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Abstract

Background—The transparent ocular structure enables quantitative analysis of microvasculature
of retina, a neuronal tissue affected by multiple sclerosis.

Objective—To determine whether the retinal blood flow velocity and flow volume at the macula
are impaired in patients with relapsing remitting multiple sclerosis (RRMS).

Methods—Seventeen RRMS patients and 17 age- and gender-matched healthy subjects were
assessed. A Retinal Function Imager was used to measure the blood flow velocity of retinal
arterioles and venules, and to calculate the total perifoveal blood flow volume.

Results—The blood flow velocities of the retinal arterioles (3.34 + 0.89 mm/s) and venules (2.61
+ 0.6 mm/s) were significantly lower in MS patients than normal subjects (arteriole: 4.10 + 0.87
mm/s; venule: 3.22 + 0.65 mm/s, both P = 0.01). In addition, the total perifoveal blood flow
volume in arterioles (3.74 + 1.64 nl/s) and venules (3.81 % 1.60 nl/s) were significantly lower in
MS patients than in normal subjects (arteriole: 4.87 £ 1.41 nl/s, P = 0.02; venule: 4.71 £+ 1.64 nl/s,
P =0.04).

Conclusion—The impaired retinal microcirculation in RRMS patients indicates microvascular
dysfunction in MS.
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Introduction

Methods

Multiple sclerosis (MS) is a chronic inflammatory and neurodegenerative central nervous
system disorder.! Although inflammation within focal demyelinating lesions is prominent,
widespread and subtle forms of inflammation were also found in the normal-appearing white
and gray matter by histopathologic studies.? These widespread, subtle inflammatory changes
were correlated with markers of neural damage and loss,3 which subsequently results in
disability.3 The subtle inflammation is difficult to monitor by routine MRI because they do
not cause obvious blood-brain barrier damage that can be detected as gadolinium enhanced
lesions. In addition, they may not cause any significant clinical symptoms or signs.
Inflammation leads to mild alterations in the vascular function, such as endotheliopathy,*
resulting in decreased perfusion and neuronal damage. Studying cerebral microvascular
alterations via MRI with special techniques and contrast injection revealed hypoperfusion in
NAWGM.>6

The visual pathways are frequently affected by MS, even in patients who have no visual
symptoms.” It has been suggested that MS causes primary retinopathy, which reflects global
central nervous system atrophy.8 Especially, diffuse subtle inflammation throughout the
retina were observed in postmortem studies besides localized inflammatory cellular
infiltrates surrounding retinal veins.? In addition, the presence of microcystic macular edema
in patients with MS demonstrated by Optical Coherence tomography (OCT) studies may
indicate an impaired blood-retinal-barrier and mild retinal inflammation.10 The vasculature
in the eye and brain are anatomically and physiologically similar.11 Aside from the common
occurrence of retinal periphlebitis,’2 and increased retinal vessel rigidity suggesting vascular
dysregulation,3 there is a lack of information to support the hypothesis that retinal
microcirculation alteration exists in MS. The goal of the present study was to characterize
the retinal microcirculation in patients with MS by directly measuring the blood flow
velocity and flow volume in retinal arterioles and venules.

MS patients were referred from the MS Center of Excellence at the University of Miami to
the neuro-ophthalmology clinic at the Bascom Palmer Eye Institute. The diagnosis of MS
was made based on the Revised McDonald Criteria. Neurological disability was assessed
according to the Expanded Disability Status Scale. The study was approved by the
institutional review board for human research at the University of Miami and informed
consent was obtained from each subject. All subjects were treated in accordance with the
tenets of the Declaration of Helsinki. A total 17 MS patient and 17 age- and gender-matched
healthy subjects were included (Table 1). The majority of the patients had disease onset of
less than 5 years. Three patients were diagnosed as RRMS for more than 5 years. Five
patients were on immunomodulating therapy: interferon B1-a (Avonex; Biogen, Cambridge,
MA) (1 patient), Copaxone (Copaxone; Teva, Petah Tigvah, Israel) (2 patients), dimethyl
fumarate (Tecfidera, Biogen, Cambridge, MA) (1 patient) and fingolimod (Gilenya,
Novartis, Basel, Switzerland) (1 patient). None of these medications is known to cause
changes in vascular function, except for fingolimod, which is known to be associated with
endothelial dysfunction.14 No patients received systemic corticosteroids within 3 months

Mult Scler. Author manuscript; available in PMC 2017 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Jiang et al.

Page 3

prior to the study. None of the eyes had a history of optic neuritis. Patients with high
refractive errors of more than +6.0 or -6.0 diopters (due to the limit of the imaging device) or
with any history of eye disease were excluded. Each MS patients had a screening ophthalmic
examination by the investigator, including intraocular pressure (IOP) measurements, a slit-
lamp examination and optical coherence tomography imaging (Cirrus, Carl Zeiss Meditec,
Dublin, CA). High contrast visual acuity was tested, and all MS patients had best corrected
visual acuity of 20/20. Color vision and visual field tests were normal. Large meals lower
blood pressure, the ingestion of alcohol elevates blood pressure.1® In addition, physical
exercise has an effect on blood pressure.1’” These factors may impact blood pressure, which
may result in possible measurement bias of retinal blood flow velocity. When scheduling
study visits, patients and normal subjects were asked to avoid large meals and ingesting
alcohol on the study day. They were also advised to avoid physical exercise for 24 h prior to
the examination. During the study visit, we verbally confirmed the instructions with each of
the study subjects. Subjects with history of cerebral vascular disease, hypertension and
diabetes or kidney disease were excluded.

The Retinal Function Imager (RFI, Optical Imaging Ltd, Rehovot, Israel) has been
previously described in detail.18 Briefly, RFI is an advanced ophthalmic multimodal imaging
modality, which uniquely measures retinal microvascular functions, including blood flow
velocity in retinal small vessels, fluorescein free angiogram and retinal oximetry. A
stroboscopic light source and a high resolution digital camera are used to rapidly take a
series of retinal images; robust image processing software is then applied to automatically
yield the measurements.18 RFI is cleared by the US Food and Drug Administration (FDA).12
The system uses hemoglobin in red blood cells as the intrinsic motion contrast agent for
measuring the velocity of the red blood cells in retinal arterioles and venules. No contrast
agent is needed and therefore the method is non-invasive.19 The measurements of blood flow
velocities are reproducible with ~11% variability.20

One eye of each subject was imaged using the RFI device. Each subject was asked to relax
for 15 min before imaging. The pupil was dilated with 1% Tropicamide. The fovea of the
subject was imaged at 20 degrees with a calibrated field of view of 4.6x4.6 mm2. The
calibration of the field of view was done using a model eye with a fine print witha 1 x 1
mm? grid patched onto the fovea, which was imaged with the RFI device. Multiple image
sessions were performed. The RFI's proprietary software was used to determine retinal blood
flow velocity in the arterioles and venules. The measured vessels covered the second, third
and fourth branches of the retinal vessels. A blood flow velocity map (Fig. 1) of the arteries
and venules was determined in all four quadrants in the entire field of view. The blood flow
volume was calculated within a 2.3 mm circle (half of the total image width of 20 degrees)
centered on the fovea. The diameter of the vessels which crossed the 2.3 mm circle was
determined by counting the pixels of the full width and half of the maximum in the intensity
profile, which was perpendicular to the vessel. The width in the pixel was then converted to
micrometers. Using measured velocities and corresponding vessel diameters, the blood flow
volume of each vessel crossing the 2.3 mm circle was calculated. The blood flow volume
was computed based on the previously published equation.?! The total perifoveal flow
volume (arteriole and venule, separately) in the circled perifoveal zone was the sum of all
measured blood flow in the circle (Fig. 1). In addition, using the Cirrus OCT, a standard 200
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x 200 scan protocol (with the optic disk centered) was used to measure peripapillary RNFL
thickness of the MS patients.

A statistical software package (STATISTICA, StatSoft, Inc., Tulsa, OK) was used for
descriptive statistics and data analysis. A paired t-test was used to test the differences
between groups and vessels. Pearson's correlation coefficient was used to determine the
relation between pairs. Stepwise regression analysis adjusted for blood pressure metrics was
completed to compare velocities and flow volume between MS patients and controls. For
each matched case-control pair the difference between dependent variables was calculated
and the parallel differences of blood pressure metrics were allowed inclusion as candidate
independent variables in a forward stepwise regression analysis. In addition, conditional
case-control logistic regression analyses were performed with case-control status as the
dependent variable and the following independent variables as candidates in a forward
stepwise manner: velocity, flow volume and blood pressure metrics.22 Odds ratios were
calculated.

The baseline characteristics of MS patients are listed in Table 1. There were no significant
differences in age (P = 0.99), gender (P = 1), systolic blood pressure (P = 0.08) and heart
rate (P = 0.51) between the MS group (n = 17) and the control group (n = 17). The diastolic
blood pressure (P = 0.01) and mean arterial blood pressure (P = 0.02) were higher in the MS
group. The blood flow velocities in arterioles (3.34 + 0.89 mm/s) and venules (2.61 + 0.60
mm/s) in MS patients were significantly lower than controls (arteriole: 4.10 + 0.87 mm/s, P
=0.01; venule: 3.22 £ 0.65 mm/s, P = 0.01, Fig. 2). In addition, the total perifoveal blood
flow volume in the arterioles (3.74 + 1.64 nl/s) and venules (3.81 + 1.60 nl/s) of MS patients
were significantly lower than that of the control (arteriole: 4.87 £ 1.41 nl/s, P = 0.02; venule:
3.74 £ 1.64 nl/s, P = 0.04, Fig. 2). The blood flow velocity was higher in the arterioles than
the venules in both the MS (P = 0.001) and control (P = 0.001) groups (Fig. 2A). In contrast,
blood flow volume of the arterioles was similar to that in the venules in both the MS (P =
0.42) and control group (P = 0.36) (Fig. 2B).

The mean vessel diameter of the arterioles crossing the 2.3 mm circle was 18.0 um (SD 2.1
um), which showed a tendency of narrowing in MS patients compared to controls (19.1

+ 2.6 um, mean + SD, P = 0.05). Stepwise regression adjusted for blood pressure metrics in
analyzing velocities and flow volume between groups showed that these measured blood
pressure metrics as independent variables did not enter the model and did not have any
influence on the differences in blood flow velocities and flow volume between groups (all P
> 0.3). The univariate odds ratios are listed in Table 2. After including blood flow velocity in
venules, no other variables were statistically significant in the regression model (all P >
0.05). Therefore, the velocity in venules alone was the discriminator with an odds ratio of
MS 10.7 times higher for a 1 unit decrease.

In MS patients, there were strong correlations of the blood flow velocity (r =0.72, P =
0.001) and blood flow volume (r = 0.57, P = 0.02, Fig. 3) between the arterioles and venules.
Similarly for the control, the blood flow velocity was strongly correlated (r = 0.83, P =
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0.001) between the arterioles and venules. There was no significant difference (r = 0.40, P =
0.11) between the blood flow volumes of arterioles and venules in the control group. Both
blood flow velocities in the arterioles (r = 0.16, P = 0.52) and venules (r = 0.12, P = 0.64) of
the MS group were not correlated with RNFL (Fig. 4). Both blood flow velocities in the
arterioles and venules were not correlated with expanded disability status scale (EDSS,
arteriole, r =0.20, P = 0.43; venule, r = 0.13, P = 0.61) and disease duration (arteriole, r =
0.15, P = 0.56; venule, r = 0.12, P = 0.63). In contrast, RNFL was negatively correlated with
EDSS (r =-0.67, P = 0.003) and the disease duration (r = -0.58, P = 0.01, Fig. 4).

Discussion

Retinal vasculature sits embedded in the retinal sublayers. Previous studies have indicated
that retinal vasculopathies are evident,23 which may be associated with retinal
inflammation.24 Postmortem studies showed localized inflammatory cellular infiltrates
surrounding retinal veins.23An increased retinal inner nuclear layer imaged with optical
coherence tomography has been suggested to potentially represent inflammation of the
retina in MS.24 On the other hand, the adhesion of activated T lymphocytes observed within
the blood-brain barrier is known to result in endotheliopathy and corresponding vascular
dysregulation.25 Direct measurement of retinal blood flow velocity and flow volume may
provide direct evidence for microcirculation impairment in MS. The decreased blood flow
velocity and flow volume found in the present study could be the consequence of direct
inflammatory damage to vessels or vascular dysregulation in MS.

To the best of our knowledge, this is the first study exploring retinal microcirculation in MS.
Our results showed decreased retinal blood flow velocity and flow volume in patients with
RRMS, indicating that microvascular abnormalities are present. However, we did not
establish the relationships between RFI measurements and clinical characteristics such as
EDSS, RNFL thickness and disease duration, which indicates that impaired microcirculation
may be a primary issue, not secondary to underlying neuronal injury as is seen in most
retinal diseases. Therefore, impaired microcirculation may be a harbinger of the frequently
noted findings of RNFL axonal loss and GCL ganglion loss and may not be a result of
disease progression. Impaired microcirculation could be further developed as a predictor of
neurodegeneration, and further longitudinal studies will be needed to validate this viewpoint.
Alternatively, the changes of blood flow velocity and volume may be simply due to the
results of mechanical alternation in retinal architecture from neurodegeneration. However,
this is unlikely because none of the eyes had a history of optic neuritis, and the relationship
between the retinal blood flow metrics and RNFL thickness was not established. Our
findings are compatible with slower blood flow in the cerebral arteries of patients with MS
measured by Arterial Spin Labeling Magnetic Resonance Imaging28 and prolongation of the
mean transit time, a measure of the average time contrast takes to transit from the arterial to
venous circulation in normal appearing white matter, as described in the dynamic
susceptibility contrast MRI study.® The retinal hypoperfusion is in alignment with the
observation of cerebral hypoperfusion in NAWGM in MS.27:28 The cerebral hypoperfusion
is considered a major step that induces a status defined as energy failure in MS.22 According
to a recent large scale clinical study on 1249 patients, MS lesions tend to occur in areas with
lower perfusion.30
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Various techniques have been used to study the ocular blood perfusion in MS patients with
conflicting reports.31-33 Modrzejewska et al.3! found that the lowering of systolic and mean
velocities and resistance indices of blood flow in the central retinal artery (CRA) and short
posterior ciliary artery (SPCA) in MS eyes with past ON, and also in the contralateral
unaffected eyes. However, Akcam et al.32 recently reported no change of blood flow velocity
in central retinal artery, posterior ciliary arteries, ophthalmic artery and superior ophthalmic
vein in MS patients with significant RNFL thinning, with or without a history of ON. These
conflicting results indicate that MS vascular dysfunction is mainly located in the retinal
microvasculature rather than the retrobulbar large vessels. Wang et al. used optical
coherence tomography angiography (OCTA) to estimate a flow index (FI), a measure that
comprises the area of large vessels, vessel density and indirect velocity of the capillaries.33
They found no changes of the FI in the perifoveal region in MS patients. The results by
Wang et al. may not contradict our results because the FI may not exclusively represent the
blood flow velocity or flow volume.33 In fact, the FI may represent the microvascular
morphology (e.g., network) rather than the microcirculation in the retina; this may obscure
the intrinsic microcirculation trends due to their respective global characterization. The RFI
is an advanced ophthalmic imaging modality which can be used to directly quantify the
blood flow velocity in microvessels, including pre-capillary arterioles and post-capillary
venules. With the measurement of vessel diameters, the blood flow volume can be
quantified; this may be applicable for studying the microcirculation, including the blood
flow velocity and flow volume in the retina of patients with MS. As expected, we found the
values of these microcirculation measurements using the RFI device helped to predict
impaired microcirculation in MS patients. The sensitivity and specificity of the
measurements were similar to that reported in a previous study which predicted slow
coronary blood flow in patients with coronary artery disease, but normal cardiac
angiogram.34

This study did not find a correlation between the retinal nerve fiber layer thickness (an
established biomarker of MS) and the retinal microcirculation, which is echoed by a recent
study using OCT angiography by Spain et al.3> Spain et al. did not find a relationship
between the FI of the optical nerve head and RNFL thickness in MS patients. We speculate
that the structural changes may be a cumulative process and the changes of the circulation
may directly relate to the ongoing autoimmune inflammation or vascular dysregulation. The
impairment of the retinal microcirculation may occur before or during the inflammatory
blood brain barrier impairment. We noted that the mean vessel diameter of the arterioles
crossing the 2.3 mm circle showed a tendency of vessel narrowing in MS patients compared
to controls. Given the single point measurement with the small sample size in the present
study, this may not necessarily indicate that vessel contraction occurred in MS. Measuring
retinal thickness will reveal retinal structural alternation, which may not necessarily reflect
retinal microvascular dysfunction revealed by the direct measurement. If retinal
microvascular dysfunction occurs prior to retinal structural changes, measuring retinal
thickness may not unveil the time course of retinal microvascular dysfunction and its
interaction with the mechanical alternation in retinal architecture. The time course and
interaction cannot be tested in the present study because it is a small cross-sectional study.
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Further longitudinal studies with MS patients at different disease stages and under various
therapies may address the question.

In

conclusion, the impaired retinal microcirculation in RRMS patients indicates

microvascular dysfunction in MS. Longitudinal studies are needed to determine whether the
impaired microcirculation is a primary issue and a predictor of underlying

ne

urodegeneration in MS.
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Figure 1. Quantitative retinal blood flow velocity map of microvessels and retinal blood flow
volume

The retina of a healthy subject imaged using the RFI device with a field of view of 20
degrees centered on the fovea (dark area in the center) is shown (A and B). The arterioles are
marked in red and overlaid with the measured blood flow velocities (mm/s); the venules and
their respective velocities are marked in pink. The measured vessels cover the second, third
and fourth branches of the retinal vessels. A negative value indicates blood flow away from
the heart. In this case, the arteriolar flow moved towards to the fovea. A positive value
indicates blood flow towards to the heart. In this case, the vessels are venules. A 2.3 mm
circle (blue) is centered on the fovea (the dark area); vessel diameters were measured (as
half width of full maximum intensity) at the locations (yellow and green dots) at the circle
(B). Using the velocity and vessel diameter data, blood flow volumes were calculated for
each arteriole (yellow dot) or venule (green dot). The total perifoveal flow volume of the
arteriole is the sum of all arteriolar flow rates (all yellow dots). The total perifoveal flow
volume of the venule was the sum of all venular flow rates (all green dots). The total
perifoveal flow volume of this healthy subject was 4.68 nl/s in the arterioles and 4.50 nl/s in
the venules.
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Figure 2. Scatterplot of retinal blood flow velocity and perifoveal flow volume of M S patients
compared with age- and gender-matched controls
One eye of each subject was imaged with the RFI device, and blood flow velocities in

arterioles and venules in the perifoveal region were measured. The blood flow volume of the
perifoveal region was also calculated based on the vessel diameter crossing a circle of 2.3-
mm, centered at the fovea. The mean blood flow velocities in MS subjects were significantly
lower than controls in both the arterioles (A) and venules (B). Similarly, the mean perifoveal
blood flow volume of both arterioles (C) and venules (D) were significantly lower in MS
subjects than in controls. In both groups, the blood flow velocity was higher in arterioles
than venules (A and B, P = 0.001). In contrast, the perifoveal blood flow volume of the
arterioles was similar to that in the venules in both groups (C and D, P = 0.36).
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Figure 3. Relationships among vascular parametersand clinical manifestationsin M S patients
There were correlations of the blood flow velocity (A) and blood flow volume (B) between

the arterioles and venules in MS patients. Both blood flow velocities in the arterioles and
venules of the MS group were not correlated with RNFL (C and D). In contrast, RNFL
thickness was negatively correlated with EDSS (E) and disease duration (F). In addition, an
outlier (furthest left patient, marked by arrow) was removed for computing the relationships
among RNFL and other measurements (C, D, E and F). The relationships (dashed lines)
were included and marked by an asterisk (*). Similar relationships (C, D and F) were found
in the MS group (n = 16) after the outlier was removed, compared to the whole MS group (n
= 17). However, in the trimmed group, RNFL was no longer significantly related to EDSS

(E).
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Table 1
Demography of M S patients and normal controls
M S Patient Control P value
Number 17 17
M:F 6:11 6:11
Eye 150D 2 0S 17 0D
Age (year) 355+9.2 355+938 0.99

Systolic blood pressure (mmHg) 1186+9.9 112+116 0.08
Diastolic blood pressure (mmHg)  77.9+6.0 71.4+82 0.01
Mean arterial pressure (mmHg) 915+7.0 84989 0.02

heart rate (per min) 77.7+80 755+109 0.51
Disease duration (year) 48+7.1

EDSS 18+18

RNFL (um) 90.9+12.3

10P 154+15

OD: right eye; OS: left eye
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Table 2
Oddsratios of measured parameters
Variable OddsRatio P value
Arteriolar velocity 2,77 0.02
Venular velocity 10.74 0.004
Arteriolar flow volume 15 0.059
Venular flow volume 1.69 0.062
SBP 0.94 0.079
DBP 0.9 0.02
MAP 0.91 0.033
HR 0.98 0.55
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