standard deviation. The comparison was performed using Student’s t-test. p-values lower than 0.05 were
considered statistically significant and shown in bold.

3.3. Relationship between Retinal Vasculature and Retinal Layer Thickness in the Study Population

The relationship between retinal vasculature and retinal thickness is shown in Table 5.
It is only in pwMS that there is a correlation between total vessel diameter and the number
of vessels with the RNFL thickness (r = 0.216, p = 0.007 and r = 0.191, p = 0.018, respectively).
It is only in pwRRMS that there is a correlation with retinal vessel number and RNFL
thickness (r = 0.221 and p = 0.025). Total vessel diameter shows a significant correlation
with macular volume in pwMS, pwRRMS, and pwPMS (r = 0.259 and p = 0.001, r = 0.238
and p = 0.017, r = 0.335 and p = 0.017, respectively). It is only pwMS who show a significance
in correlation between number of vessels and macular volume (r = 0.174 and p = 0.033).
pwPMS are the only group to show a correlation with GCIPL thickness (r = 0.387 and
p = 0.007) while pwMS and pwPMS show a significant association in number of retinal
vessel and GCIPL thickness (r = 0.252 and p = 0.002 and r = 0.355 and p = 0.013, respectively).
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Scatter plots that provide visualization of the data dispersion and the correlations between
the aforementioned measures are shown in Figure 4.

Table 5. Relationship between retinal vasculature and retinal layer thickness in pwMS and HCs at
the follow-up visit.

RNFL Associations

pwMS
(n = 167)

pwRRMS
(n = 113)

pwPMS
(n = 54)

HCs
(n = 48)

r-Value p-Value r-Value p-Value r-Value p-Value r-Value p-Value

Total vessel diameter 0.216 0.007 0.187 0.058 0.238 0.096 0.249 0.099

Number of vessels 0.191 0.018 0.221 0.025 0.091 0.53 0.289 0.054

Average vessel diameter −0.002 0.983 −0.017 0.862 0.095 0.513 −0.218 0.151

MV Associations pwMS
(n = 167)

pwRRMS
(n = 113)

pwPMS
(n = 54)

HCs
(n = 48)

Total vessel diameter 0.259 0.001 0.238 0.017 0.335 0.017 −0.027 0.864

Number of vessels 0.174 0.033 0.136 0.177 0.22 0.124 0.068 0.668

Average vessel diameter 0.05 0.543 0.066 0.514 0.109 0.45 −0.256 0.102

GCIPLT Associations pwMS
(n = 167)

pwRRMS
(n = 113)

pwPMS
(n = 54)

HCs
(n = 48)

Total vessel diameter 0.112 0.172 −0.013 0.893 0.387 0.007 0.111 0.462

Number of vessels 0.252 0.002 0.165 0.096 0.355 0.013 0.025 0.867

Average vessel diameter −0.152 0.063 −0.155 0.119 −0.07 0.636 −0.071 0.641

Legend: pwMS—people with multiple sclerosis. pwRRMS—people with relapsing–remitting multiple sclerosis.
pwPMS—people with progressive multiple sclerosis. HCs—healthy controls. RNFLT—retinal nerve fiber layer
thickness. MV—macular volume, GCIPLT—ganglion cell inner plexiform layer thickness. p-value lower than 0.05
was considered statistically significant and shown in bold.
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Figure 4. Age-adjusted correlations in pwMS between neuroretinal vascular measures and anatomical
retinal layers. pwMS—people with multiple sclerosis, RNFL—retinal nerve fiber layer, MV—macular
volume, GCIPL—ganglion inner plexiform layer. (A) Age-adjusted relationship between average
RNFL thickness and total neuroretinal vessel diameter, (B) age-adjusted relationship between average
MV and total neuroretinal vessel diameter, (C) age-adjusted relationship between average GCIPL
and total number of neuroretinal vessels.
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In the pwMS group, the percent change in RNFL over the follow-up is significantly
associated with all three changes in retinal vasculature. After adjusting for age, greater
rate of RNFL atrophy is associated with greater absolute increase in vessel diameter (stan-
dardized beta =−1.007, p = 0.009), decrease in number of vessels (standardized beta = 1.109,
p = 0.045), and decrease in average per-vessel diameter (standardized beta = 0.814, p = 0.025).
Baseline retinal vasculature measures are not associated with the change in RNFL. The
discrepancies regarding the concurrent retinal vessel change and percent RNFL change are
discussed in the limitations section of the manuscript.

Lastly, a higher number of vessels in the pwMS group is significantly associated with
better vision as assessed through the 100% contrast LCLA test (r = 0.188, p = 0.033). This
association is driven by the larger pwRRMS group, where a higher number of retinal vessels
is associated with better 100% contrast LCLA performance (r = 0.262, p = 0.012).

4. Discussion

In this longitudinal OCT-based analysis of the retinal architecture, pwMS demonstrate
significantly lower number of retinal vessels when compared to age-matched HCs. The
semi-automated retinal vessel analysis was reproducible and fairly easy to perform. Over
the 5 year follow-up, pwMS demonstrate significant loss in number of retinal vessels,
whereas the HCs do not. The lower number of vessels and smaller retinal vessel diameter
are associated with greater retinal layer atrophy as measured by the thickness of RNFL and
GCIPL. Lastly, the changes in retinal vasculature may be related to the visual performance
measured in pwMS. Of particular note, the associations in our study are of weak to
moderate size and should be additionally replicated in other MS cohorts. The implications
of these findings and the comparison to the literature are discussed hereafter.

The retinal changes evidenced in our study have been reported even at the very start of
MS disease. An OCT angiography analysis shows that people with an initial demyelinating
attack have significantly smaller vessel density in the radial peripapillary capillary plexus
when compared to HCs [17,18]. After 2 years of follow-up, pwMS also show a significant
decrease in vessel density in the superficial and deep capillary plexi [18]. We further
corroborate the loss of vessel numbers in a much older population with long-standing MS.
The extent of retinal vascular pathology was also shown in a recent Norwegian study where
23 newly diagnosed and untreated pwMS had significantly smaller retinal venular and
arteriolar total diameter when compared to matched 23 HCs. [19] While these anatomical
changes did not influence the oxygen saturation, these pwMS reported significantly worse
low-contrast acuity performance [19]. A recent and much larger OCT-A study of 111 pwMS
suggested that lower density only in the superficial retinal vascular plexus was associated
with MS-based disability scores [20].

Outside of the prototypical retinal layer atrophy due to optic neuritis, the retinal
involvement in pwMS can include a plethora of ocular manifestations [21]. Uveitis can
be the first presenting symptom in up to a third of pwMS, and MS is a recognized non-
infectious etiology by the working group for Standardization of Uveitis Nomenclature
(SUN) [22,23]. Importantly, expression of the HLA-DRB1*15:01 haplotype is commonly
associated with both diseases [24]. Long-standing and underappreciated ocular processes
can lead to occlusive vasculitis or continuous narrowing of the retinal vessels. In a similar
fashion, previous studies reported significant prevalence of primary retinal inflammation
and retinal periphlebitis, an inflammatory vasculitis that affects the peripheral retina, in
pwMS [25]. Moreover, the presence of retinal phlebitis has been correlated with future
disease progression and higher lead of MRI disease burden (higher lesion volume and
lower whole brain volume) [25]. Adaptive optics scanning laser ophthalmoscopy can
also be used to visualize the abundant vascular and paravascular retinal changes that are
present in either ON and non-ON MS eyes [26]. The MS disease itself, inflammatory eye
changes, and cardiovascular comorbidities also share the same inflammatory cytokines
(IL-1, IL-6, IL-17, TNF-α) that can propagate further worsening of the retinal health.
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The vascular changes in the retina of pwMS could potentially be compared to other
extracranial vascular changes previously evidenced [27,28]. The decrease in number of
neck vessels over a similar timeframe was seen in pwMS and not in HCs. Depending on
which cervical level the vessels are measured, pwMS tend to lose between 3 and 5 vessels
over 5 years [29]. Moreover, the cross-sectional analysis demonstrates that pwMS initially
have a greater number of collateral vascularization with a significantly greater number
of vessels in the neck when compared to HCs [27]. These seemingly discrepant findings
can be explained by the effect of inflammatory cytokines that dynamically change over
the course of MS. The initial disease is highlighted by greater inflammatory phase where
MS-specific activated CD4 lymphocytes also secrete vascular endothelial growth factor
(VEGF) and induce neovascularization [30,31]. Cerebral inflammation can also result with
significantly increased blood flow. As the inflammatory phase of MS winds down, the
inflammatory drivers of neovascularization significantly decrease and may result in a
steep decline in the number of vessels. MS inflammation was also recently associated with
a greater rate of vessel remodeling, which includes fibrillar collagen type I deposition,
luminal enlargement, and thickening of the perivascular space [32]. Our findings also
corroborate previous studies indicating that pwMS experience much greater atherosclerotic
burden that results in the narrowing of the arterial lumen and greater plaque formation [33].
The significant increase in total retinal vessel diameter over the follow-up in the pwMS
could potentially be explained by the loss of smaller vessels to arteriosclerotic processes,
which prompts greater vasodilatation in the remaining vessels. Interestingly, the increase
in retinal vessel diameter is suggested as one of the earliest signs of diabetic retinopathy.
The gene-induced intra-individual and intra-familial co-occurrence of type 1 diabetes and
MS is already known [34]. Moreover, the accrual of physical disability in pwMS could lead
to poorer lifestyle, lack of exercise, and development of metabolic syndrome. Lastly, the
reduction in small vessel density in pwMS is also seen in the lesional and periventricular
white matter [35]. The correlation between white matter venous density and whole brain
volume also indicates the relationship between neurodegenerative features and vascular
changes [35].

Our study does have several limitations that should be considered. Although repro-
ducible in our hands, the current protocol of a semi-automated segmentation of the retinal
vessels can be operator-dependent and potentially biased. In our experience, the automated
and non-corrected segmentation largely fails at producing meaningful data in scans of
relatively lower acquisition quality. Future improvement of the segmentation process
through implementation of artificial intelligence (AI) methods can substantially diminish
the draw-backs of a semi-automated analysis. In order to circumvent these limitations,
our study implemented strict blinding and randomization, where both operators were
not aware of (1) disease status and, more importantly, (2) the study timepoint (baseline
or follow-up scan). Moreover, the paired scans were also randomized and not analyzed
consecutively (not biasing the vessel segmentation due to recent recollection of the retinal
architecture from the other timepoint). That said, the limitations derived from human inter-
action remain an essential bias in extending such analysis in any routine use. Concurrent
use of B-scans and OCT angiography could provide the much-needed criterion validity.
The discrepancy between the number of vessels, the total vessel diameter, and average per-
vessel diameter further limit the generalizability of the findings. For example, some pwMS
have a loss of more than 10 vessels and stable total diameter (increase in compensatory per
vessel diameter), while other pwMS have an increase in the number of vessels and decrease
in total diameter (more but smaller vessels). When these pwMS are averaged as part of a
group comparison, the differences would be nullified. Development of change patters that
could incorporate different directionality changes could improve the overall associations
between retinal vasculature measures with clinical and phenotypical outcomes. Another
limitation in our analysis is the lack of retinal perfusion measures and retinal oximetry. As it
stands, the retinal layer atrophy may be a result of either vessel-independent trans-synaptic
nerve changes in the optic nerve or due to local hypoperfusion. Lastly, the RNFL and
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GCIPL quantification is acquired on two separate retinal areas. Future quantification of
GCIPL in B-scan images of the peripapillary area could circumvent this limitation.

In conclusion, quantification of the retinal vascular characteristics on a peripapillary
OCT scan is repeatable and reproducible. PwMS have significantly fewer retinal vessels
when compared to age-matched HCs. Over 5 years follow-up, pwMS continue to lose
significantly more retinal vessels when compared to controls. Lastly, fewer retinal vessels
and smaller total vessel diameter are associated with thinner RNFL and GCIPL. Over
follow-up, the change in retinal vasculature in pwMS has been associated with greater
retinal atrophy.

Author Contributions: Conceptualization, D.J.; methodology, N.Y. and D.J.; software, N.Y. and D.J.;
validation, N.Y. and D.J.; formal analysis, N.Y. and D.J.; investigation, N.Y., R.Z., N.B., M.G.D., B.W.-G.
and D.J.; resources, N.Y., R.Z., N.B., M.G.D., B.W.-G. and D.J.; data curation, N.Y., R.Z., N.B., M.G.D.,
B.W.-G. and D.J.; writing—original draft preparation, N.Y. and D.J; writing—review and editing, N.Y.,
R.Z., N.B., M.G.D., B.W.-G. and D.J.; visualization, N.Y.; supervision, D.J.; project administration,
N.Y., R.Z., N.B., M.G.D., B.W.-G. and D.J.; funding acquisition, R.Z. All authors have read and agreed
to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki, and approved by the Institutional Review Board of University at Buffalo (protocol code
00006278 approved on 29 April 2022).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The data that support the findings of this study are available from the
corresponding author, D.J., upon reasonable request.

Acknowledgments: The authors like to acknowledge all patients and their families for their partici-
pation in the study.

Conflicts of Interest: Nicholas Young and Niels Bergsland have nothing to disclose. Robert Zivadinov
has received personal compensation from Bristol Myers Squibb, EMD Serono, Sanofi, Keystone
Heart, Protembis, and Novartis for speaking and consultant fees. He received financial support for
research activities from Sanofi, Novartis, Bristol Myers Squibb, Octave, Mapi Pharma, Keystone Heart,
Protembis, and V-WAVE Medical. None of the aforementioned interest had any role in the design of
the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or in
the decision to publish the results. Michael G. Dwyer received compensation from Keystone Heart for
consultant fees. He received financial support for research activities from Bristol Myers Squibb, Mapi
Pharma, Keystone Heart, Protembis, and V-WAVE Medical. Bianca Weinstock-Guttman received
honoraria for serving in advisory boards and educational programs from Biogen Idec, Novartis,
Genentech, Genzyme and Sanofi, Janssen, Abbvie, and Bayer. She also received support for research
activities from the National Institutes of Health, National Multiple Sclerosis Society, Department of
Defense, and Biogen Idec, Novartis, Genentech, Genzyme, and Sanofi. Dejan Jakimovski and Niels
Bergsland have nothing to disclose.

References
1. Reich, D.S.; Lucchinetti, C.F.; Calabresi, P.A. Multiple Sclerosis. N. Engl. J. Med. 2018, 378, 169–180. [CrossRef] [PubMed]
2. D’Haeseleer, M.; Cambron, M.; Vanopdenbosch, L.; De Keyser, J. Vascular aspects of multiple sclerosis. Lancet Neurol. 2011, 10,

657–666. [CrossRef] [PubMed]
3. Jakimovski, D.; Topolski, M.; Genovese, A.V.; Weinstock-Guttman, B.; Zivadinov, R. Vascular aspects of multiple sclerosis:

Emphasis on perfusion and cardiovascular comorbidities. Expert Rev. Neurother. 2019, 19, 445–458. [CrossRef]
4. Jakimovski, D.; Gandhi, S.; Paunkoski, I.; Bergsland, N.; Hagemeier, J.; Ramasamy, D.P.; Hojnacki, D.; Kolb, C.; Benedict, R.H.B.;

Weinstock-Guttman, B.; et al. Hypertension and heart disease are associated with development of brain atrophy in multiple
sclerosis: A 5-year longitudinal study. Eur. J. Neurol. 2019, 26, 87–88. [CrossRef]

5. Thormann, A.; Magyari, M.; Koch-Henriksen, N.; Laursen, B.; Sorensen, P.S. Vascular comorbidities in multiple sclerosis: A
nationwide study from Denmark. J. Neurol. 2016, 263, 2484–2493. [CrossRef]

6. Geraldes, R.; Esiri, M.M.; Perera, R.; Yee, S.A.; Jenkins, D.; Palace, J.; DeLuca, G.C. Vascular disease and multiple sclerosis: A
post-mortem study exploring their relationships. Brain 2020, 143, 2998–3012. [CrossRef]

http://doi.org/10.1056/NEJMra1401483
http://www.ncbi.nlm.nih.gov/pubmed/29320652
http://doi.org/10.1016/S1474-4422(11)70105-3
http://www.ncbi.nlm.nih.gov/pubmed/21683931
http://doi.org/10.1080/14737175.2019.1610394
http://doi.org/10.1111/ene.13769
http://doi.org/10.1007/s00415-016-8295-9
http://doi.org/10.1093/brain/awaa255


Diagnostics 2023, 13, 596 13 of 14

7. Petzold, A.; de Boer, J.F.; Schippling, S.; Vermersch, P.; Kardon, R.; Green, A.; Calabresi, P.A.; Polman, C. Optical coherence
tomography in multiple sclerosis: A systematic review and meta-analysis. Lancet Neurol. 2010, 9, 921–932. [CrossRef] [PubMed]

8. Jakimovski, D.; Zivadinov, R.; Vaughn, C.B.; Ozel, O.; Weinstock-Guttman, B. Clinical effects associated with five-year retinal
nerve fiber layer thinning in multiple sclerosis. J. Neurol. Sci. 2021, 427, 117552. [CrossRef]

9. Jakimovski, D.; Ramasamy, D.P.; Zivadinov, R. Magnetic Resonance Imaging and Analysis in Multiple Sclerosis. In Clinical
Neuroimmunology: Multiple Sclerosis and Related Disorders; Rizvi, S.A., Cahill, J.F., Coyle, P.K., Eds.; Springer International
Publishing: Cham, Switzerland, 2020; pp. 109–136.

10. Kanda, T.; Fukusato, T.; Matsuda, M.; Toyoda, K.; Oba, H.; Kotoku, J.i.; Haruyama, T.; Kitajima, K.; Furui, S. Gadolinium-based
Contrast Agent Accumulates in the Brain Even in Subjects without Severe Renal Dysfunction: Evaluation of Autopsy Brain
Specimens with Inductively Coupled Plasma Mass Spectroscopy. Radiology 2015, 276, 228–232. [CrossRef]

11. Hood, D.C.; Fortune, B.; Arthur, S.N.; Xing, D.; Salant, J.A.; Ritch, R.; Liebmann, J.M. Blood vessel contributions to retinal nerve
fiber layer thickness profiles measured with optical coherence tomography. J. Glaucoma 2008, 17, 519–528. [CrossRef]

12. Tavazzi, E.; Jakimovski, D.; Kuhle, J.; Hagemeier, J.; Ozel, O.; Ramanathan, M.; Barro, C.; Bergsland, N.; Tomic, D.; Kropshofer,
H.; et al. Serum neurofilament light chain and optical coherence tomography measures in MS: A longitudinal study. Neurol.
Neuroimmunol. Neuroinflamm. 2020, 7. [CrossRef] [PubMed]

13. Polman, C.H.; Reingold, S.C.; Banwell, B.; Clanet, M.; Cohen, J.A.; Filippi, M.; Fujihara, K.; Havrdova, E.; Hutchinson, M.;
Kappos, L.; et al. Diagnostic criteria for multiple sclerosis: 2010 revisions to the McDonald criteria. Ann. Neurol. 2011, 69, 292–302.
[CrossRef]

14. Kurtzke, J.F. Rating neurologic impairment in multiple sclerosis: An expanded disability status scale (EDSS). Neurology 1983, 33,
1444–1452. [CrossRef]

15. Lublin, F.D.; Reingold, S.C.; Cohen, J.A.; Cutter, G.R.; Sørensen, P.S.; Thompson, A.J.; Wolinsky, J.S.; Balcer, L.J.; Banwell, B.;
Barkhof, F.; et al. Defining the clinical course of multiple sclerosis: The 2013 revisions. Neurology 2014, 83, 278–286. [CrossRef]
[PubMed]

16. Bhaduri, B.; Nolan, R.M.; Shelton, R.L.; Pilutti, L.A.; Motl, R.W.; Moss, H.E.; Pula, J.H.; Boppart, S.A. Detection of retinal blood
vessel changes in multiple sclerosis with optical coherence tomography. Biomed. Opt. Express 2016, 7, 2321–2330. [CrossRef]
[PubMed]

17. Cennamo, G.; Carotenuto, A.; Montorio, D.; Petracca, M.; Moccia, M.; Melenzane, A.; Tranfa, F.; Lamberti, A.; Spiezia, A.L.;
Servillo, G.; et al. Peripapillary Vessel Density as Early Biomarker in Multiple Sclerosis. Front. Neurol. 2020, 11, 542. [CrossRef]
[PubMed]

18. Montorio, D.; Lanzillo, R.; Carotenuto, A.; Petracca, M.; Moccia, M.; Criscuolo, C.; Spiezia, A.L.; Lamberti, A.; Perrotta, F.; Pontillo,
G.; et al. Retinal and Choriocapillary Vascular Changes in Early Stages of Multiple Sclerosis: A Prospective Study. J. Clin. Med.
2021, 10, 5756. [CrossRef] [PubMed]

19. Drobnjak Nes, D.; Berg-Hansen, P.; de Rodez Benavent, S.A.; Høgestøl, E.A.; Beyer, M.K.; Rinker, D.A.; Veiby, N.; Karabeg, M.;
Petrovski, B.É.; Celius, E.G.; et al. Exploring Retinal Blood Vessel Diameters as Biomarkers in Multiple Sclerosis. J. Clin. Med.
2022, 11, 3109. [CrossRef]

20. Murphy, O.C.; Kwakyi, O.; Iftikhar, M.; Zafar, S.; Lambe, J.; Pellegrini, N.; Sotirchos, E.S.; Gonzalez-Caldito, N.; Ogbuokiri, E.;
Filippatou, A.; et al. Alterations in the retinal vasculature occur in multiple sclerosis and exhibit novel correlations with disability
and visual function measures. Mult. Scler. 2020, 26, 815–828. [CrossRef]

21. Qureshi, S.S.; Beh, S.C.; Frohman, T.C.; Frohman, E.M. An update on neuro-ophthalmology of multiple sclerosis: The visual
system as a model to study multiple sclerosis. Curr. Opin. Neurol. 2014, 27, 300–308. [CrossRef]

22. Van Gelder, R.N.; Sen, H.N.; Tufail, A.; Lee, A.Y. Here Comes the SUN (Part 2): Standardization of Uveitis Nomenclature for
Disease Classification Criteria. Am. J. Ophthalmol. 2021, 228, A2–A6. [CrossRef] [PubMed]

23. Shugaiv, E.; Tüzün, E.; Kürtüncü, M.; Kıyat-Atamer, A.; Çoban, A.; Akman-Demir, G.; Tugal-Tutkun, I.; Eraksoy, M. Uveitis as a
prognostic factor in multiple sclerosis. Mult. Scler. 2015, 21, 105–107. [CrossRef] [PubMed]

24. Tang, W.M.; Pulido, J.S.; Eckels, D.D.; Han, D.P.; Mieler, W.F.; Pierce, K. The association of HLA-DR15 and intermediate uveitis.
Am. J. Ophthalmol. 1997, 123, 70–75. [CrossRef] [PubMed]

25. Ortiz-Pérez, S.; Martínez-Lapiscina, E.H.; Gabilondo, I.; Fraga-Pumar, E.; Martínez-Heras, E.; Saiz, A.; Sanchez-Dalmau, B.;
Villoslada, P. Retinal periphlebitis is associated with multiple sclerosis severity. Neurology 2013, 81, 877–881. [CrossRef] [PubMed]

26. Khushzad, F.; Yarp, J.; Hargrave, A.; Sredar, N.; Mahesh, V.; Tomczak, A.; Kipp, L.; Han, M.; Dubra, A.; Moss, H. Characterization
of Retinal vascular changes in Multiple Sclerosis using Adaptive Optics and OCTA. Investig. Ophthalmol. Vis. Sci. 2020, 61, 5104.

27. Belov, P.; Jakimovski, D.; Krawiecki, J.; Magnano, C.; Hagemeier, J.; Pelizzari, L.; Weinstock-Guttman, B.; Zivadinov, R. Lower
Arterial Cross-Sectional Area of Carotid and Vertebral Arteries and Higher Frequency of Secondary Neck Vessels Are Associated
with Multiple Sclerosis. Am. J. Neuroradiol. 2018, 39, 123–130. [CrossRef]

28. Pelizzari, L.; Jakimovski, D.; Laganà, M.M.; Bergsland, N.; Hagemeier, J.; Baselli, G.; Weinstock-Guttman, B.; Zivadinov, R.
Five-Year Longitudinal Study of Neck Vessel Cross-Sectional Area in Multiple Sclerosis. Am. J. Neuroradiol. 2018, 39, 1703–1709.
[CrossRef]

29. Jakimovski, D.; Topolski, M.; Kimura, K.; Pandya, V.; Weinstock-Guttman, B.; Zivadinov, R. Decrease in Secondary Neck Vessels
in Multiple Sclerosis: A 5-year Longitudinal Magnetic Resonance Angiography Study. Curr. Neurovasc. Res. 2019, 16, 215–223.
[CrossRef]

http://doi.org/10.1016/S1474-4422(10)70168-X
http://www.ncbi.nlm.nih.gov/pubmed/20723847
http://doi.org/10.1016/j.jns.2021.117552
http://doi.org/10.1148/radiol.2015142690
http://doi.org/10.1097/IJG.0b013e3181629a02
http://doi.org/10.1212/NXI.0000000000000737
http://www.ncbi.nlm.nih.gov/pubmed/32424064
http://doi.org/10.1002/ana.22366
http://doi.org/10.1212/WNL.33.11.1444
http://doi.org/10.1212/WNL.0000000000000560
http://www.ncbi.nlm.nih.gov/pubmed/24871874
http://doi.org/10.1364/BOE.7.002321
http://www.ncbi.nlm.nih.gov/pubmed/27375947
http://doi.org/10.3389/fneur.2020.00542
http://www.ncbi.nlm.nih.gov/pubmed/32625163
http://doi.org/10.3390/jcm10245756
http://www.ncbi.nlm.nih.gov/pubmed/34945052
http://doi.org/10.3390/jcm11113109
http://doi.org/10.1177/1352458519845116
http://doi.org/10.1097/WCO.0000000000000098
http://doi.org/10.1016/j.ajo.2021.05.006
http://www.ncbi.nlm.nih.gov/pubmed/33992617
http://doi.org/10.1177/1352458514539782
http://www.ncbi.nlm.nih.gov/pubmed/24948689
http://doi.org/10.1016/S0002-9394(14)70994-8
http://www.ncbi.nlm.nih.gov/pubmed/9186099
http://doi.org/10.1212/WNL.0b013e3182a3525e
http://www.ncbi.nlm.nih.gov/pubmed/23902700
http://doi.org/10.3174/ajnr.A5469
http://doi.org/10.3174/ajnr.A5738
http://doi.org/10.2174/1567202616666190612111127


Diagnostics 2023, 13, 596 14 of 14

30. Weel, V.v.; Toes, R.E.M.; Seghers, L.; Deckers, M.M.L.; Vries, M.R.d.; Eilers, P.H.; Sipkens, J.; Schepers, A.; Eefting, D.; Hinsbergh,
V.W.M.v.; et al. Natural Killer Cells and CD4+ T-Cells Modulate Collateral Artery Development. Arterioscler. Thromb. Vasc. Biol.
2007, 27, 2310–2318. [CrossRef] [PubMed]

31. la Sala, A.; Pontecorvo, L.; Agresta, A.; Rosano, G.; Stabile, E. Regulation of collateral blood vessel development by the innate and
adaptive immune system. Trends Mol. Med. 2012, 18, 494–501. [CrossRef]

32. Absinta, M.; Nair, G.; Monaco, M.C.G.; Maric, D.; Lee, N.J.; Ha, S.K.; Luciano, N.J.; Sati, P.; Jacobson, S.; Reich, D.S. The “central
vein sign” in inflammatory demyelination: The role of fibrillar collagen type I. Ann. Neurol. 2019, 85, 934–942. [CrossRef]
[PubMed]

33. Yuksel, B.; Koc, P.; Ozaydin Goksu, E.; Karacay, E.; Kurtulus, F.; Cekin, Y.; Bicer Gomceli, Y. Is multiple sclerosis a risk factor for
atherosclerosis? J. Neuroradiol. 2021, 48, 99–103. [CrossRef] [PubMed]

34. Nielsen, N.M.; Westergaard, T.; Frisch, M.; Rostgaard, K.; Wohlfahrt, J.; Koch-Henriksen, N.; Melbye, M.; Hjalgrim, H. Type
1 Diabetes and Multiple Sclerosis: A Danish Population-Based Cohort Study. Arch. Neurol. 2006, 63, 1001–1004. [CrossRef]
[PubMed]

35. Li, C.; Rusinek, H.; Chen, J.; Bokacheva, L.; Vedvyas, A.; Masurkar, A.V.; Haacke, E.M.; Wisniewski, T.; Ge, Y. Reduced white
matter venous density on MRI is associated with neurodegeneration and cognitive impairment in the elderly. Front. Aging
Neurosci. 2022, 14, 972282. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1161/ATVBAHA.107.151407
http://www.ncbi.nlm.nih.gov/pubmed/17717295
http://doi.org/10.1016/j.molmed.2012.06.007
http://doi.org/10.1002/ana.25461
http://www.ncbi.nlm.nih.gov/pubmed/30847935
http://doi.org/10.1016/j.neurad.2019.10.002
http://www.ncbi.nlm.nih.gov/pubmed/31707002
http://doi.org/10.1001/archneur.63.7.1001
http://www.ncbi.nlm.nih.gov/pubmed/16831970
http://doi.org/10.3389/fnagi.2022.972282
http://www.ncbi.nlm.nih.gov/pubmed/36118685

	Introduction 
	Materials and Methods 
	Study Population 
	OCT Acquisition and Analyses 
	Statistical Analyses 

	Results 
	Demographic and Clinical Characteristics of the Study Population 
	OCT-Based Measures at Baseline and Follow-Up 
	Relationship between Retinal Vasculature and Retinal Layer Thickness in the Study Population 

	Discussion 
	References

