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Abstract

Aim: To examine the relationship between retinal ganglion cell loss and changes in the inner nuclear layer (INL) in
optic neuritis (ON).

Methods: 36 multiple sclerosis (MS) patients with a history of ON and 36 age and sex-matched controls underwent
Optical Coherence Tomography. The paramacular retinal nerve fiber layer (RNFL), combined ganglion cell and inner
plexiform layers (GCL/IPL) and inner nuclear layer (INL) thickness were measured at 36 points around the fovea. To
remove inter-subject variability, the difference in thickness of each layer between the ON and fellow eye of each
patient was calculated. A topographic analysis was conducted.

Results: The INL of the ON patients was thicker than the controls (42.9um versus 39.6um, p=0.002). ON patients
also had a thinner RNFL (27.8um versus 32.2um, p<0.001) and GCL/IPL (69.3um versus 98.1um, p<0.001). Among
the controls, there was no correlation between RNFL and GCL/IPL as well as RNFL and INL, but a positive
correlation was seen between GCL/IPL and INL (r=0.65, p<0.001). In the ON group, there was a positive correlation
between RNFL and GCL/IPL (r=0.80, p<0.001) but a negative correlation between RNFL and INL (r=-0.61, p<0.001)
as well as GCL/IPL and INL (r=-0.44, p=0.007). The negative correlation between GCL/IPL and INL strengthened in
the ON group when inter-subject variability was removed (r=-0.75, p<0.001). Microcysts within the INL were present
in 5 ON patients, mainly in the superior and infero-nasal paramacular regions. While patients with microcysts lay at
the far end of the correlation curve between GCL/IPL and INL (i.e. larger INL and smaller GCL/IPL compared to other
patients), their exclusion did not affect the correlation (r=-0.76, p<0.001).

Conclusions: INL enlargement in MS-related ON is associated with the severity of GCL loss. This is a continuous
relationship and patients with INL microcysts may represent the extreme end of the scale.
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Introduction

Multiple sclerosis (MS) is recognized as a chronic
inflammatory  demyelinating disease with concomitant
neurodegeneration. Acute optic neuritis (ON) is a common
feature of MS and is the first clinical manifestation in
approximately 20% of MS patients [1]. In ON significant axonal
loss occurs following the acute inflammatory process, which
eventually results in retinal ganglion cell (RGC) neuronal loss
through retrograde degeneration. This mechanism is now well
established by numerous studies [2-6].
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There are also reports of other retinal elements being
affected in MS. Post-mortem studies, supported by
electrophysiological  investigations, have demonstrated
significant pathological changes in retinal cells deeper to the
retinal ganglion cell layer (GCL), including bipolar cells and
photoreceptors [7-9].

More recently, high-resolution spectral-domain Optical
Coherence Tomography (OCT) has created an opportunity to
perform qualitative structural analyses of individual retinal
layers in vivo. A number of OCT-based studies have revealed
different abnormalities in the inner nuclear layer (INL) in eyes
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of MS patients. Some have reported disproportionate thinning
of the INL [7,10], but to the contrary, a more recent study found
an increased thickness of the INL in eyes of MS patients [11]. A
small but not statistically significant increase of INL thickness in
ON patients was also reported by Sriram et al (2012) [12].

In addition, several investigators have reported microcysts of
the INL in various optic neuropathies and neurological
diseases, including MS (with and without a history of ON). In
MS, the presence of INL microcysts has been associated with
disease severity [11]. Several mechanisms including
autoimmune, inflammatory and mechanical factors have been
suggested to explain the origin of these microcysts [11,13-16].
However, the question of the true nature of INL changes in MS
still remains open.

One noteworthy problem is that most studies on the INL to
date have been limited by the inability to accurately segment
the INL from the outer plexiform layer, which can potentially
mask true changes in the INL, reducing sensitivity. In addition,
no relationship between RGC loss and the INL has been
explored but we hypothesize that there is an association.
Therefore, the objective of this study was to use spectral-
domain OCT and a custom designed automated retinal layer
segmentation algorithm to clarify structural changes in the INL
in patients with MS-related ON and to assess the relationship
between RGC loss and changes in the INL. We also
investigated the prevalence and distribution of INL microcysts
in MS-related ON.

Materials and Methods

Ethics Statement

Approval was obtained from the Human Research Ethics
Committee of the University of Sydney (number 2012/744) and
written informed consent was obtained from all participants.

Participant selection

A cross-sectional retrospective study was completed on a
total of 36 patients with clinically defined MS (based on the
criteria of McDonald et al) and a history of acute ON as
diagnosed by a neuro-ophthalmologist or neurologist [17].

Exclusion criteria included concomitant ocular or neurological
disease or recurrent ON. Only MS patients with a history of ON
of at least 3 months prior to participation in the study were
included. Based on self-reporting and analysis of medical
records, we documented the time of diagnosis of MS and ON
as well as the duration between the last episode of ON and
date of OCT for the study.

The MS patients were compared to 36 age and sex matched
healthy controls who were selected from among the Save Sight
Institute staff. These controls were included based on criteria of
6/6 vision, and no history of ocular disease, diabetes mellitus or
high refractive error (outside of the range between * 4
diopters). We also excluded MS patients with refractive error
outside the range of + 4 diopters.
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OCT Segmentation and Analysis

All participants underwent OCT using Spectralis HRA+OCT
(Heidelberg Engineering, Heidelberg, Germany). Only one eye
was scanned in the control group which was chosen at
random, but both eyes were scanned in the ON group. The
macula radial pattern protocol was used, which provided 6
slices in a star-like pattern; the central fovea being the midpoint
of each slice (Figure 1). This created 12 radial sections around
the central fovea, each 4.5mm long and each separated by 30
degrees from each other. In total, 30 degrees of visual angle
(15° of eccentricity) were scanned. Only scans that were of
good quality, defined by signal strength greater than 25db,
good centration of the scan, and uniform brightness were used.
One hundred scans were averaged for each line scan to
produce a resolution of 1536 pixels.

For each OCT slice around the fovea, segmentation of the
retinal layers was performed automatically using a custom
designed algorithm which applied vessel detection and
removal, multiple size median filtering, and Canny edge
detection to identify borders of the retinal layers. This program
was used in a previous study conducted by our research group
[12]. This program was used to measure the thickness of the
paramacular retinal nerve fiber layer (RNFL), the combination
of the ganglion cell and inner plexiform layers (GCL/IPL), and
INL (Figure 1). The GCL and IPL could not be accurately
distinguished due to similar reflectivity and thus the combined
thickness of these two layers was used. Any differences in the
GCL/IPL thickness between all eyes were attributed to the
RGCs as the combined layers are thought to predominantly
house the RGC neurons. The thickness of each layer was
calculated at 3 separate points along each radial line. Given
that there were 12 radial lines, a total of 36 points around the
macula were measured. Only 3 points along each radial line
were used for analysis as the layers are more distinct in this
range.

We measured the average RNFL, GCL/IPL and INL
thickness for each participant. We also measured the average
thickness of the RNFL, GCL/IPL, and INL at each of the 36
points around the macula for both the controls and ON
patients. To measure the deviation in RNFL, GCL/IPL and INL
thickness in ON from normal values, we calculated the
difference in average thickness of each layer between the
control and ON groups at each of the 36 points across the
retina. These calculations were topographically mapped. To
minimize inter-subject variability we performed an asymmetry
analysis by calculating the difference in the thickness of the
retinal layers between the ON eye and the fellow eye for each
subject.

In all participants we looked for microcysts in the retina,
defined by well-circumscribed areas of hyporeflectivity.

Statistics

Statistical analysis was conducted using Microsoft Excel,
version 2007 (Microsoft, Redmond WA) and SPSS Statistics
21.0.0 (IBM, New York). The means, standard deviation (SD)
of means, and Pearson’s correlation coefficient were
calculated. Groups were compared using the student t-test and
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Figure 1. OCT segmentation pattern. A. Fundus view: OCT segmentation along 12 radial lines through the central fovea. B.
Cross-sectional view: Along each scan line, the thickness of each retinal layer was measured at 6 different points (3 points along
each radial line). The 5 points closest to the fovea were not included in the analysis due to variability in automated retinal layer

segmentation in this area as a result of indistinct layers.
doi: 10.1371/journal.pone.0078341.g001

bivariate correlation. P-values less than 0.05 were considered
statistically significant.

Results

A total of 36 patients with a history of MS-related ON and 36
age and sex matched healthy controls were included in this
study. The mean age was 39.5 for both controls (SD + 10.7)
and patients with ON (SD % 9.8). The ratio of females to males
was 28:8 among the ON patients compared to 27:9 for the
control group.

All the patients with a history of ON were diagnosed with
relapsing remitting MS (RRMS). All MS patients had a history
of unilateral ON except for one who had binocular disease
(however only one eye was included in the study for this
patient). The average duration between the last episode of
acute ON and OCT for this study was 51 months (range 3-203
months). The average duration of MS from diagnosis was 52
months (range 3-178 months). Three MS patients were on
Fingolimod at the time of OCT testing.

Correlations between the RNFL, GCL, and INL

For all participants we measured the thickness of the RNFL,
GCL/IPL, and INL by averaging 36 points of measurement
around the macula. Compared to normal controls the ON
patients had a thinner RNFL (27.8um % 4 versus 32.2um £ 2, p
<0.001) as well as a considerably thinner GCL/IPL (69.3um %
14 versus 98.1um £ 5, p <0.001). On the contrary, the average
thickness of the retinal INL of patients with ON compared to the
control group was significantly larger (42.9um + 6 versus
39.6um + 3, p= 0.002).

A closer examination revealed different relationships
between the average GCL/IPL, RNFL, and INL thickness in the
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control and ON groups. Among the healthy participants, there
was no association between the RNFL and INL (r= 0.03,
p=0.85) as well as the RNFL and GCL/IPL (r= 0.14, p= 0.40),
but there was a significant positive correlation between the
GCL/IPL and INL thickness (r= 0.65, p<0.001). In contrast, in
the ON group there was a strong positive correlation between
the RNFL and GCL/IPL (r=0.80, p<0.001), which is expected
since axonal degeneration is followed by neuronal loss due to
retrograde degeneration. However, both the RNFL and the
GCL/IPL demonstrated a highly significant negative correlation
with the INL (r= -0.61, p<0.001 and r= -0.44, p=0.007
respectively). This inverse correlation between the GCL/IPL
and INL (i.e. a thicker INL with a thinner GCL/IPL)
strengthened in the ON group when asymmetry analysis was
used (r=-0.75, p<0.001; see Figure 2).

There was no correlation between INL thickness and the
duration between ON and OCT testing (r= -0.02, p=0.91) and
the duration of MS (r=-0.02, p=0.93).

INL Microcysts

In a total of 5 optic neuritis patients (14%), there was
evidence of macular microcysts in the INL. The patient with a
history of binocular ON had evidence of microcysts in the eye
that was included in the study, but this patient was excluded
from the asymmetry analysis. Eyes examined in the control
group did not have evidence of INL microcysts. There was no
significant difference in the average time between ON and OCT
testing between patients with and without INL microcysts (62 +
25 versus 49 + 44 months respectively, p=0.60).

The morphology of the microcysts was noted to be elongated
in shape perpendicular to the retinal layers (Figure 3). In all 5
eyes the microcysts were also more abundant and larger in the
superior and inferior nasal quadrants of the macula, between
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Figure 2. Correlation between GCL/IPL and INL in the ON group after removing inter-subject variability. The four triangles
represent the ON patients with INL microcysts. The diamonds represent the ON patients without microcysts.
doi: 10.1371/journal.pone.0078341.g002

L2 00 pm

Figure 3. Microcysts in the INL of a patient with a history of acute ON. These microcysts appear more hypo-intense (indicated
by the arrows) and are located in the nasal paramacular region but not temporally.
doi: 10.1371/journal.pone.0078341.g003

0.75mm to 2.0mm from the fovea along the 3, 4" and 5" radial distinctly more hypo-intense on the fundus OCT view. No
lines (as numbered in Figure 1). These areas appeared microcysts were present temporal to the fovea.
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The 5 eyes with microcysts had greater differences in the
thickness of their retinal layers compared to ON eyes without
microcysts. Thus, as expected, the INL was significantly larger
in the patients with microcysts compared to those without
microcysts (53.8um + 6 versus 41.2um * 3, p=0.007). The
RNFL and GCL/IPL, however, were much thinner in patients
with microcysts compared to those without (22.7um + 4 versus
28.6um + 4, p= 0.02; and 54.2um + 6 versus 71.7um + 14,
p<0.001 respectively).

Figure 2 shows that on a correlational curve, the patients
with INL microcysts concentrated at the higher end of the
spectrum, with a greater increase in INL and decrease in
GCL/IPL compared to other patients with ON. Since
theoretically it is possible that the presence of microcysts
(which increases INL thickness dramatically) is responsible for
the observed correlation between the GCL/IPL and INL, we
reanalyzed our data excluding eyes with microcysts. However,
exclusion of these patients did not affect the overall correlation
between the GCL/IPL and INL (r= -0.76, p<0.001). Also, whilst
an increase in the average INL thickness in ON patients
compared to normal controls became less prominent, it
remained highly significant (ON eyes without microcysts:
41.0um % 2 versus controls: 39.8um + 2, p=0.004).

Topographical relationship between changes in the
RNFL, GCL/IPL and INL

A comparison was made between the average thickness of
the retinal layers in the ON group and the control group at
individual points across the retina. As illustrated in Figure 4, we
found an inverse correlation between the greater INL thickness
and reduced GCL/IPL thickness in the ON group compared to
the controls (r= -0.52, p=0.001). There was pronounced nasal-
temporal asymmetry with the greatest thinning of RNFL and
GCL/IPL and largest thickening of the INL seen between the
optic disc and fovea compared to the temporal retina. The
greatest thinning of the GCL/IPL and greatest increase in the
INL thickness occurred supero-nasally and infero-nasally to the
macula.

Discussion

This study confirmed a significant increase in INL thickness
in ON eyes of MS patients. In addition, it demonstrated that INL
enlargement is inversely proportional to the loss of RGCs,
which is also reflected in topographical correspondence
between the two. Compared to the normal controls, the largest
decrease in the GCL/IPL and RNFL and greatest INL increase
were seen between the optic disc and fovea, whilst the
opposite was true for the area temporal to the macula. We also
confirmed a small prevalence of microcysts in the INL and
identified that eyes with microcysts demonstrated extreme
thinning of the GCL/IPL and RNFL. However, this subset of
eyes with microcysts was not solely responsible for the
association between loss of RGCs and increased thickness of
the INL.

In the control group, a lack of correlation of RNFL thickness
with GCL/IPL and INL thickness reflects retinal connectivity, as
the neuronal fibers of the RNFL do not originate from RGCs

PLOS ONE | www.plosone.org

Retinal Changes in Optic Neuritis

and INL cells directly adjacent to them. Majority of the RNFL
fibers that were measured on OCT around the macula were
connected to RGCs further in the periphery. However, in the
ON group, the relationship between RNFL and GCL/IPL
thickness became positive due to the severity of damage.
There was in contrast, a significant positive correlation between
the thickness of the GCL/IPL and INL in the control group as
the adjacent cells in both layers are directly connected. This
correlation became negative in the ON group and became
even stronger after adjusting for inter-subject variability. This
suggests a strong association between loss of RGCs and INL
enlargement. The inverse relationship between the thickness of
the INL and GCL/IPL, which has not been described in the
literature, indicates that damage of RGCs leads to structural
changes within the retina, affecting other retinal layers.

Thinning of the innermost layers of the retina (RNFL and
GCL) has been consistently reported in ON [6,18-20]. However
more variability exists in reports on changes in the deeper
retinal layers. While INL thinning has been documented in a
post-mortem study [7] and in some in vivo OCT studies [2,10],
others observed no significant changes in INL thickness in ON
patients with MS and neuromyelitic optica [6,20]. Moreover, two
studies have documented greater INL thickness via OCT
segmentation in ON patients [5,11]. However, segmentation of
the outer plexiform layer from the INL was not conducted in
these studies. A previous study by our research group was
able to isolate the INL from the outer plexiform layer and found
a small increase in INL thickness in ON patients which was not
statistically significant [12]. In retrospect, the lack of
significance of this result may have related to the analysis of
only vertical OCT slices of the retina as well as the inclusion of
more peripheral points beyond the macula in the thickness
analysis where the layers are less distinct. An earlier version of
the segmentation algorithm was also not robust enough to
provide a clear segmentation in all cases.

Our study revealed INL microcysts in a small proportion of
patients with ON. Other studies similarly report a small
prevalence of INL microcysts ranging from 0.8 to 6%
[11,13,15]. These patients had more severe thinning of the
RNFL and RGC/IPL, which is again consistent with other
studies [13]. However, not all patients in our study with severe
RNFL and RGC loss had microcysts in the INL, which may
suggest individual susceptibility.

The presence of microcysts in the INL in patients with ON
has recently attracted significant attention as a possible marker
of MS activity. It was reported that these patients have worse
vision, more severe disease and greater disability [11,13]. It
has even been suggested that they may represent a unique
and severe phenotype of MS [11]. Our results suggest that INL
enlargement in eyes of MS patients represents a continuous
and strongly dependent relationship with the integrity of RGCs
with microcysts representing the extreme end of the spectrum
rather than a dichotomy. We found that enlargement of the INL
due to microcysts is not solely responsible for the overall
inverse correlation between RGC loss and INL thickening in
patients with ON. Even after eyes with microcysts were
excluded from the analysis, INL thickness was still significantly
larger in ON eyes as compared to normal controls, while its
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Figure 4. Correlation between GCL/IPL thinning and increase in the INL at different points across the paramacular
region. This increase/decrease thickness at each point was calculated as the deviation in average layer thickness in the ON group

from the normal, which is defined by the control group.
doi: 10.1371/journal.pone.0078341.g004

inverse correlation with GCL/IPL thickness was not affected.
This suggests that whilst these patients represent a severe
form of GCL/IPL loss and INL thickening, they do not
necessarily constitute a separate phenotype. In fact, some
studies have documented that INL microcysts are not MS-
specific, as they have been identified in patients with non-MS
ON [15,21], glaucoma [21], neuro-myelitis optica [22,23],
Leber's hereditary optic neuropathy [16], dominant optic
neuropathy [16], compressive optic neuropathy [14] and after
vitreo-retinal surgery [24]. What all those patients have in
common, however, is severe loss of RGCs and their axons.

It is difficult to speculate upon the nature of INL enlargement
in ON and the occurrence of microcysts in particular. Various
explanations have been put forward, including vitreal traction
[16], trans-synaptic  degeneration [25], anti-KIR4.1
autoantibodies [11,25], and Muller cell pathology [15,21,23].
However, there have been no longitudinal studies to prove that
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retrograde degeneration leads to INL changes from proximal
lesions such as in the optic nerve. Not all patients with
microcysts have been shown to have vitreal tractions [26]. It is
possible that non-myelin related primary retinal inflammation
with breakdown of the blood-retinal barrier and factors such as
microglial activation are responsible for changes in the INL and
the development of microcysts [11,13,22]. It does not, however,
explain the prevalence of microcysts in ON eyes and the
negative association between INL enlargement and GCL/IPL
loss. Macula edema has also previously been reported in MS
patients in association with subclinical uveitis or retinal
periphlebitis [27,28]. However, it is not clear whether these
microcysts represent edema. They are not limited to areas with
vascular sheathing and fluorescein angiography found no
leakage in the eyes of patients with microcysts in patients with
glaucoma, hereditary optic neuropathy and post-vitrectomy,
making a non-inflammatory explanation more plausible
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[15,16,21,24]. However in one study, fluorescein leakage was
seen in the eyes of one ON patient with binocular microcysts
and retinal periphlebitis [11]. It must be noted that the patients
included in the study did not all undergo thorough dilated
ophthalmic examinations and investigations, so the influence of
other comorbidities on the presence of INL microcysts cannot
be excluded. Fingolimod is known to be associated with
macula edema, however it is difficult to ascertain its influence
on retinal layer thickness and microcysts as only 3 patients in
our study were on this medication, only one of which had INL
microcysts.

In our study, the greatest loss of RNFL and GCL/IPL and
thickening of the INL was seen between the optic disc and
fovea rather than temporal retina. Among the 5 ON eyes with
microcysts, we noted a greater number of cysts in these
regions of the retina, a similar finding to another retrospective
study on optic neuropathies including glaucoma [21]. Based on
such topographical changes, we speculate that the inverse
association between RGC loss and INL enlargement could
relate to structural changes in the retinal layers. Opposing
traction of the tough inner limiting and Bruch’s membranes
and/or the supporting role of Muller cells across the thickness
of the retina may be partly responsible for maintaining retinal
structure, thus resulting in compensatory enlargement of the
INL in cases when the RNFL suddenly and severely thins. This
is in line with the elongated appearance of the microcysts,
which has been reported in other studies [21,24].

Histological and prospective studies are required to test such
pathophysiological associations. It is possible that the
distribution and prevalence of microcysts may have been

References

1. Arnold AC (2005) Evolving management of optic neuritis and multiple
sclerosis. Am J Ophthalmol 139: 1101-1108. doi:10.1016/j.ajo.
2005.01.031. PubMed: 15953446.

2. Albrecht P, Ringelstein M, Muller AK, Keser N, Dietlein T et al. (2012)
Degeneration of retinal layers in multiple sclerosis subtypes quantified
by optical coherence tomography. Mult Scler 18: 1422-1429. doi:
10.1177/1352458512439237. PubMed: 22389411.

3. Davies EC, Galetta KM, Sackel DJ, Talman LS, Frohman EM et al.
(2011) Retinal ganglion cell layer volumetric assessment by spectral-
domain optical coherence tomography in multiple sclerosis: application
of a high-precision manual estimation technique. J Neuroophthalmol
31: 260-264. doi:10.1097/WNO.0b013e318221b434.  PubMed:
21654523.

4. Saidha S, Syc SB, Durbin MK, Eckstein C, Oakley JD et al. (2011)
Visual dysfunction in multiple sclerosis correlates better with optical
coherence tomography derived estimates of macular ganglion cell layer
thickness than peripapillary retinal nerve fiber layer thickness. Mult
Scler 17: 1449-1463. doi:10.1177/1352458511418630. PubMed:
21865411.

5. Walter SD, Ishikawa H, Galetta KM, Sakai RE, Feller DJ et al. (2012)
Ganglion cell loss in relation to visual disability in multiple sclerosis.
Ophthalmology 119: 1250-1257. doi:10.1016/j.ophtha.2011.11.032.
PubMed: 22365058.

6. Syc SB, Saidha S, Newsome SD, Ratchford JN, Levy M et al. (2012)
Optical coherence tomography segmentation reveals ganglion cell layer
pathology after optic neuritis. Brain 135: 521-533. doi:10.1093/brain/
awr264. PubMed: 22006982.

7. Green AJ, McQuaid S, Hauser SL, Allen 1V, Lyness R (2010) Ocular
pathology in multiple sclerosis: retinal atrophy and inflammation
irrespective of disease duration. Brain 133: 1591-1601. doi:10.1093/
brain/awq080. PubMed: 20410146.

8. Forooghian F, Sproule M, Westall C, Gordon L, Jirawuthiworavong G et
al. (2006) Electroretinographic abnormalities in multiple sclerosis:

PLOS ONE | www.plosone.org

Retinal Changes in Optic Neuritis

under-estimated in our study as areas between the OCT radial
lines were not scanned. Our study is also limited as it was
cross-sectional and the sample size of patients with INL
microcysts was small. In addition, although we attributed
changes in the GCL/IPL measurement to RGC neuron loss, we
acknowledge that changes in the IPL such as RGC dendrites
and amacrine neurons may also have contributed to thickness
variability in our study. Furthermore, by reducing inter-eye
variability using asymmetry analysis we may have under-
estimated the magnitude of changes in the retinal layers given
that some RNFL reduction in fellow eyes has been well
reported in previous studies.

Conclusions

Thickening of the INL in MS-related ON correlates with the
severity of RGC loss. This is a continuous relationship and the
patients with characteristic INL microcysts of the macula may
represent the extreme end of the scale, rather than a separate
phenotype. Further studies are required to identify what
primary or secondary pathophysiological process is responsible
for INL changes in MS-related ON.

Author Contributions

Conceived and designed the experiments: AK. Performed the
experiments: MK AK CYW PS. Analyzed the data: MK AK SG
MHB RG JP CY. Contributed reagents/materials/analysis tools:
AK. Wrote the manuscript: MK AK.

possible role for retinal autoantibodies. Doc Ophthalmol 113: 123-132.
doi:10.1007/s10633-006-9022-0. PubMed: 16972082.

9. Gundogan FC, Demirkaya S, Sobaci G (2007) Is optical coherence
tomography really a new biomarker candidate in multiple sclerosis?--A
structural and functional evaluation. Invest Ophthalmol Vis Sci 48:
5773-5781. doi:10.1167/iovs.07-0834. PubMed: 18055831.

10. Saidha S, Syc SB, Ibrahim MA, Eckstein C, Warner CV et al. (2011)
Primary retinal pathology in multiple sclerosis as detected by optical
coherence tomography. Brain 134: 518-533. doi:10.1093/brain/awq346.
PubMed: 21252110.

11. Saidha S, Sotirchos ES, Ibrahim MA, Crainiceanu CM, Gelfand JM et
al. (2012) Microcystic macular oedema, thickness of the inner nuclear
layer of the retina, and disease characteristics in multiple sclerosis: a
retrospective study. Lancet Neurol 11: 963-972. doi:10.1016/
S1474-4422(12)70213-2. PubMed: 23041237.

12. Sriram P, Graham SL, Wang C, Yiannikas C, Garrick R et al. (2012)
Transsynaptic retinal degeneration in optic neuropathies: optical
coherence tomography study. Invest Ophthalmol Vis Sci 53:
1271-1275. doi:10.1167/iovs.11-8732. PubMed: 22222509.

13. Gelfand JM, Nolan R, Schwartz DM, Graves J, Green AJ (2012)
Microcystic macular oedema in multiple sclerosis is associated with
disease severity. Brain 135: 1786-1793. doi:10.1093/brain/aws098.
PubMed: 22539259.

14. Abegg M, Zinkernagel M, Wolf S (2012) Microcystic macular
degeneration from optic neuropathy. Brain 135: e225. doi:10.1093/
brain/aws215. PubMed: 22960546.

15. Balk LJ, Killestein J, Polman CH, Uitdehaag BM, Petzold A (2012)
Microcystic macular oedema confirmed, but not specific for multiple
sclerosis. Brain 135: €226; author reply:

16. Barboni P, Carelli V, Savini G, Carbonelli M, La Morgia C et al. (2013)
Microcystic macular degeneration from optic neuropathy: not
inflammatory, not trans-synaptic degeneration. Brain.

17. McDonald WI, Compston A, Edan G, Goodkin D, Hartung HP et al.
(2001) Recommended diagnostic criteria for multiple sclerosis:

October 2013 | Volume 8 | Issue 10 | 78341


http://dx.doi.org/10.1016/j.ajo.2005.01.031
http://dx.doi.org/10.1016/j.ajo.2005.01.031
http://www.ncbi.nlm.nih.gov/pubmed/15953446
http://dx.doi.org/10.1177/1352458512439237
http://www.ncbi.nlm.nih.gov/pubmed/22389411
http://dx.doi.org/10.1097/WNO.0b013e318221b434
http://www.ncbi.nlm.nih.gov/pubmed/21654523
http://dx.doi.org/10.1177/1352458511418630
http://www.ncbi.nlm.nih.gov/pubmed/21865411
http://dx.doi.org/10.1016/j.ophtha.2011.11.032
http://www.ncbi.nlm.nih.gov/pubmed/22365058
http://dx.doi.org/10.1093/brain/awr264
http://dx.doi.org/10.1093/brain/awr264
http://www.ncbi.nlm.nih.gov/pubmed/22006982
http://dx.doi.org/10.1093/brain/awq080
http://dx.doi.org/10.1093/brain/awq080
http://www.ncbi.nlm.nih.gov/pubmed/20410146
http://dx.doi.org/10.1007/s10633-006-9022-0
http://www.ncbi.nlm.nih.gov/pubmed/16972082
http://dx.doi.org/10.1167/iovs.07-0834
http://www.ncbi.nlm.nih.gov/pubmed/18055831
http://dx.doi.org/10.1093/brain/awq346
http://www.ncbi.nlm.nih.gov/pubmed/21252110
http://dx.doi.org/10.1016/S1474-4422(12)70213-2
http://dx.doi.org/10.1016/S1474-4422(12)70213-2
http://www.ncbi.nlm.nih.gov/pubmed/23041237
http://dx.doi.org/10.1167/iovs.11-8732
http://www.ncbi.nlm.nih.gov/pubmed/22222509
http://dx.doi.org/10.1093/brain/aws098
http://www.ncbi.nlm.nih.gov/pubmed/22539259
http://dx.doi.org/10.1093/brain/aws215
http://dx.doi.org/10.1093/brain/aws215
http://www.ncbi.nlm.nih.gov/pubmed/22960546

20.

21.

22.

guidelines from the International Panel on the diagnosis of multiple
sclerosis. Ann Neurol 50: 121-127. doi:10.1002/ana.1032. PubMed:
11456302.

. Garas A, Sim6 M, Holl6 G (2011) Nerve fiber layer and macular

thinning measured with different imaging methods during the course of
acute optic neuritis. Eur J Ophthalmol 21: 473-483. doi:10.5301/EJO.
2010.5844. PubMed: 21038310.

. Petzold A, de Boer JF, Schippling S, Vermersch P, Kardon R et al.

(2010) Optical coherence tomography in multiple sclerosis: a
systematic review and meta-analysis. Lancet Neurol 9: 921-932. doi:
10.1016/S1474-4422(10)70168-X. PubMed: 20723847.

Seigo MA, Sotirchos ES, Newsome S, Babiarz A, Eckstein C et al.
(2012) In vivo assessment of retinal neuronal layers in multiple
sclerosis with manual and automated optical coherence tomography
segmentation techniques. J Neurol 259: 2119-2130. doi:10.1007/
s00415-012-6466-x. PubMed: 22418995.

Wolff B, Basdekidou C, Vasseur V, Mauget-Faysse M, Sahel Ja et al.
(2013) RETINAL INNER NUCLEAR LAYER MICROCYSTIC
CHANGES IN OPTIC NERVE ATROPHY: A Novel Spectral-Domain
OCT Finding. Retina. PubMed: 23644558

Sotirchos ES, Saidha S, Byraiah G, Mealy MA, Ibrahim MA et al. (2013)
In vivo identification of morphologic retinal abnormalities in

PLOS ONE | www.plosone.org

23.

24.

25.

26.

27.

28.

Retinal Changes in Optic Neuritis

neuromyelitis optica. Neurology 80: 1406-1414. doi:10.1212/WNL.
0b013e31828c2f7a. PubMed: 23516321.

Gelfand JM, Cree BA, Nolan R, Arnow S, Green AJ (2013) Microcystic
Inner Nuclear Layer Abnormalities and Neuromyelitis Optica. JAMA
Neurol, 70: 1-5. PubMed: 23529376.

Sigler EJ, Randolph JC, Charles S (2013) Delayed onset inner nuclear
layer cystic changes following internal limiting membrane removal for
epimacular membrane. Graefes Arch Clin Exp Ophthalmol, 251: 1679—
85. PubMed: 23306785.

Petzold A (2012) Microcystic macular oedema in MS: T2 lesion or black
hole? Lancet Neurol 11: 933-934. doi:10.1016/
S1474-4422(12)70231-4. PubMed: 23041238.

Gelfand JM, Green AJ (2013) Reply: Microcystic macular degeneration
from optic neuropathy: not inflammatory, not trans-synaptic
degeneration. Brain.

Chen L, Gordon LK (2005) Ocular manifestations of multiple sclerosis.
Curr  Opin  Ophthalmol  16:  315-320.  doi:10.1097/01.icu.
0000179804.49842.e2. PubMed: 16175046.

Kerrison JB, Flynn T, Green WR (1994) Retinal pathologic changes in
multiple sclerosis. Retina 14: 445-451. PubMed: 7899721.

October 2013 | Volume 8 | Issue 10 | 78341


http://dx.doi.org/10.1002/ana.1032
http://www.ncbi.nlm.nih.gov/pubmed/11456302
http://dx.doi.org/10.5301/EJO.2010.5844
http://dx.doi.org/10.5301/EJO.2010.5844
http://www.ncbi.nlm.nih.gov/pubmed/21038310
http://dx.doi.org/10.1016/S1474-4422(10)70168-X
http://www.ncbi.nlm.nih.gov/pubmed/20723847
http://dx.doi.org/10.1007/s00415-012-6466-x
http://dx.doi.org/10.1007/s00415-012-6466-x
http://www.ncbi.nlm.nih.gov/pubmed/22418995
http://dx.doi.org/10.1212/WNL.0b013e31828c2f7a
http://dx.doi.org/10.1212/WNL.0b013e31828c2f7a
http://www.ncbi.nlm.nih.gov/pubmed/23516321
http://www.ncbi.nlm.nih.gov/pubmed/23529376
http://www.ncbi.nlm.nih.gov/pubmed/23306785
http://dx.doi.org/10.1016/S1474-4422(12)70231-4
http://dx.doi.org/10.1016/S1474-4422(12)70231-4
http://www.ncbi.nlm.nih.gov/pubmed/23041238
http://dx.doi.org/10.1097/01.icu.0000179804.49842.e2
http://dx.doi.org/10.1097/01.icu.0000179804.49842.e2
http://www.ncbi.nlm.nih.gov/pubmed/16175046
http://www.ncbi.nlm.nih.gov/pubmed/7899721

	Inner Nuclear Layer Thickening Is Inversley Proportional to Retinal Ganglion Cell Loss in Optic Neuritis
	Introduction
	Materials and Methods
	Ethics Statement
	Participant selection
	OCT Segmentation and Analysis
	Statistics

	Results
	Correlations between the RNFL, GCL, and INL
	INL Microcysts
	Topographical relationship between changes in the RNFL, GCL/IPL and INL

	Discussion
	Conclusions
	Author Contributions
	References


