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Objective: To evaluate quadrant and sector retinal nerve fiber layer (RNFL) thickness and total macular volume
(TMV) in relapsing–remitting multiple sclerosis (RR-MS) patients.
Methods:Optical coherence tomographymeasures of RNFL and TMVwere studied in 321 eyeswithout prior optic
neuritis (ON) (MS unaffected), 151 eyes with prior ON (MS affected), and 148 healthy control eyes.
Results:Mean RNFL thicknesswas significantly lower in theMS affected andMS unaffected groups relative to the
control group (p b 0.0001). RNFL thicknesses in the superior, inferior, and temporal quadrants were significantly
reduced in MS unaffected (113 ± 15 μm, 119 ± 17 μm, 63 ± 13 μm) (p b 0.001) and MS affected groups (99 ±
19 μm, 103±21 μm, 51±13 μm) (p b 0.0001) comparedwith that in controls (120±14 μm, 128±15 μm, 69±
8 μm, respectively). TMVwas significantly reduced in both theMS affected andMS unaffected groups compared
with that in the controls (p b 0.0001).
Conclusion: Quadrant, sector, and PMB RNFL thicknesses are significant individual measures in RR-MS for both
affected and unaffected eyes andmay prove valuable in future investigations including biomarker and outcomes
research.

© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Multiple sclerosis (MS) is a chronic inflammatory disease that affects
the central nervous system (CNS) [1] and is a leading cause of neurolog-
ical disability affecting young adults [2]. MS leads to progressive axonal
loss and degeneration of neurons [3], and often result in permanent
disability [4]. Optic neuritis (ON) [5] is the first demyelinating event in
approximately 20% of MS patients, and 30–70% of MS patients experi-
ence ON during the course of the disease [6]. ON results in thinning of
the retinal nervefiber layer (RNFL) and compromise of the totalmacular
volume (TMV) [7,8]. These detrimental retinal changes result from both
axonal thinning with associated loss of neurofilament phosphorylation
and subsequent axonal transection with retrograde degeneration
[9,10]. Visual problems in MS can result from a range of pathologies,
including inflammation, degeneration, demyelination, and axonal loss
in the anterior visual pathway (retina, optic nerves, chiasm and tracts)
[11]. Alterations in the visual system can be important indicators of
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CNS neurodegeneration and potential impact of neuroprotective thera-
py [12]. Optic atrophy and compromise of the RNFL are common find-
ings on ophthalmologic examinations of patients with MS [13], and
RNFL thinning in MS patients has been linked to brain atrophy [14]
and volumetric changes in the white matter as assessed by magnetic
resonance imaging [15]. Other studies found that RNFL and ganglion
cell layer (GCL) associated with normalized brain volume, white matter
volume and gray matter volume in relapsing and remitting (RR)-MS
patients with previous ON [16], whereas Saidha et al. found the stron-
gest relationship between GCL and whole-brain atrophy in progressive
MS [17]. RNFL decrease and optic nerve atrophy are more prevalent in
those with a prior history of ON [18,19], but can also occur throughout
the natural progression of MS in the absence of ON [20].

Optical coherence tomography (OCT) is a non-invasive imaging
technique that can quantify RNFL thickness in vivo [20]. Initially, OCT
was used to not only examine retinal axonal loss in glaucoma [19,21],
but also to demonstrate RNFL loss in the eyes of MS patients with
[19,22] and without previous ON [18,19].

Our objective was to use spectral-domain (SD) OCT to examine the
RNFL thickness with special attention to analyses of RNFL quadrants
and sectors aswell as TMV. Thesemeasurementswere completed in pa-
tients diagnosed with RR-MS (with or without a prior history of ON)
and compared to results obtained with healthy controls to determine
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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the significance of the measurements, their distribution and their
suitability as biomarkers for disease state. We hypothesized that when
compared to controls, the thickness of the RNFL quadrants and the
RNFL sectors may be selectively compromised in MS patients both
with and without ON. Here we describe the injury to the RNFL in
more detail through quadrant and sector analysis.

2. Materials and methods

2.1. Study design and patient population

A total of 236patients from theUniversity of Utahwith clinically def-
inite RR-MS (ages 49 ± 12 years) according to the revised 2005
McDonald criteria [23] and 74 healthy controls (ages 47 ± 12 years)
participated in this cross-sectional study. MS sub-type classification
was based on the clinical course and determined by the treating physi-
cian (JWR), and the ON attacks were documented in our medical re-
cords and determined by the treating physician (JWR). All MS patients
underwent a fundoscopic eye exam and a visual acuity test at the time
of the clinic visit. Patients with a history of eye disease that may affect
OCT measures (e.g. glaucoma, retinal disease, age-related macular
degeneration, diabetes, neuromyelitis optica (NMO), Alzheimer's
disease or Parkinson's disease) were excluded. Patients had to be free
of relapse and ON for at least six months prior to the OCT assessment.
None of the patients were taking Gilenya® (fingolimod) at the time of
the study.

One goal of this study was also to assess whether there were RNFL
differences between the MS patients that had 2 affected eyes compared
with 1 affected eye, and similarly, examine potential differences be-
tween MS patients with 2 affected eyes compared with 2 unaffected
eyes. The rationale behind this partitioned approach is based on
evidence from previous studies that suggest a more frequent thinning
of the RNFL in eyes with a prior history of ON [18,19], but this can also
occur through the natural progression of MS in the absence of ON
[20]. Even if the clinical burden of MS is low, a subclinical loss of RNFL
in MS patients without prior ON has been suggested [22].

2.2. Ethics

These investigations were approved by the Institutional Review
Board of the University of Utah, and all participants provided written
informed consent prior to their participation in accordance with the
ethical standards of the 1964 Declaration of Helsinki.

2.3. Spectral-domain optical coherence tomography

The subjects in this study underwent SD-OCT examination using the
Heidelberg Engineering Spectralis SD-OCT (Heidelberg Engineering,
Heidelberg, Germany, Spectralis software version 5.6.3.0, Eye Explorer
Software 1.7.1.0). This SD-OCT utilizes a scanning superluminescence
diode to emit a scan beam with a wavelength of 870 nm to acquire
40,000 A scans/s with a depth resolution of 7 μm, from which various
retinal layers can be identified, and objectively and precisely assessed
[24] (Fig. 1). The OCT device also combines OCT and confocal infrared
laser ophthalmoscope, which provides a reference infrared fundus
image [24]. The combination of eye tracking (TruTrac) and high-speed
scanning reduce noise caused by natural eye movement [25]. In
addition, TMV scan (30° × 25°, 61 B-scans (121 μm distance between
B-scans), ART 9; 768 A-scans each) was centered over the macula
after the TruTrac was activated. The following OCT parameters were
calculated: global mean RNFL thickness around the optic nerve head
from nasal, inferior, temporal, superior to nasal (NITSN) quadrant, and
further RNFL sector thicknesses (temporal–inferior; TI, temporal–
superior; TS, nasal–inferior; NI, nasal–superior; NS and peripapillary
macular bundle (PMB)). The mean retinal thickness was measured in
μm per quadrant of the peripapillary area whereas the macular scan
provided volume data (mm3). All scans were performed by an
experienced operator (ASL-F). The images were subsequently reviewed
for acceptable signal strength (N25), correct placement of the scan ring
and appropriate beam placement.

2.4. Expanded disability status scale (EDSS)

The EDSS scale ranges from 0 (no disability) to 10 (death from MS)
[26]. EDSS scores for the MS patients participating in the study were
determined by the treating neurologist (JWR) and ranged from 0–7
with a mean of 1.7 (Table 2).

2.5. Data analyses

For our studies we have examined the eyes of patients and healthy
controls by status as unaffected or affected by ON. Group 1 and group
2 together are labeled the ‘MS unaffected group’. Group 3 and group 4
together are labeled the ‘MS Affected group’. Inmore detail: TheMS un-
affected group consists of patientswith 2 eyes not affected by optic neu-
ritis (number of eyes = 256) in addition to the patients that have
unilateral optic neuritis (number of eyes = 65), where the non-optic
neuritis eyes are included in the ‘MS unaffected group’ (Total number
of eyes = 321) (Table 1). The same grouping procedures were applied
when creating the ‘MS Affected group’ (Total number of eyes = 151).
Here we included the eyes of patients with bilateral optic neuritis
(number of eyes= 86) and the eyes that were affected in the unilateral
optic neuritis group (number of eyes=65). These five groups of eyes are
summarized as;

Here we compare the eyes in the MS unaffected (no prior optic
neuritis) and MS affected (prior optic neuritis) groups with the healthy
control group. Further, the MS patients that had 2 affected eyes and the
MS patients that had 2 unaffected eyes were also compared with the
healthy control eyes. Similarly, the MS patients that had 1 affected eye
and 1 unaffected eye were compared with the control eyes. In addition,
the MS patients that had either 2 affected or 2 unaffected eyes were
comparedwith thoseMS patients that had only 1 affected or 1 unaffect-
ed eye. Only MS patients and healthy controls with complete data for
both eyes were included in the analyses.

2.6. Statistical analyses

This was a cross-sectional exploratory study design, where no
adjustments for multiple comparisons were made. Kolmogorov and
Smirnov test was performed on all dependent variables to test for
assumption of normality. Mann–Whitney U-tests were performed to
examine significant differences in age between the groups. Partial corre-
lation analyses, adjusted for disease duration, were used to examine the
relationships between EDSS and OCT parameters in the MS groups.
Statistical differences of the various OCT variables between the groups
were calculatedwith a linear model using generalized estimating equa-
tions (GEE) with compound symmetry correlation structure to account
for gender and within-subject inter-eye differences. Statistical analyses
were performed using commercially available software (SPSS 17.0, SPSS
Inc., Chicago, IL and Graphpad Software InStat 3.0, La Jolla, CA). All of the
data are expressed as mean ± SD. Statistical significance was set as
p ≤ 0.05.

3. Results

3.1. Patient population

We enrolled 310 subjects including 74 healthy controls and 236 pa-
tients with relapsing and remittingmultiple sclerosis. The RR-MS group
included patientswithout ON,with unilateral ON, andwith bilateral ON.
The subject demographics are presented in Table 2. There were no
significant differences in age between individuals in the MS group as a



Fig. 1. Example of an OCT scan. Optic nerve head scan. A) A circular scan centered around the optic nerve of a patient diagnosed with RR-MS and with a previous history of ON. The scan
starts at the arrow seen to the right of the circle (nasal sector). For orientation, an asterisk is inserted. B) This panel depicts the OCT cross-sectional image of RNFL from the circle scan. The
vertical line corresponds to the position of the asterisk shown in image A. C) Data are shown in micrometer of RNFL thickness for all retinal sectors, including the peripapillary macular
bundle (PMB). Quantitative data collected by the OCT are overall global (G) (360°) mean RNFL thickness around the optic nerve; quadrant RNFL thickness; temporal (T), superior (S),
inferior (I), and nasal (N) (each 90°); sector RNFL thickness; temporal–superior (TS; 45–90°), nasal–superior (NS; 90–135°), nasal–inferior (NI; 225–270°), and temporal–inferior
(TI; 270–315°). D) RNFL thickness is measured across 768 locations (A-scans). The black line indicates the patient's score around the optic nerve from nasal, inferior, temporal, superior
to nasal (NITSN), while the solid green line is the age-adjusted mean thickness values from the normative database. The green color is within normal limits (values inside 95% normal
range), purple is above normal limits (values outside 99% confidence interval (CI)), and bluewhich is borderline above normal limits (values outside 95%, but within 99% CI of the normal
range). Yellow is borderline below (values outside95%, butwithin 99% of theCI of thenormal distribution) and the red color is belownormal limits (values outside the 99% CI of the normal
distribution). The green vertical line corresponds to the position of the asterisk in images A, B, and D. Findings of the OCT: the RNFL thickness of this patient is depicted by the black line in
image 1D. The thickness chart of this patients shows that the global mean, superior, inferior and nasal quadrants are within normal limits (green color). The temporal quadrant and PMB
are below normal limits (red color; values outside the 99% CI of the normal distribution).
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whole and the control group, or between the MS patients with optic
neuritis and the MS patients without optic neuritis (p N 0.05). There
was a 3.1:1 ratio of women to men in the MS group and a 1.1:1 ratio
of women to men in the control group. Average disease duration was
14 ± 8 years (range 1–45 years). There were no gender differences in
RNFL values in the control group or in the MS affected group. However,
the males in the MS unaffected group had slightly lower mean RNFL
values compared with the females (p b 0.05) (data not shown).
Table 2
Clinical characteristics of study participants.

Characteristics Controls (n = 74) MS patients (n = 236)

Age (yrs) 47 ± 12 49 ± 12
Age range (yrs) 27–73 20–82
Sex

Male, n (%) 34 (46) 54 (23)
Female, n (%) 40 (54) 182 (77)
3.2. RNFL thickness and TMV in MS affected and MS unaffected groups and
controls

Mean RNFL thickness was significantly reduced in the MS affected
and the MS unaffected groups relative to the healthy controls (p b

0.0001). The MS affected group had a lower RNFL in comparison to
the MS unaffected group (p b 0.0001). Mean TMV was lower in both
MS affected and MS unaffected groups compared to that in the control
group (p b 0.0001). The MS affected group had a reduced TMV relative
to the MS unaffected group (p b 0.0001) (Fig. 2A & B).
Table 1
Grouping of eyes for analysis.

1. MS eyes without ON (n = 256)
�

MS unaffected group (n= 321)
2. MS eyes unaffected by unilateral ON (n=65)
3. MS eyes affected by unilateral ON (n = 65)

�
MS affected group (n = 151)

4. MS eyes affected by bilateral ON (n = 86)
5. Healthy control eyes (n = 148)

MS; multiple sclerosis, ON; optic neuritis, n; number of eyes.
3.3. RNFL quadrants and PMB thicknesses inMS affected andMS unaffected
groups and controls

RNFL thickness in the superior (S), inferior (I) and temporal
(T) quadrants was reduced in the MS unaffected group compared to
that in the control group (p ≤ 0.001), and different across all four quad-
rants (S, I, N (nasal), T) relative to the MS affected group (p b 0.0001).
RNFL thickness for all four quadrants was also significantly lower in
the MS affected group compared to that in the MS unaffected group
(p b 0.0001). The PMB thickness was reduced in the MS affected and
Bilateral unaffected eyes, n (%) 148 (100) 256 (54)
Bilateral affected eyes, n (%) n/a 86 (18)
Unilateral unaffected eyes, n (%) n/a 65 (14)
Unilateral affected eyes, n (%) n/a 65 (14)
Disease duration (yrs) n/a 14 ± 8
DMT, n (%) n/a 214 (90)
EDSS n/a 1.7 ± 1.7
EDSS range (median) n/a 0–7 (3)

Mean ± SD, ON; optic neuritis, DMT; disease-modifying therapies, EDSS; expanded
disability status scale.



Fig. 2. RNFL and TMV comparisons between controls and MS patients. A) Mean RNFL
thicknesses in controlsand MS unaffected and MS affected groups. Significant differences
between the groups are indicated with p-values. Note that the y-axis starts at 60 μm.
B) Mean TMV in controlsand MS unaffected and MS affected groups. Significant
differences between the groups are indicated with p-values. Note that the y-axis starts
at 7 mm3.

Fig. 3. Comparisons of RNFL quadrants between controls and MS patients. Mean RNFL
quadrant thicknesses and PMB sector thickness in controlsand MS unaffected and MS af-
fected groups. All RNFL comparisonswere significant between groups at p b 0.0001, except
for controls comparedwith theMS unaffected group for the nasal quadrant, as depicted in
the graph.
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MS unaffected groups relative to the control group (p b 0.0001), and
lower in the MS affected group compared to that in the MS unaffected
group (p b 0.0001) (Fig. 3).

3.4. RNFL quadrant and RNFL sector thicknesses in the MS eyes and control
eyes

When MS patients' eyes as a pooled cohort were compared to the
healthy control eyes, both the RNFL quadrants and the RNFL sectors
(TS, NS, NI and TI) were significantly reduced (p ≤ 0.001). Similar results
were observed when comparingMS 2 affected eyes (p ≤ 0.03) andMS 1
affected eye (p ≤ 0.01) to healthy controls. The MS 2 unaffected eyes
scored significantly lower compared with the control group for mean
RNFL, superior, and temporal quadrants (p ≤ 0.02), in addition to NI,
TS, TI and PMB RNFL sectors (p ≤ 0.05). Further, only the inferior quad-
rant showed significance when comparing MS patients with 2 affected
eyes to MS patients with 1 affected eye (p = 0.04). Patients with 2 af-
fected eyes showed significantly lower RNFL quadrant and RNFL sector
scores compared with MS 2 unaffected eyes (p ≤ 0.01), with the excep-
tion of the inferior quadrant (p= 0.2). The MS patients with 1 affected
eye showed significantly lower scores for all RNFL quadrants and RNFL
sectors relative to MS patients with 1 unaffected eye (p ≤ 0.003). Thus,
the PMB seems to have a selective vulnerability from a more distinct
region of the RNFL (Table 3).

3.5. Expanded disability status scale correlates

There was no difference in EDSS scores between the MS unaffected
and the MS affected group (p N 0.05). However, when comparing the
patients with 1 affected eye (1.9 ± 1.8), EDSS score was significantly
lower in the MS patients with 2 affected ON eyes (1.5 ± 1.4) (p ≤
0.01), and in patients with 2 unaffected eyes (1.6 ± 1.6) (p ≤ 0.0001).
EDSS correlated with mean TMV (r=−0.33, p=0.001) and temporal
quadrant (r=−0.25, p= 0.01) in the MS affected group, while corre-
lations with mean RNFL (r = −0.16, p = 0.03), superior quadrant
(r = −0.15, p = 0.04), inferior quadrant (r = −0.15, p = 0.04), and
NI RNFL sector (r=−0.22, p=0.003) were significant in theMS unaf-
fected group. EDSS correlated with the temporal quadrant (r=−0.28,
p = 0.03) and TMV (r = −0.26, p = 0.05) in the MS group with 1 un-
affected eye andwith TMV in the groupwith 1 affected eye (r=−0.31,
p = 0.02) (data not shown).

4. Discussion

The goal of our study was to examine OCTmeasurements of the ret-
inal nerve fiber layer in RR-MSpatients. The basic investigations of RNFL
and TMV in our patient population demonstrated that: 1) therewas sig-
nificant RNFL thinning of 12% in our RR-MS patients regardless of ON
status compared to that in healthy controls, 2) there was significant
RNFL thinning of about 15% in the MS affected group compared to that
in the MS unaffected group, and 3) there was a significant decrease in
TMV in the MS patients as a group of about 4% compared to that in
healthy controls and a 3% decrease in the MS affected group vs. the
MS unaffected group. In our patient population there was significant
loss in RNFL thickness and TMV in the eyes with a clinical history of
ON compared with that in the unaffected eyes and healthy control
eyeswhich are similar to previous studies [18,27]. These results confirm
previous investigations and demonstrate reproducibility of these
measurements among comparable patient populations.

4.1. RNFL measures by quadrants and sectors in MS patients and healthy
controls

Our study revealed a thinning of the mean RNFL, the RNFL
quadrants, PMB and RNFL sectors in MS patients compared to that in
the control group. In addition, the MS patients with prior ON showed



Table 3
Controls, MS unaffected and MS affected eyes.

RNFL quadrants &
sectors

Control
eyes (n = 148)

All MS
eyes (n = 472)

MS 2 unaffected
eyes (n = 256)

MS 1 unaffected
eye (n = 65)

MS 2 affected
eyes (n = 86)

MS 1 affected
eye (n = 65)

Control vs. all
MS P-value

Control vs. MS 2
unaffected P-value

RNFL (μm) 98 ± 9 87 ± 13 93 ± 10 89 ± 12 77 ± 14 80 ± 13 0.0001 0.004
Superior (μm) 120 ± 14 108 ± 18 115 ± 14 110 ± 15 97 ± 19 101 ± 19 0.0001 0.02
Inferior (μm) 128 ± 15 113 ± 20 121 ± 15 116 ± 19 101 ± 20 105 ± 22 0.0001 0.3
Nasal (μm) 74 ± 13 68 ± 16 71 ± 13 70 ± 17 61 ± 17 64 ± 16 0.001 0.4
Temporal (μm) 69 ± 8 58 ± 14 64 ± 13 60 ± 14 51 ± 12 51 ± 13 0.0001 0.001
Nasal–superior (μm) 104 ± 17 95 ± 19 101 ± 17 97 ± 17 84 ± 20 89 ± 21 0.001 0.3
Nasal–inferior (μm) 112 ± 21 101 ± 22 105 ± 20 106 ± 23 90 ± 23 97 ± 22 0.0001 0.05
Temporal–superior (μm) 136 ± 14 121 ± 21 128 ± 16 123 ± 18 109 ± 22 113 ± 23 0.0001 0.001
Temporal–inferior (μm) 145 ± 15 125 ± 25 136 ± 19 125 ± 23 111 ± 23 114 ± 29 0.0001 0.001
PMB (μm) 53 ± 6 45 ± 11 49 ± 9 45 ± 11 38 ± 9 40 ± 10 0.0001 0.0001
TMV (mm3) 8.6 ± 0.5 8.3 ± 0.5 8.4 ± 0.4 8.3 ± 0.5 8.1 ± 0.4 8.1 ± 0.5 0.0001 0.009

Mean ± SD, MS; multiple sclerosis, RNFL; retinal nerve fiber layer, TMV; total macular volume. (n); number of eyes, significant values are depicted in bold italics. p ≤ 0.05.

Table 3 (continued)

RNFL quadrants &
sectors

Control vs. MS 2
affected P-value

Control vs. MS 1
unaffected P-value

Control vs. MS 1
affected P-value

MS 2 affected vs. MS 1
affected P-value

MS 2 affected vs. MS 2
unaffected P-value

MS 2 affected vs. MS 1
unaffected P-value

MS 1 affected vs. MS 1
unaffected P-value

RNFL (μm) 0.0001 0.0001 0.0001 0.8 0.0001 0.001 0.0001
Superior (μm) 0.0001 0.0001 0.0001 0.3 0.0001 0.0001 0.0001
Inferior (μm) 0.03 0.04 0.01 0.04 0.2 0.3 0.0001
Nasal (μm) 0.004 0.06 0.0001 0.9 0.005 0.2 0.0001
Temporal (μm) 0.0001 0.0001 0.0001 0.8 0.0001 0.0001 0.0001
Nasal–superior (μm) 0.0001 0.02 0.0001 0.3 0.0001 0.001 0.003
Nasal–inferior (μm) 0.0001 0.09 0.0001 0.5 0.01 0.02 0.0001
Temporal–superior (μm) 0.0001 0.0001 0.0001 0.5 0.0001 0.001 0.0001
Temporal–inferior (μm) 0.0001 0.0001 0.0001 0.2 0.0001 0.001 0.0001
PMB (μm) 0.0001 0.0001 0.0001 0.2 0.0001 0.0001 0.0001
TMV (mm3) 0.0001 0.0001 0.0001 1 0.002 0.6 0.1
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greater thinning than theMS patients with no history of ON. Our results
agree with studies by Oberwahrenbrock et al. [18], Bock et al. [19], and
Lange et al. [28] who found a pronounced thinning of the RNFL and
reduction of TMV [18] in the MS eyes compared to that in the healthy
control eyes, and inMS affected eyes compared to that inMS unaffected
eyes. However, in contrast to Oberwahrenbrock et al. [18] who only
reported the mean RNFL and TMV, our study examined the RNFL quad-
rants, PMB and sectors of the RNFL in detail. We have identified that the
temporal quadrant seems to be a more vulnerable area within the RNFL
in MS patients, which is in agreement with the findings ofWinges et al.
[29]. The temporal quadrant contains fibers of the PMB [30,31] which
appeared to be a compromised area with clear distinction between
the controls, MS unaffected and MS affected groups.

The temporal quadrant followed by the superior and inferior quad-
rants in our study demonstrated similar involvement, but in contrast,
the nasal quadrant was less impacted. The TS and TI RNFL sectors
were themost significant in relationship to controls vs. theMS unaffect-
ed group, whereas all quadrants and RNFL sectors were reduced in the
MS affected group compared with that in the controls. These results
are similar to that of Serbecic et al. [7] who also examined RNFL sector
measurements in MS patients with and without previous ON and
found a reduced RNFL globally in allMS groups compared to that in con-
trols. In addition, the temporal quadrant, TI and TS RNFL sectors were
reduced in the MS group with prior ON, whereas the MS
group without previous ON only showed a significant reduction in TS.
Garcia-Martin et al. [32] found a decrease in average RNFL, SN
(superior–nasal), IN (inferior–nasal), IT (inferior–temporal), ST (superi-
or–temporal) sectors, and temporal quadrant in the MS eyes compared
with the healthy control eyes. However, when they compared the MS
eyes with ON to the MS eyes without ON, only the temporal quadrant
reached statistical significance. The lack of significance in other areas
may be a result of the relatively small number of eyes studied. They
only studied 75 eyes without prior ON and 25 eyes with previous ON,
whereas our study examined 321unaffected eyes and 151 affected eyes.

Previous studies have shown that RNFL thickness was 46% lower in
the MS eyes with prior ON compared to that in ‘healthy’ control eyes,
26% reduced RNFL in unaffectedMS eyes comparedwith that in control
eyes, and 28% lower RNFL in affected eyes compared to that in the unaf-
fected eye of the same patient [6,22]. A retrospective study by Winges
et al. found a 34% and 25% reduction in RNFL and TMV, respectively in
RR-MS patients that scored less than 5th percentile of normal limits
[29]. During the inflammatory process of ON, the optic nerve can swell
secondary to inflammation, and in the months following an acute
event, the swelling subsides and subsequently the optic nerve decreases
in size. It has also been suggested that RNFL thinning becomes more
prominent in the 3–6 months following an inflammatory event [33],
which is why the patients with ON in the 6 months preceding the
measurements were excluded from our study.

4.2. TMV in MS patients and healthy controls

Total macular volume includes all the neuronal layers of the retina
[34] and reflects the number of retinal ganglion cell bodies and axons,
which have shown to be decreased in the ON eyes [35]. In agreement
with other studies [18,36], our study revealed a reduced volume in MS
patients compared to that in the control group, and the MS patients
with prior ON displayed even lower volumes than the MS patients
with no history of ON. In agreement with our results, Henderson et al.
showed a lower baseline TMV in their MS patients compared with
that in healthy controls. In addition, the same study found no difference
in TMV reduction over time between healthy controls and progressive
MS patients, though, the small number of subjects in their study and
the use of time-domain OCT are limitations. However, these results
make us question if TMV changes aremore related to normal aging rath-
er than disease changes [36], and if it is appropriate to use TMV as a
measurement of neuronal degeneration. It has been suggested that
early in the disease course theremay be someunderlyingmicro-inflam-
matory disease activity [37], and the use of disease-modifying therapies
[38] may explain why there was no difference in TMV between MS
patients with 2 affected eyes and MS patients with 1 affected eye in
our study. We will be looking to examine this issue as we divide the
MS eyes into 4 groups. This analysis may suggest that the TMV becomes
equally compromised both with bilateral and unilateral ON.

4.3. RNFL quadrants and sectors in MS affected and MS unaffected eyes

After separating the MS group according to the number of eyes
affected with and without ON, we observed that MS patients with 2
affected eyes had decreased thickness in several RNFL quadrants and
in all RNFL sectors compared to MS patients with 2 unaffected eyes.
Significant differences in RNFL quadrant and sector values between
the patients with 1 affected eye relative to theMS patients with 1 unaf-
fected eye were detected. Although, we observed a trend with lower
RNFL scores in the patients with 2 affected eyes compared to the MS
patients that had 1 affected eye, only the inferior quadrant reached
statistical significance.

4.4. Expanded disability status score correlates

We found significant correlations between EDSS and mean RNFL,
inferior quadrant, superior quadrant, and NI RNFL sector in the MS un-
affected group. Also, EDSS significantly correlated with the temporal
quadrant and TMV in the MS affected group. In addition, the MS group
with 1 unaffected eye showed correlations between EDSS and the tem-
poral quadrant and TMV, and theMS groupwith 1 affected eye revealed
a correlation between EDSS and TMV. EDSS scores have previously been
shown to be associated with decreased RNFL and TMV in MS patients
with and without prior ON [39], which is similar to our findings, while
another study reported a correlation between EDSS and RNFL in
untreated MS patients [40]. TMV seems to be the best correlate with
EDSS in our patient population. Although, several of the comparisons
in our study displayed low r values, suggesting a weak association that
remained statistically significant after we adjusted for disease duration,
was attributed to the large sample size in our study.

4.5. Sex-specific differences in RNFL

There were no significant differences in RNFL between men and
women in the control group or in the MS affected group. However, we
found that the males had slightly lower RNFL values compared to the
females in theMS unaffected group. Costello et al. showed that baseline
RNFL values did not differ in the ON eyes betweenmen andwomen, but
found that male MS patients displayed greater RNFL thinning 6 months
following ON compared to women, suggesting that there may be a dif-
ference in visual recovery following episodes of ON [41]. Men often
show worse clinical outcomes and faster disease progression relative
to women [42], and this difference may be attributed to sex hormones
[43], specifically estrogen [44,45].

5. Limitations

There are some limitations in our study that should be noted. The
control group (74 subjects) was relatively small compared to the MS
group (236 subjects), and the male proportion was particularly smaller
than the women in the MS group. However, this reflects the higher in-
cidence ofMS inwomen, but it is possible that our results were affected,
hence we adjusted for gender in the analyses (GEE model). This study
was confined to only RR-MS patients, so the results should not be
generalized to other MS sub-types. Also, this was a cross-sectional
exploratory study design, and cannot infer cause and effect, but this
issue will be addressed with a longitudinal study which is currently
underway.
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6. Conclusions

As OCT begins to emerge as a valuable tool for assessing disease
severity, it is important to understand its potential strengths and limita-
tions with respect to sensitivity and fidelity in measuring degeneration
in MS patients. This is particularly important for comparing results
between different MS centers. Our results demonstrate that OCT mea-
surements can be comparable to those at other institutions. Our study
is unique in that we also focused on the various quadrant thicknesses,
the PMB and RNFL sector thicknesses, to identify regional differences in
contrast to the majority of studies that have primarily focused on mean
RNFL thickness. In addition, we validated the results with our patient
population compared to other studies and we found similar results for
mean RNFL and TMV showing uniformity of this measurement between
centers. We also detailed RNFL sector segmentation analysis showing
that the nasal quadrant was least affected for significant changes in our
MS patients, while other studies have found the nasal quadrant to be
more sensitive to change in NMO patients with ON compared with MS
ON patients by using the ratio of nasal to temporal RNFL thickness for
comparing quadrant-wise thinning [46]. Also, a review study by Bennett
et al. showed that NMO patients without a history of ON had normal
RNFL thicknesses [47]. Future OCT studies may be important in examin-
ing if there are different RNFL injury patterns between NMO and MS
patients with ON, and if nasal quadrant injury is more common in
NMO and temporal quadrant damage is more prominent in MS. In
addition, our study demonstrated that RNFL thickness in the PMB
distinguishes MS affected and MS unaffected eyes from controls as well
as differentiating MS affected eyes from MS unaffected eyes.

Identifying reproducible and significant measures of neurodegener-
ation in MS would allow for biomarker development with the potential
to assist with diagnosis, ongoing disease course evaluation and pharma-
cologic disease management [48]. Future studies including large multi-
center studies may focus on RNFL changes in quadrants and sectors for
investigation of early MS, secondary progressive MS and primary pro-
gressive MS, natural history, clinical trials and biomarker correlations.
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