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Axonal loss of retinal neurons in multiple
sclerosis associated with optic radiation
lesions

ABSTRACT

Objective: To investigate the potential links between thinning of retinal ganglion cell axons in eyes
of patients with multiple sclerosis (MS) without past optic neuritis (ON) and MS-related inflamma-
tory damage of the posterior visual pathway.

Methods: Temporal retinal nerve fiber layer (tRNFL) thickness was analyzed in eyes with no
history of ON (NON) from 53 patients with relapsing-remitting MS. Fifty normal age- and sex-
matched controls were examined with optical coherence tomography. Low-contrast visual acuity
charts were used for functional assessment of vision. The optic tract (OT) and optic radiation (OR)
were identified using probabilistic tractography, and volume of T2 fluid-attenuated inversion
recovery lesions and diffusion tensor imaging (DTI) indices were measured within both structures.
Cross-sectional diameter of the OT was also calculated.

Results: tRNFL thickness was significantly reduced in NON eyes and was associated with reduced
low-contrast visual acuity. Lesions within the OR were detected in the majority of patients. There
was a significant correlation between thinning of the tRNFL and OR lesion volume (adjusted for
non-OR lesion volume, age, sex, and disease duration). tRNFL thickness also correlated with
OR DTI indices. No OT lesions were identified in any of the patients and no relationship between
retinal nerve fiber layer loss and potential markers of OT lesions was found.

Conclusion: The results demonstrate a strong tract-specific association between loss of tRNFL
fibers and MS-related inflammation within OR. Neurology® 2014;82:2165–2172

GLOSSARY
AD5 axial diffusivity;ANOVA5 analysis of variance;DTI5 diffusion tensor imaging; FA5 fractional anisotropy; FLAIR5 fluid-
attenuated inversion recovery; GCL 5 ganglion cell layer; gRNFL 5 global retinal nerve fiber layer; INL 5 inner nuclear layer;
IPL 5 inner plexiform layer; LCLA 5 low-contrast letter acuity; MD 5 mean diffusivity; mfVEP 5 multifocal visual evoked
potentials; MS 5 multiple sclerosis; NON 5 no history of optic neuritis; OCT 5 optical coherence tomography; ON 5 optic
neuritis;ONL5 outer nuclear layer;OPL5 outer plexiform layer;OR5 optic radiations;OT5 optic tracts; PIS5 photoreceptor
inner segment; RD 5 radial diffusivity; RGC 5 retinal ganglion cells; RNFL 5 retinal nerve fiber layer; RRMS 5 relapsing-
remitting multiple sclerosis; tRNFL 5 temporal retinal nerve fiber layer; VA 5 visual acuity.

Susceptibility of the visual system to damage in multiple sclerosis (MS)1–3 and its hierarchical
organization coupled with recent technological advances make it an ideal model to study
pathophysiology of the disease. Retinal ganglion cells (RGC) are of particular interest since
their unique position and accessibility to direct in vivo measurement may be applied to study
MS-related neurodegeneration, including the possible effect of pathologic changes in neighbor-
ing cellular elements.

Optic neuritis (ON) typically results in loss of a significant number of RGC axons,4 which
can be quantified by measuring retinal nerve fiber layer (RNFL) thickness.

In addition, thinning of RNFL in patients with MS without a history of ON (MS-NON) has
been reported recently.5–16 However, the pathologic basis for this thinning is uncertain. A number
of explanations, such as subclinical inflammation of the optic nerve, primary retinal pathology, or
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retrograde degeneration, have been offered, but
no convincing evidence has been produced to
support any of those hypotheses.6,8,15

We recently reported an association between
RNFL thinning and latency delay of the multi-
focal visual evoked potentials (mfVEP) in
NON eyes of patients with MS.5 In view of
the binocular character of the mfVEP delay
and RNFL thinning, we hypothesized that this
relationship may be attributed to retrograde
degeneration of axons damaged by acute
inflammation in the retro-chiasmal part of the
visual pathway at the level of the optic tracts
(OT) or optic radiations (OR).

As a result of recent technological advances
in tractography, both the OT and the OR

can now be isolated from surrounding white
matter tissue and closely studied in individual
patients.17 In addition, coregistration of diffu-
sion tensor imaging (DTI) with T2 fluid-
attenuated inversion recovery (FLAIR) images
allows direct measurement of lesional load and
diffusivity indices within those structures.

Therefore, in order to verify our hypothesis,
in the current study we investigated the associ-
ation between axonal thinning of the RGC in
NON eyes of patients with MS and markers of
primary MS-related inflammation of the retro-
chiasmal visual pathway.

METHODS Subjects. Fifty-three consecutive patients with

relapsing-remitting MS (RRMS) without a history of clinical

ON in at least one eye were enrolled. Patients with any other

systemic or ocular disease were excluded. Fifty normal age- and

sex-matched controls were examined with optical coherence

tomography (OCT).

Clinical assessments. Best-corrected visual acuity (VA) was mea-

sured using low-contrast letter acuity Sloan charts (LCLA) (1.25%

and 2.5%) at 4 meters. The numbers of letters correctly identified

(maximum 60/chart) were recorded for each eye.

Optical coherence tomography. OCT was performed using

Spectralis (Heidelberg Engineering, Carlsbad, CA). Global (gRNFL)

and temporal (tRNFL) RNFL thickness was assessed using the axo-

nal RNFL protocol. In addition, a radial protocol using a star-like

pattern of line scans centered on the macula was used. A detailed

description of the analysis and segmentation procedure can be

found elsewhere.18 The inner nuclear layer (INL), combined

ganglion cell layer and inner plexiform layer (GCL/IPL), and

combined outer plexiform layer, outer nuclear layer, and

photoreceptor inner segment layer (OPL/ONL/PIS) were analyzed.

MRI. MRI data were collected using 3.0T scanner with a 32-channel

head coil (GE Healthcare, Little Chalfont, UK). MRI sequences

are described in the supplemental data on the Neurology® Web

site at Neurology.org. Probabilistic tractography17 was used to

reconstruct OT and OR fibers (figure 1A). The reconstruction

procedure is described in the supplemental data. MS lesions were

identified on coregistered T2 FLAIR images and segmented

automatically using ITK-SNAP software (figure 1B). Lesions

were then intersected with visual pathway fibers (figure 1C) to

calculate OT and OR lesion volume (figure 1D). Averaged

(between left and right side) lesion volume was used for main

analysis. OR lesion volume asymmetry was calculated as a

difference between left and right OR lesion volume. DTI

indices (fractional anisotropy [FA], mean diffusivity [MD], axial

diffusivity [AD], and radial diffusivity [RD]) were calculated

along OT and OR using MrVISTA software (Stanford

University, Stanford, CA) (figure 1E). Asymmetry of DTI

indices was calculated as a difference between left and right side.

Two indirect ways to assess primary OT damage were also

used: asymmetry between left and right OT diameter and asym-

metry between left and right OT diffusivity indices. Both meth-

ods were based on the assumption that, similar to the optic nerve,

MS lesions in the OT are unlikely to be bilateral. The diameter of

OT was measured using high-resolution volumetric T1 images

(see supplemental data) (figure 1F).

Figure 1 Consecutive steps of MRI analysis

Quantification of the visual pathway lesions and diffusion tensor imaging indices. (A) 3D pos-
terior visual pathway reconstruction using probabilistic tractography. Green 5 optic tract,
yellow 5 optic radiation (OR). (B) Brain T2 fluid-attenuated inversion recovery lesions. (C)
Coregistration of T2 lesions with visual pathway fibers. (D) Visual pathway lesions (blue). (E)
Example of OR radial diffusivity from the same patients. Note significant diffusivity increase
at the location of the lesion (arrow). (F) MRI of the optic tract was rotated using 3DSlicer
software to provide a parallel view of chiasm and optic tracts. Red arrows indicate the site
where diameter of the optic tract wasmeasured. For A and B, T1 is used to display structural
brain image.
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Statistics. Statistical analysis was performed using SPSS 21.0

(SPSS, Chicago, IL).

Pearson correlation coefficient was used for bivariate correla-

tion. Where partial correlation was used, it was adjusted for age,

sex, and duration of the disease. Student t test was used to assess

difference between patients with MS and normal controls. Uni-

variate general linear model adjusted for age and sex was used to

analyze differences between multiple groups.

Standard protocol approvals, registrations, and patient
consents. All procedures followed the tenets of the Declaration

of Helsinki and written informed consent was obtained from

all participants.

RESULTS Fifty-three patients with RRMS were
enrolled (age 40.2 6 11.6 years, 39 women and 14
men). Average time from diagnosis of MS was 4.8 6

3.1 years. There were 22 patients with a history of
ON in 1 eye (at least 12 months prior to the study)
and 31 patients without ON in either eye. One eye
was randomly selected for patients without a history
of ON; the NON eye was used in patients with a
history of previous ON.

RNFL analysis. There was a significant reduction of
global and temporal RNFL thickness and GCL/IPL
thickness in MS-NON eyes compared to normal
controls, whereas thickness of INL and OPL/ONL/
PIS remained unchanged (table 1). Since tRNFL
demonstrated considerably larger thinning compared
to gRNFL and GCL/IPL (10% thinning of tRNFL
vs 5% thinning of gRNFL and 6% of GCL/IPL
thinning compared to mean values of normal
controls), only results for tRNFL are reported here to
simplify further analysis.

There was a significant correlation between
tRNFL thickness and LCLA at 2.5% and 1.25%
luminance contrast (r 5 0.45, p 5 0.003 and r 5
0.41, p 5 0.01, respectively).

tRNFL thickness, however, did not correlate with
age (p5 0.9) or disease duration (p5 0.1). There was
also no difference in tRNFL thickness between male
and female patients (p 5 0.7).

Binocular nature of RNFL thinning in patients
without a history of ON in either eye has previously
been suggested.5 However, in order to exclude poten-
tial effect of the inter-eye correlation, in this study we
performed analysis of inter-eye relationship only in

NON patients with pathologically reduced RNFL
thickness (below 95th percentile of RNFL thickness
in normal controls). The correlation of tRNFL thick-
ness between the 2 eyes remained high (r5 0.78, p,
0.001), confirming the binocular nature of RNFL
thinning.

MRI analysis. Fifty-two patients (98%) had detectable
T2 FLAIR brain lesions. The average volume of brain
lesions was 8,493 mm2. After intersecting T2 FLAIR
images with OT fibers, no visible lesions of the OT
were found in any of the patients. Lesions within OR
were detected in 38 patients (72%). The average OR
lesion volume was 743 mm2 and the correlation
between brain lesion volume and OR lesion volume
was high (r 5 0.85, p , 0.001).

The occurrence of OR lesions did not differ among
patients without prior ON and those with prior ON
in our MS cohort (x2 test, Fisher exact test, p 5

0.7). Male patients had significantly larger OR lesion
load compared to female patients (1,390 mm2 vs 511
mm2, p 5 0.01), and OR lesion volume displayed a
tendency for an association with disease duration (p5
0.054), but did not correlate with age of the patients
(p 5 0.2). The OR lesion volume demonstrated sig-
nificant negative correlation with LCLA at 2.5% and
1.25% luminance contrast (r 5 20.4, p 5 0.01 and
r 5 20.38, p 5 0.02, respectively). Combination of
RNFL thickness and OR lesion volume explained
19% of variation in 1.25% LCVA (analysis of variance
[ANOVA] 5 0.02) and 16% of variation in 2.5%
LCVA (ANOVA 5 0.03).

Linear regression analysis revealed significant corre-
lation between OR lesion volume and tRNFL thick-
ness (r 5 20.64, p , 0.001) (figure 2). Correction
for non-OR white matter lesion volume (which is nec-
essary to determine tract-specific relationship), as well
as age, sex, and disease duration had minimal effect
on this association (partial correlation r 5 20.57,
p , 0.001).

Analysis of patients without history of ON. Potential
expansion of a lesion from the ON eye into the chi-
asm may cause RNFL thinning of the fellow eye. In
order to exclude this possibility, patients were sepa-
rated into 2 groups based on the presence of a history

Table 1 OCT measurements in normal controls and non–optic neuritis eyes of the study patients

Global RNFL, mm tRNFL, mm RGC/IPL, mm INL, mm ONL/OPL/PIS, mm

Controls 99.0 6 6.5 70.9 6 6.5 87.3 6 4.0 37.1 6 2.9 175.9 6 9.4

NON eyes of patients with MS (p value) 94.0 6 9.8 (0.002) 64.1 6 9.6 (0.0001) 81.8 6 7.0 (0.0001) 37.7 6 3.2 (0.5) 176.9 6 8.8 (0.6)

Abbreviations: INL 5 inner nuclear layer; IPL 5 inner plexiform layer; MS 5 multiple sclerosis; NON 5 no history of optic neuritis; OCT 5 optical coherence
tomography; ONL 5 outer nuclear layer; OPL 5 outer plexiform layer; PIS 5 photoreceptor inner segment; RGC 5 retinal ganglion cells; RNFL 5 retinal
nerve fiber layer; tRNFL 5 temporal retinal nerve fiber layer.
Table 1 shows average values of 53 NON eyes and 50 age- and sex-matched normal controls. p Represents statistical significance vs normal controls.
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of ON. There was no difference in disease duration
(p 5 0.5), total (p 5 0.4), or OR lesion volume
(p 5 0.3) between the groups.

The univariate general linear model adjusted for
age and sex demonstrated significant reduction of
tRNFL thickness compared to control eyes in fellow
eyes of ON patients (63.4 6 9.6, p 5 0.002) and
study eyes of NON patients (64.4 6 9.6, p 5

0.004). There was, however, no difference in tRNFL
thickness between the groups (p 5 0.9).

The correlation between tRNFL thickness and
OR lesion volume, adjusted for non-OR lesion vol-
ume, age, sex, and disease duration, remained
highly significant for both groups. Furthermore,
tRNFL thickness of the study eyes of the patients
without history of ON in either eye demonstrated
noticeably larger correlation with OR lesion volume

(r 520.59, p 5 0.001) when compared to tRNFL
thickness of the fellow eyes of ON patients
(r 5 20.51, p 5 0.02).

Analysis of OR DTI indices. Diffusion indices (FA,
MD, AD, and RD) represent another measure of
brain tissue integrity. It has been demonstrated that
DTI indices are significantly more abnormal in le-
sions than in normal-appearing white matter.19,20

Accordingly, we found DTI indices correlated
highly with OR lesion volume (in order to
determine tract-specific relationship, the correlation
was corrected for lesion volume outside of the OR)
(table 2).

The correlation of DTI indices with tRNFL thick-
ness revealed highly significant associations (table 2).
FA demonstrated a positive correlation with tRNFL
thickness, while all diffusivity measures were inversely
associated with tRNFL. All correlations were adjusted
for disease duration, sex, and age (figure 3).

Optic tract analysis. There were no OT lesions de-
tected in our study cohort, but as the identification
of lesions can be challenging due to the small size
and convoluted shape of the OT, we also used left/
right asymmetry of the OT diameter as an indirect
measure of OT primary damage. Since OT fibers
are partially crossing at the chiasm, OT lesions are
likely to affect both eyes. Therefore, to investigate
possible effect of OT lesions on loss of RNFL fibers,
the correlation between tRNFL thickness of the study
eye and asymmetry of the OT diameter was studied.
Analysis of OT asymmetry, however, demonstrated
significant association with left/right asymmetry of
the OR lesion volume (r 5 20.42, p 5 0.001),
which may (at least theoretically) be a result of
trans-neuronal degeneration of OT fibers caused by
OR lesions. Therefore, in order to correct for this
factor, correlation between RNFL thickness and
OT thickness asymmetry was adjusted for OR
lesion volume asymmetry. The resulting partial
correlation was not significant.

Similarly, left/right asymmetry of the OT DTI indi-
ces may indirectly indicate presence of OT lesions.

Figure 2 Partial correlation between temporal retinal nerve fiber layer
thickness and optic radiation lesion volume

Partial regression plot between temporal retinal nerve fiber layer (tRNFL) thickness and optic
radiation (OR) lesion volume. Dependent variable 5 tRNFL thickness. Independent variable 5

OR lesion volume adjusted for lesion volume outside of OR, disease duration, sex, and age. Axes
represent residuals. Linear fit and 95% individual confidence intervals are shown.

Table 2 Correlation between optic radiation DTI indices and optic radiation lesion volume and tRNFL
thickness

DTI indices, correlation coefficient (p value)

FA MD AD RD

OR volume adjusted 20.42 (,0.001) 0.56 (,0.001) 0.41 (,0.001) 0.55 (,0.001)

tRNFL thickness 0.45 (0.001) 20.55 (,0.001) 20.43 (0.002) 20.53 (,0.001)

Abbreviations: AD 5 axial diffusivity; DTI 5 diffusion tensor imaging; FA 5 fractional anisotropy; MD 5 mean diffusivity;
OR 5 optic radiation; RD 5 radial diffusivity; tRNFL 5 temporal retinal nerve fiber layer.
Adjusted volume indicates partial correlation corrected for lesion volume outside the optic radiation. All correlations were
adjusted for disease duration, sex, and age.
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Therefore, tRNFL thickness was correlated with
absolute values of left/right asymmetry of the OT
DTI indices, and when the correlations were adjusted
for left/right asymmetry of OR DTI indices none of
the partial correlations were significant.

DISCUSSION The results of this study confirmed pre-
vious reports of RNFL andGCL/IPL thinning in NON
eyes of patients with MS.5,6,21–23 Preferential loss of tem-
poral RNFL is also consistent with earlier studies5,6,21–23

and may be related to the fact that tRNFL subserves the
central retina including the macula and is represented by
small-diameter fibers, which are reported to be more
susceptible to damage in MS.24,25 Furthermore, the
functional significance of the tRNFL thinning is
supported by its correlation with low-contrast VA, as
demonstrated in this study. Relatively small thinning of
GCL/IPL may be related to the fact that current

segmentation of the retinal layer does not allow
separation of RGC layer from IPL (which constitutes
almost 50% of combined GCL/IPL thickness but is not
affected by degeneration of the RGC).

We have also reinforced our previous observation
that in patients with MS without history of ON in
either eye, tRNFL thinning tends to be binocular
and symmetrical. The binocular nature of RNFL
thinning implies its retro-chiasmal origin. Since the
OT consist of the posterior part of the RGC axons
themselves, lesions in the OTmay result in retrograde
degeneration of RGC axons and subsequent RNFL
thinning. However, we did not find OT lesions in
any of the patients, which is in agreement with previ-
ous studies demonstrating that lesions of the OT are
rare in MS.26,27 There was also no relationship
between tRNFL loss and potential markers of OT
primary damage (both OT thickness asymmetry

Figure 3 Partial correlations between temporal retinal nerve fiber layer thickness and optic radiation
diffusion tensor imaging indices

Partial correlations between temporal retinal nerve fiber layer (tRNFL) thickness and optic radiation diffusion tensor imaging
indices adjusted for disease duration, sex, and age. Axes represent residuals. Linear fit and 95% individual confidence in-
tervals are shown. (A) Fractional anisotropy (FA). (B) Mean diffusivity (MD). (C) Axial diffusivity (AD). (D) Radial diffusivity (RD).
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and OT DTI indices asymmetry), making the OT an
unlikely site of primary RGC axonal damage.

In contrast, OR lesions were detected in the
majority of patients and there was evidence to suggest
a link between the status of the OR and thinning of
the tRNFL. Thus, this association is strongly sup-
ported by significant tract-specific relationship
between the RNFL thinning and the volume of OR
lesions.

Subanalysis of patients without history of ON in
either eye revealed an even higher correlation between
tRNFL thickness and OR lesion load. This finding
confirmed the strong association between RGC axo-
nal thinning in NON eyes with inflammatory MS-
related damage of the OR and suggested a potential
masking effect on this relationship by previous ON
in the other eye.

In addition, significant correlations were found
between tRNFL loss and DTI indices in the OR.
FA was inversely related to tRNFL thickness, while
other diffusivity indices demonstrated a positive rela-
tionship with RNFL. In particular, we found that RD
demonstrated the highest degree of correlation with
tRNFL thickness.

This is in agreement with a previous report19 that
found a significant tract-specific association between
RNFL thickness with FA and RD (but not MD or
AD). The higher degree of correlation between DTI
indices and RNFL thickness reported in our study
may be related to the fact that, contrary to the previ-
ous report,19 only patients with RRMS were included
in our study. In addition, ON eyes were specifically
excluded from the analysis.

The nature of diffusivity changes in MS remains
elusive. Despite the fact that earlier studies linked
axial diffusivity to axonal loss and radial diffusivity
with myelin content, underlying pathologic specific-
ity of DTI-derived parameters is speculative.28,29

What is understood, however, is that decreased FA
and increased diffusivity are markers of tissue damage
in MS and those changes are more prominent in
lesions compared to normal-appearing white mat-
ter.19,20 Increased RD, in particular, was found to
be related to overall tissue integrity within chronic
MS lesions.30 Therefore, a close relationship between
tRNFL loss and DTI metrics, described in this study,
further links axonal thinning of RGC with primary
damage of OR white matter.

The topographic correlation found between OR
lesion volume and OT thickness also strengthens con-
nection between primary lesional damage of the OR
and RGC axonal loss. Since it is highly unlikely that
inflammatory demyelination of the OT will cause
change in OR lesion volume or that MS lesions are
side-selective, i.e., preferentially affect the left or right
side of the visual pathway, we hypothesize that this

association may be driven by MS-related inflamma-
tory damage of the OR.

Finally, preferential damage of tRNFL fibers sup-
plying the central part of the visual field is also consis-
tent with the potential role of OR lesions in RGC
axonal thinning. More than 50% of visual cortex sub-
serves just the central 10 degrees of the retina.31 This
overrepresentation of the central visual field is largely
formed at the retinal level and preserved in the OR.32

Assuming a uniform distribution of MS lesions
within the OR, it is likely that OR fibers subserving
central vision are damaged more frequently, which in
turn may cause more extensive thinning of tRNFL
fibers.

Taken together, our analysis of the posterior visual
pathway indicates a close tract-specific association
between MS-related inflammatory damage of the
OR and thinning of RGC axons. However, the OR
is formed by axons of more proximal neurons located
in the lateral geniculate nucleus. Therefore, a damag-
ing effect of OR lesions would require trans-neuronal
transmission to reach RGC axons.

The phenomenon of trans-synaptic degeneration in
the visual pathway was first described in196033 and
compelling evidence advocating its existence has
emerged from animal and human studies since
then.24,34–39 Moreover, evidence of trans-synaptic retro-
grade degeneration has recently been reported in the
visual system of patients with MS.19,20 However, while
the observed relationship between tRNFL thinning and
damage of the OR may suggest involvement of the
trans-neuronal degeneration, several limitations of this
study prevent us from drawing a definite causative link.

First, the size of the OR was determined based on
currently existing fibers. Considering the substantial
disease duration, it is reasonable to assume that a sig-
nificant number of axons within the OR have already
been lost at the time of examination. Therefore, the
true volume of the OR and, consequently, the true
size of OR lesions are likely to be underestimated.
Similar reasoning would apply to DTI indices. There-
fore, both structural and functional measures only
partially reflect axonal loss in the OR caused by pre-
vious lesional activity, which may explain the moder-
ate degree of correlation.

Second, it is difficult to eliminate the possibility of
subclinical ON in the study eye. However, the sym-
metrical nature of the binocular RNFL thinning would
argue against this. In addition, while subclinical ON
may potentially cause some loss of tRNFL, it does
not explain its tract-specific association with OR lesion
volume. It may be theoretically possible that both
structures, by virtue of sharing the same pathway,
may also share similar burden of the disease, but the
lack of association between the incidence of the OR le-
sions and occurrence of acute ON makes it unlikely.
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Third, the potential impact of cortical lesions has
not been assessed in this study, but it should be noted
that rate of in vivo detection of the cortical lesion is
very low even using the best currently available
MRI sequences.

Finally, the cross-sectional design of the study
is only able to demonstrate association, not causa-
tion. A longitudinal study, which is now under
way, may provide a more realistic assessment of
the relationship between RGC axonal thinning
and inflammatory OR damage by analyzing changes
in chronological order.
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