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Progressive inner nuclear layer dysfunction
in non-optic neuritis eyes in MS

ABSTRACT

Objective: To investigate primary retinal functional changes in non-optic neuritis (ON) eyes of pa-
tients with MS by full-field electroretinography (ERG).

Methods: Seventy-seven patients with relapsing-remitting MS with no history of clinical ON in at
least 1 eye and 30 healthy controls were recruited in the cohort study. Full-field ERGs were
recorded, and retinal optical coherence tomography scans were performed to assess the thick-
nesses of peripapillary retinal nerve fiber layer (RNFL) and retinal ganglion cell layer–inner
plexiform layer (GCL-IPL). Annual MRI scans were also carried out to evaluate the disease
activity in the brain. Patients were followed up for 3 years.

Results: At baseline, a delayed b-wave peak time was observed in the cone response (p , 0.001),
which was associated with the thicknesses of RNFL and GCL-IPL. The peak time of the delayed b-
wave also correlated with the Expanded Disability Status Scale, T2 lesion volume, and disease
duration. During the 3-year follow-up, progressive ERG amplitude reduction was observed (both
a- and b-waves, p , 0.05). There was a correlation between the b-wave amplitude reduction and
longitudinal RNFL loss (p5 0.001). However, no correlation was found between longitudinal ERG
changes and disease activity in the brain.

Conclusions: This study demonstrated progressive inner nuclear layer dysfunction in MS. The bor-
derline a-wave changes suggested some outer retinal dysfunction as well. The correlation
between full-field ERG changes and retinal ganglion cell loss suggested that there might be sub-
clinical retinal pathology in MS affecting both outer and inner retinal layers. Neurol Neuroimmunol

Neuroinflamm 2018;5:e427; doi: 10.1212/NXI.0000000000000427

GLOSSARY
DA 5 dark adapted; EDSS 5 Expanded Disability Status Scale; ERG 5 electroretinography; FLAIR 5 fluid-attenuated
inversion recovery; GCL-IPL 5 ganglion cell layer–inner plexiform layer; INL 5 inner nuclear layer; LA 5 light adapted;
LVV 5 lateral ventricular volume; OCT 5 optical coherence tomography; ON 5 optic neuritis; ONL 5 outer nuclear layer;
RGC 5 retinal ganglion cell; RNFL 5 retinal nerve fiber layer; RRMS 5 relapsing-remitting MS.

MS is an autoimmune disease involving demyelination and neurodegeneration in the CNS.
Neurodegeneration in MS has been recognized as a primary component of MS pathology.1,2

Optic neuritis (ON) is usually the manifest onset of MS, and acute inflammation in the optic
nerve can lead to axonal transection and retinal ganglion cell (RGC) loss.3 However, it has been
established that retinal nerve fiber layer (RNFL) thinning occurs not only in ON eyes but also in
non-ON eyes in MS4 and is associated with the risk of disability worsening.5 RNFL loss in non-
ON eyes could be a result of either retrograde transneuronal degeneration6 or primary RGC loss.

However, it is still unknown whether the outer layers of the retina, including the outer and
inner nuclear layers (INLs), are also affected in MS. A postmortem study showed significant ret-
inal atrophy in the INL in patients with MS.7 Outer retinal degeneration has also been identified
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and was found to be independent of the optic
nerve inflammation in the rat model of myelin
oligodendrocyte glycoprotein–induced exper-
imental autoimmune encephalomyelitis.8

Although most of the previous optical coher-
ence tomography (OCT) studies failed to
reveal any retinal architectural changes in the
outer retinal layers, Saidha et al.9 reported
primary retinal neuropathy detected by OCT
scans in a subtype of patients with MS, with
predominantly macular thinning and more
rapid disability progression. However, another
group were not able to discriminate the mac-
ular thinning phenotype as a distinct subgroup
of patients with MS,10 suggesting that the
concept of primary retinal pathology in MS is
still controversial and requires further investi-
gation. Degeneration of retinal layers in
relapsing-remitting, secondary progressive,
and primary progressive MS was investigated,
and INL thinning was observed only in pri-
mary progressive MS.11 These findings suggest
that there might be some subtle outer retinal
pathologic changes that are evident in more
advanced stages of the disease.

Full-field electroretinography (ERG) is
a widely used clinical test, which provides
a measure of the neuroretinal function in vi-
vo.12 The cornea-negative a-wave is mainly
reflecting the photoreceptor function in the
outer nuclear layer (ONL), whereas the pos-
itive b-wave is primarily generated by bipolar
and Müller cells in the INL. Dark and light
adaptation allows separated analysis of the
signals from the cone and rod pathways. A
limited number of cross-sectional ERG stud-
ies have been conducted in patients with MS
or ON and showed inconsistent results.13–17

No longitudinal ERG studies in MS have
been reported to date. Therefore, in the cur-
rent study, to determine whether there is pri-
mary retinal pathology in MS, we examined
full-field ERG changes in non-ON eyes in
patients with MS with 3-year follow-up. Cor-
responding RGC loss and disease activity in
the brain during the same period were deter-
mined by OCT imaging and MRI scans,
respectively.

METHODS Participants and ethics. This study was

approved by the Human Research Ethics Committee of the

University of Sydney, and written informed consent was obtained

from all participants. The study adheres to the tenets of the Dec-

laration of Helsinki.

Patients with consecutive relapsing-remitting MS (RRMS)

with no history of clinical ON in at least 1 eye were enrolled.

For patients without a history of ON, a randomly selected eye

was used for analysis. Exclusion criteria included a history of other

ocular, neurologic, or systemic diseases that could affect the re-

sults, such as retinal disorders or other optic neuropathies, diabe-

tes, or medications known to affect the ERG response. Healthy

subjects with similar age distribution and male/female ratio were

also recruited as controls to minimize selection bias. The number

of cases recruited during the study period determined the sample

size. Patients with MS underwent annual full ophthalmic exami-

nation and brain MRI scans as well as full-field ERG recording

and OCT imaging at baseline and year 3.

Full-field ERG recording. Full-field ERG recordings were per-

formed as per the ISCEV standard18 using an ESPION system

(Diagnosys LLC, Lowell, MS) to assess the retinal function in the

outer and INLs. Pupils were dilated with tropicamide 1%, and

the diameter of the dilated pupils were recorded to ensure equiv-

alence for subsequent visits. For dark-adapted (DA) ERGs, rod

and combined rod-cone responses were recorded to white flashes

with stimulus strengths of 0.01 cd$m21$s22 (DA 0.01), 3.0

cd$m21$second22 (DA 3.0 and oscillatory potentials), and 12.0

cd$m21$s22 (DA 12.0), respectively, after a 20-minute dark

adaptation. For light-adapted (LA) ERGs, after patients were

exposed to 30 cd$m22 background luminance for 10 minutes,

single-flash cone response (LA 3.0) and 30 Hz flicker were re-

corded accordingly. The a- and b-wave peaks were initially

identified automatically by the software and then checked and

manually adjusted where necessary, and both peak times and

amplitudes were analyzed.

OCT imaging. OCT imaging was performed using a Spectralis

spectral domain OCT scanner (Heidelberg Engineering, Heidel-

berg, Germany). A peripapillary circular scan was performed to

assess the global RNFL thickness. Also, a macular radial star-

like scan was obtained for thickness measurement of ganglion

cell layer–inner plexiform layer (GCL-IPL) as previously

described.19

MRI protocol, lesion identification, and brain atrophy
analysis. The MRI protocol used in this study was similar to that

which we have used previously.6 Briefly, all the study participants

underwent annual MRI brain scans at the Brain and Mind Cen-

tre, Sydney University on an MR750 3.0-T scanner with an

8-channel head-coil (GE Medical Systems, Milwaukee, WI).

Sagittal 3D T1-weighted imaging (GE BRAVO sequence) was

acquired with the following image parameters: field of view

(FOV) 5 256 mm2, echo time (TE) 5 2.7 ms, repetition time

(TR) 5 7.2 ms, pixel spacing 5 1 mm, flip angle 5 12°, and

acquisition matrix (Freq. 3 Phase) 5 256 3 256. Axial fluid-

attenuated inversion recovery sequence (GE CUBE T2 FLAIR)

was obtained using the following parameters: FOV 5 240 mm2,

acquisition matrix 5 256 3 244, TE 5 163 ms, TR 5 8,000

ms, flip angle 5 90°, and pixel spacing 5 0.47 mm.

The MS lesions were identified on coregistered FLAIR T2

and T1 images and segmented semiautomatically using ITK-

SNAP software (ITK-SNAP is a part of mrDiffusion package

available for download at http://www.itksnap.org/pmwiki/

pmwiki.php). Brain atrophy was assessed by lateral ventricular

volume (LVV) analysis with the NeuroSTREAM technique as

described previously.20 T2-FLAIR images were preprocessed

and then nonlinearly aligned to 3 previously derived multisubject,
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multiscanner atlases. The inverse transforms were then used to

bring standard space ventricular masks into the subject space and

to combine them via a locally optimized joint-label fusion

scheme. The fused mask was then used to initialize and guide

a tuned level set algorithm incorporating a supersampling-based

partial volume estimation.

Statistical analysis. Full-field ERG parameters, including am-

plitudes and peak times of DA rod response, mixed rod/cone

response at 2 levels of flash intensity, LA cone response, and 30

Hz flicker, were compared between patients with MS and con-

trols using the unpaired t test (Graphpad Prism, version 6.0;

Graphpad, La Jolla, CA). ERGs at year 3 were compared with

baseline ERGs using the paired t test. The correlations between
ERG and OCT measurements as well as between ERG parame-

ters and disease severity (Expanded Disability Status Scale

[EDSS], MRI lesions, and brain atrophy) were further examined

using both simple correlation and multiple regression analysis

with least squares (Pearson correlation). The D’Agostino-Pearson

omnibus normality test was used to determine whether data were

sampled from Gaussian distributions. p , 0.05 was considered

statistically significant.

RESULTS Seventy-seven patients with RRMS and
30 controls were recruited. Demographics of all the
participants are shown in table 1.

Baseline study. Functional changes in the INL and ONL in

non-ON eyes in MS. A comparison of baseline full-field
ERG parameters in non-ON eyes was done between
patients with MS and controls. There was a mild
delay in the a-wave peak time in DA 3.0 combined
rod-cone response in MS (p 5 0.04, unpaired t test).
A more significant delay was observed in the b-wave
peak time in LA 3.0 ERG (p, 0.001, unpaired t test;
figure 1A). No difference was observed in ERG am-
plitudes between MS and controls. All the measure-
ments of ERG peak times and amplitudes are shown
in table e-1 at http://links.lww.com/NXI/A20. Male
patients showed a smaller b-wave amplitude than
females in DA 0.01 ERG (p5 0.03). For the patients

with a history of unilateral ON (n 5 31), there was
a reduction in RNFL in the ON eyes (91.41 6 10.
89 mm for non-ON vs 74.946 11.93 mm for ON; p
, 0.0001, paired t test), but no difference was found
in the ERGs between ON and non-ON eyes by in-
trasubject comparison (p . 0.05 for all amplitude
and peak time parameters; paired t-test), which sug-
gested that the ERG functional changes in the outer
retinal layers were not related to retrograde trans-
neuronal degeneration.

The INL and ONL function was associated with RNFL/

GCL thicknesses. In previous MS studies, RGC and
RNFL loss in non-ON eyes in MS has been well
documented.19 Here, we further investigated the
correlation between the above delayed ERG peak
times and OCT measurements including both global
RNFL and macula GCL-IPL thicknesses. The a-wave
peak time in DA 3.0 ERG correlated with the GCL-
IPL thickness reduction (r 5 20.341; p 5 0.005).
The more significantly delayed b-wave peak time in
LA 3.0 ERG was found to be associated with both
global RNFL (r 5 20.367, p 5 0.001) and GCL-
IPL (r 5 20.268; p 5 0.02) thicknesses (figure 1B).

Furthermore, GCL-IPL and RNFL thicknesses
also demonstrated association with multiple other
full-field ERG parameters, including both scotopic
and photopic responses (table 2). GCL-IPL thickness
correlated with the b-wave amplitude in rod response
(DA 0.01 ERG) and in combined rod-cone responses
(DA 3.0 and DA 12.0 ERGs). Similarly, global
RNFL thickness was associated with the amplitude
of b-wave in both rod (DA 0.01 ERG) and cone
responses (LA 3.0 ERG).

The INL and ONL function also correlated with EDSS,

lesion volume, and disease duration.Of interest, we found
that MS disability and disease course parameters were
also associated with full-field ERGs at baseline. There
was a correlation between EDSS scores and the de-
layed b-wave peak time in cone response (figure 1C);
Total T2 lesion volume in the whole brain was also
associated with multiple ERG parameters (table 2),
including the b-wave peak times in DA 0.01, DA
12.0, and LA 3.0 ERGs (figure 1D), the a-wave peak
times in DA 3.0 and LA 3.0 ERGs, and the implicit
time of 30 Hz flicker ERG. In addition, there was
a correlation observed between the disease duration
and ERG parameters (table 2), including the b-wave
peak time in DA 0.01 ERG, the a-wave peak time in
DA 3.0 ERG, the a-wave and b-wave peak times in
LA 3.0 ERG, and the implicit time and amplitude of
30 Hz flicker ERG.

Longitudinal study. Reduction in ERG amplitudes during

the follow-up period. Fifty-two patients completed the 3-
year ERG follow-up. A reduction in full-field ERG
amplitudes was observed over the follow-up period,

Table 1 Demographics and clinical characteristics of participants at baseline

Patients with RRMS (n 5 77) Controls (n 5 30) p Value

Sex 0.63a

Male 26 8

Female 51 22

Age, y, mean 6 SEM 41.25 6 1.27 40.27 6 2.56 0.71b

BCVA, LogMAR, mean 6 SEM 20.055 6 0.015 20.072 6 0.016 0.51b

Disease duration, y, median
(range)

4 (1–23) — —

EDSS score, median (range) 1.0 (0–6.0) — —

History of unilateral optic
neuritis

31 — —

Abbreviations: BCVA 5 best-corrected visual acuity; EDSS 5 Expanded Disability Status
Scale; LogMAR 5 logarithm of the minimum angle of resolution; RRMS 5 relapsing-remit-
ting MS; SEM 5 standard error of the mean.
aChi squared test.
bUnpaired t test.
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including the b-wave amplitudes in DA 0.01 ERG
(p , 0.001), DA 3.0 ERG (p 5 0.002), and DA 12.0
ERG (p 5 0.008), as well as the a-wave amplitudes in
DA 3.0 ERG (p 5 0.02), DA 12.0 ERG (p 5 0.04),
and LA 3.0 ERG (p5 0.005) (all with paired t test and
the ERGmeasurements are shown in table e-2 at http://
links.lww.com/A21). The most significant longitudinal
amplitude loss was found in the b-wave of DA rod
response (approximately 11% reduction, figure 2A). No
changes were observed in ERG peak times. No ERG
amplitude reduction was found in the controls (p .

0.05 for all parameters, n 5 12) (figure 2A).
Correlation between ERG amplitude reduction and RNFL

loss. Similar to our previous OCT study,19 we
observed a significant reduction in global RNFL
(21.73 6 2.61 mm) and GCL-IPL (21.10 6 1.66
mm) thickness in the study cohort over the follow-up

period. Of interest, we found that the significantly
reduced b-wave amplitude in DA 0.01 ERG was
associated with the progressive RNFL loss (r5 0.424,
p5 0.001, figure 2B). The correlation between ERG
amplitude loss and RNFL reduction survived a mul-
tiple comparison analysis (p5 0.02), including lesion
volume, EDSS, and lateral ventricle volume changes
as other independent variables. Longitudinal change
in GCL-IPL thickness did not significantly correlate
with any of the ERG parameters.

During the 3-year follow-up period, 25 patients
with MS developed new lesions in the brain, while
the other 27 patients exhibited a relatively stable
disease course, with no new brain lesions detected
on annual MRI scans. However, both patient
groups showed a similar trend in b-wave amplitude
reduction in DA 0.01 ERG (figure 2C). Brain

Figure 1 ERG peak time delay at baseline

Peak time delay of the b-wave in light-adapted (LA) 3.0 electroretinography (ERG) and its association with retinal ganglion cell (RGC) loss and MS disease
course. (A) Representative LA 3.0 ERG traces from a patient with MS (green) and a control (blue) (A.a); the t test showed peak time delay in MS (n 5 77)
compared with controls (n5 30) (A.b). (B) Correlations between the delayed b-wave peak time in LA 3.0 ERG and the thicknesses of global retinal nerve fiber
layer (RNFL) (B.a) and ganglion cell layer–inner plexiform layer (GCL-IPL) (B.b). (C–E) Correlations between the delayed b-wave peak time in LA 3.0 ERG and
the Expanded Disability Status Scale (EDSS) (C), brain lesion volume on T2 MRI imaging (D), and disease duration (E).
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lesion volume changes were plotted against the
ERG amplitude changes and no correlation was
found (p 5 0.24).

In addition, no correlation was found between the
EDSS score changes and ERG amplitude reduction
(p 5 0.62). Brain atrophy and its association with the
increase of LVV has been described in patients withMS.
Here, we used the increased LVV as a measure of brain
atrophy and again observed no correlation with ERG
amplitude reduction (p 5 0.50, figure 2D).

DISCUSSION Using comprehensive baseline and
longitudinal full-field ERG evaluation, this study
demonstrates evidence of functional alterations in the
outer and middle retinal layers in non-ON eyes in
patients with MS, which are to some degree associ-
ated with RNFL and RGC loss in the inner retina.

Progressive RNFL loss in non-ON eyes of patients
with MS has been well described in previous OCT
studies,4,11,21–25 and this study showed a comparable
rate of continuous RNFL loss in non-ON eyes over
the 3-year follow-up period. However, it is still

unclear whether there are pathologic changes in the
outer retinal layers. While loss of photoreceptors and
bipolar cells have been demonstrated in postmortem
studies of patients with MS,7 structural thinning in
the INL in vivo has been observed only in some
groups. Predominant macular thinning was demon-
strated in a specific MS phenotype,9 while retinal
layer changes in different MS types were investigated
and INL thinning was identified to be associated with
primary progressive MS.11 Recently, ONL thickness
in primary progressive MS was also found to be asso-
ciated with the EDSS scores.26 Pathologic changes
associated with the outer layers of the retina in MS
could be subclinical or minor and therefore challeng-
ing to consistently detect on OCT. This may also
explain why outer retinal atrophy in MS was more
evident only in a postmortem study7 and widespread
photoreceptor loss coupled with inflammatory
changes was observed only in animal models.8,27 In
addition, INL thickening was found in patients with
MS with ON episodes, which was suggested to be
linked with microcyst formation.28 A small degree

Table 2 Correlation between ERG, OCT, and disease course/disability parameters

ERG parameters RNFL GCL-IPL EDSS T2 Lesion Duration

0.01 DA

b-wave amplitude 0.250 (0.02)a 0.221 (0.05) — — —

b-wave peak time — — — 0.278 (0.02) 0.259 (0.02)

3.0 DA

a-wave amplitude — — — — —

b-wave amplitude 0.202 (0.07) 0.243 (0.03) — — —

a-wave peak time — 20.341 (0.005)a — 0.294 (0.01) 0.309 (0.008)

b-wave peak time — — 20.205 (0.09) — —

12.0 DA

a-wave amplitude — — — — 0.189 (0.10)

b-wave amplitude — 0.232 (0.04) — — —

a-wave peak time — — — — 0.214 (0.07)

b-wave peak time — — — 0.334 (0.005)a —

3.0 LA

a-wave amplitude — 20.183 (0.10) — — 0.188 (0.10)

b-wave amplitude 0.244 (0.03) 0.329 (0.003)a 20.207 (0.09) 20.204 (0.08) 20.208 (0.07)

a-wave peak time — — — 0.312 (0.008) 0.268 (0.02)

b-wave peak time 20.367 (0.001) 20.268 (0.02) 0.278 (0.02)a 0.289 (0.01) 0.347 (0.002)

30 Hz Flicker

Amplitude — 0.200 (0.08) — — 20.251 (0.03)

Implicit time 20.241 (0.03) — — 0.324 (0.006) 0.279 (0.01)

Abbreviations: DA 5 dark adapted; EDSS 5 Expanded Disability Status Scale; ERG 5 electroretinography; GCL-IPL 5

ganglion cell layer–inner plexiform layer; LA 5 light adapted; OCT 5 optical coherence tomography; RNFL 5 retinal nerve
fiber layer.
Data are r value (p value). p , 0.05 shown in bold; —: no correlation with p . 0.10.
aCorrelation survived multiple comparison analysis.
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of INL thickening was also found by meta-analysis.4

The effect of outer retinal layer thickening may
potentially mask any underlying loss of thickness of
the retinal layers in OCT studies.

The full-field ERG, on the other hand, provides
a functional measure of the outer retina. ERG
changes in patients with MS have been previously re-
ported only in a limited number of cross-sectional
studies. Although some retinal functional changes
were described,13,15–17 most of the studies were not
using the ISCEV standard and inconsistent results
were shown. Retinal dysfunction was thought to be
associated with ON attacks in earlier studies,15,16 but
a more recent study using the ISCEV standard sug-
gested no retinal dysfunction in non-MS patients
with unilateral ON.14 In the current study, we did
not observe any difference in the ERG recordings
between ON and non-ON eyes. We found prolonged
a-wave and b-wave peak times of combined rod-cone
response and LA cone response paradigms at baseline,
suggesting that both rod- and cone-dominant path-
ways are affected in MS. The prolongation of ERG
peak times may indicate subclinical retinopathy pos-
sibly related to neuroinflammatory changes. Retinal
periphlebitis has been reported in patients with MS,
which was thought to be related to MS severity.29,30

Although in the current study, we did not observe any

active retinal periphlebitis during the follow-up
period, it does not exclude some subclinical inflam-
matory changes in the retina, which might lead to
functional changes in visual electrophysiology.
Indeed, ERG anomalies have been widely used in
clinical practice to assess various inflammatory/auto-
immune retinal disorders, such as birdshot retino-
choroidopathy,31 cancer-associated retinopathy,32

and multiple evanescent white dot syndrome.33

Localized inflammatory cellular infiltrates surround-
ing retinal veins have been observed in relapsing-
remitting and secondary progressive MS eyes.7

Antiretinal antibodies have also been reported in cel-
lular proliferative disorders and in the pathogenesis of
autoimmune retinopathy.32 Autoantibodies that are
directed against neuronal antigens may also play
a key role in axonal injury in MS13,34 and may par-
tially be responsible for the subtle electrophysiology
changes identified here. The association between
ERG and RNFL measures indicated that the
disease-related changes might affect the entire retina
including both outer and inner retinal layers. At the
baseline, a significant correlation was found between
ERG parameters and MS disease duration, which
suggested the presence of progressive retinal pathol-
ogy throughout the entire disease course. The corre-
lation between some of the ERG parameters and

Figure 2 ERG amplitude reduction in the follow-up study

(A) Representative dark-adapted (DA) 0.01 electroretinography (ERG) traces from a patient with MS at baseline (blue) and year 3 (green). The paired t test
showed amplitude reduction in MS (n 5 52) but not in the controls (n 5 12). (B) There is a correlation between b-wave amplitude reduction in DA 0.01 ERG
and retinal nerve fiber layer (RNFL) loss over the 3-year follow-up. (C) Patients (n 5 25) who developed new brain lesions during the follow-up period and
patients (n 5 27) with no new lesions in the brain showed a similar trend of b-wave amplitude reduction. (D) No correlation was observed between brain
atrophy, determined by lateral ventricular volume increase, and b-wave amplitude reduction.
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EDSS/T2 lesions can be related to the fact that pa-
tients with longer disease duration tend to have more
severe clinical disability and brain lesion loads.35,36

In the longitudinal study, we also found a signif-
icant ERG amplitude reduction in non-ON eyes
during the follow-up, suggesting progressive func-
tional loss in the retina. Unlike ERG peak times,
no statistically significant amplitude reduction was
detected at baseline in comparison to controls (but
there was an association between amplitude and
RNFL), which may be due to high intersubject var-
iability of the amplitude and the small sample size.37

In the follow-up study, by contrast, the absence of
intersubject variability and the use of a paired t-test
are likely to make the amplitude changes more
evident.

Axonal damage has been identified in normal-
appearing white matter, which was not considered
to be associated with demyelination throughout
the CNS.38 However, the relationship between
inflammation, de/remyelination, and neurodegener-
ative changes in MS remains poorly characterized.
RNFL loss in MS was thought to be a result of either
retrograde trans-synaptic degeneration or progres-
sive primary RGC loss.4 Our previous study dem-
onstrated significant association of RGC axonal and
neuronal loss in non-ON eyes of patients with MS
with both retinal dysfunction and postchiasmal
damage of the visual pathway, indicating that
RGC degeneration in MS might be a combined
result of retrograde trans-synaptic degeneration orig-
inated in the postchiasmal part of the visual path-
ways and primary retinal pathology.6,39 In a separate
publication, we also demonstrated the absence of
significant loss of INL thickness in parts of the ret-
ina with long-standing and severe loss of RGCs
caused by optic nerve diseases, ruling out retrograde
trans-synaptic degeneration within the retina it-
self.40 Therefore, the current study provides an addi-
tional support to the idea of primary pathology
affecting the entire thickness of the retina in MS
by demonstrating a significant association between
functional changes in the outer retina and RGC loss
in the inner retina.

ERG changes were also associated with the disease
duration and disability at baseline, but not with the
disease activity during the follow-up. This result sug-
gested that while the retinal pathology is progressing
throughout the entire disease course, it is somewhat
independent of the lesional disease activity in the
brain.

One limitation of this study is that the significance
of the correlations are mostly minor or borderline,
which may be due to the fact that the pathologic
changes in the outer retinal layers in MS are very sub-
tle and therefore difficult to detect. This might also

explain the lack of correlation in the longitudinal
analysis between ERG changes and disability/brain
atrophy. The absence of correlation between ERG
and longitudinal GCL-IPL change can be potentially
related to the fact that the full-field ERG is a measure
of panretinal function, while GCL-IPL represents on-
ly the macula and perimacular regions. Future studies
with larger sample size and longer follow-up are
required to validate current findings.

To summarize, in this study we found subclinical
deterioration in full-field ERGs in patients with MS,
and both cone and rod pathways were involved.
These previously unrecognized outer retinal func-
tional changes are associated with RGC deficits and
disease duration, suggesting that the subclinical reti-
nal pathology in MS affects both the outer and inner
retinal layers and may partially contribute to RGC
loss in MS.
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