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Abstract

Amyotrophic lateral sclerosis (ALS) is characterized by neuro-ophthalmological

abnormalities beyond disturbed oculomotor control such as decreased visual

acuity and disturbed visual evoked potentials. Here we report retinal alterations

in a cohort of 24 patients with clinically definite (n = 20) or probable (n = 4)

ALS as compared to matched controls. High-resolution spectral domain optical

coherence tomography with retinal segmentation revealed a subtle reduction in

the macular thickness and the retinal nerve fiber layer (RNFL) as well as a

marked thinning of the inner nuclear layer (INL). Our data indicate an unprec-

edented retinal damage pattern and suggest neurodegeneration beyond the

motor system in this disease.

Introduction

Amyotrophic lateral sclerosis (ALS) is characterized by

upper and lower motor neuronal degeneration, resulting

in progressive weakness of the limbs as well as the respi-

ratory and bulbar musculature.1,2 Remarkably, autopsy

studies such as recent investigations on phosphorylated

43 kDa TAR DNA-binding protein (pTDP-43) distribu-

tion have shown alterations beyond the pyramidal tract,

including the neo- and allocortex, and the basal ganglia.3

Extra-motor symptoms occur more frequently than previ-

ously thought and comprise neuro-ophthalmological

abnormalities such as decreased high and low contrast

visual acuity.4,5 In line with this evidence, studies on

visual evoked potentials6 and voxel-based MRI volumetry

of the occipital cortex revealed functional and structural

alterations of the visual system in ALS.7

Spectral domain optical coherence tomography (SD-

OCT) is a noninvasive technique utilizing near-infrared

light to generate cross-sectional images of the retina as

part of the central nervous system (CNS).8 SD-OCT

allows quantitative imaging of the retinal nerve fiber layer

(RNFL), representing the innermost layer with the unmy-

elinated axons of the retinal ganglion cells. Moreover,

in-depth analysis of the perifoveal segment is possible,

allowing segmentation of the different retinal layers

including the ganglion cell layer (GCL), the inner plexi-

form layer (IPL), the inner nuclear layer (INL), the outer

plexiform layer (OPL), and the outer nuclear layer

(ONL).8 This technique has been successfully applied in
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diseases like multiple sclerosis with retinal alterations even

in the absence of optic neuritis9–12 as well as in primary

neurodegenerative diseases, including parkinsonian syn-

dromes, Wilson’s, and Alzheimer’s disease.13–15

Following these findings we performed a cross-sectional

study to analyze the possible involvement of the retina in

ALS. We here report subtle alterations of the RNFL and

the total macular thickness as well as a marked reduction

in the INL, suggesting neurodegeneration beyond the

motor system in this disease.

Methods

Cohorts

Overall, 24 consecutive patients with “clinically definite”

(n = 20) or “clinically probable” (n = 4) ALS diagnosis

by the consensus of two experienced neurologists follow-

ing the Awaji criteria16 and 24 healthy age- and sex-

matched controls were enclosed for this study between

September 2010 and September 2012 (Table 1). All

patients recruited at our center gave written informed

consent and underwent a formal ophthalmologic exami-

nation including fundoscopy, tonometry, slit lamp exami-

nation, and assessment of best corrected visual acuity.

Patients and controls were comparable for age and gen-

der, with a male preponderance (Table 1). Patients with

“clinically possible” ALS,16 with ophthalmologic abnor-

malities (history of retinopathy, glaucoma, severe myopia,

hyperopia of �5 dpt.), and with other inflammatory or

degenerative neurological diseases were excluded. The

study was approved by the local ethics committee of the

Medical Faculty of the Heinrich-Heine University Düssel-

dorf, Germany (study registry #2849).

SD-OCT

SD-OCT was performed using a Spectralis� setup with

TruTrack� image alignment eye tracking (Heidelberg

Engineering, Heidelberg, Germany) for perifoveal volu-

metric retinal scans (25 single vertical axial scans, scan-

ning area: 6 9 6 mm, centered at the fovea, Fig. 1A).

Peripapillary RNFL was assessed with a 12° circular scan

centered on the optic disk (Fig. 1B). RNFL- and parama-

cular volumetric scans were automatically evaluated by

the manufacturer’s Eye Explorer� package (1.7.1.0; Hei-

delberg Engineering). The deeper retinal layers (ganglion

cell/inner plexiform layer complex [GCIP], INL, OPL,

and ONL) were measured by manually positioning seg-

mentation lines on the borders between the different

Table 1. Demographic patient data and optical coherence tomography parameters.

Characteristics

ALS patients

(N = 24)

Healthy controls

(N = 24)

Diagnosis – no. (%)

Clinically definite 20 (83) n.a.

Clinically probable 4 (17) n.a.

Age – yr (range) 61.5 � 13.0 (34–82) 61.6 � 15 (33–84)

Male sex – no. (%) 19 (79) 17 (71)

Interval disease manifestation to OCT – mo (range) 22.3 � 22.57 (3–120) n.a.

Riluzole treatment at OCT – no. (%) 7 (29) n.a.

Duration of riluzole treatment before OCT – mo (range) 17 (1–55) n.a.

OCT parameters

Mean RNFL – µm 93.23 � 10.67 99.98 � 10.89

Mean GCIP – µm 66.15 � 6.57 66.47 � 6.62

Mean INL – µm 24.72 � 3.22 27.87 � 4.34

Mean OPL – µm 29.50 � 3.58 30.89 � 4.47

Mean ONL – µm 61.57 � 7.53 60.50 � 7.82

P.E. GCIP – µm 97.13 � 8.83 99.98 � 9.21

P.E. INL – µm 37.42 � 4.64 43.29 � 4.22

P.E. OPL – µm 41.25 � 5.98 35.52 � 7.00

P.E. ONL – µm 107.67 � 10.61 105.91 � 12.68

MT – µm 309.83 � 17.29 318.24 � 15.65

Table 1 Indicated are the demographic data and the mean retinal layer thicknesses and standard deviations for the acquired parameters of ALS

patients and healthy controls. The abbreviations are as follows: ALS, amyotrophic lateral sclerosis; GCIP, ganglion cell/inner plexiform layer com-

plex; INL, inner nuclear layer; Mean, mean layer thickness; MT, macular thickness; n.a., not applicable; OCT, optical coherence tomography; ONL,

outer nuclear layer; OPL, outer plexiform layer; P.E., point estimate measurement; RNFL, retinal nerve fiber layer.
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layers in a single high-resolution horizontal scan through

the middle of the fovea (Fig. 1C). RNFL measurements

and high-resolution single horizontal scans were averaged

from 100 images, scans for volumetric calculations from

10 images (Automatic Real Time, ART). All scans had

sufficient quality (>20 DB). Scans not fulfilling the

OSCAR-IB criteria17 for retinal OCT quality assessment

were excluded from the analysis.

Retinal segmentation

Manual segmentation was performed by two indepen-

dent raters to assess the inter-rater reliability. Due to

the low contrast between the ganglion cell layer and the

inner plexiform layer both were combined and evalu-

ated as one GCIP. To quantify the segmented layers,

two different methods were employed: (1) the mean

Figure 1. Optical coherence tomography (OCT) results. The macular thickness and volume were measured in consecutive vertical scans centered

on the macula (A). The peripapillary RNFL was evaluated in a circular scan centered on the optic disk (B). The deeper retinal layers were manually

segmented in a single horizontal foveal scan (red lines; (C)). The thickness of the different layers was assessed 1. as mean thickness of the entire

layers, 2. by the point estimate (P.E.) method (vertical black lines). Scatter plots display the thickness of the RNFL (means � standard deviation

(M � SD): ALS 93.2 � 10.7 lm vs. controls 100.0 � 10.9 lm, P = 0.031; (D)) and the total macular thickness (M�SD: ALS 309.8 � 17.3 lm vs.

controls 318.2 � 15.7 lm, P = 0.037; (E)) both significantly (*) reduced in ALS patients. The INL is significantly (*) reduced with both

segmentation methods (mean thickness M � SD: 24.7 � 3.2 lm, p = 0.001; P.E. M � SD: 37.4 � 4.6 lm, P < 0.001) compared to controls

(mean thickness M � SD: 27.9 � 4.3 lm; P.E. M � SD: 43.3 � 4.2 lm; (F+G)). No significant differences in the thickness of the mean GCIP

(mean thickness, M � SD: ALS 66.2 � 6.6 lm vs. controls 66.5 � 6.6 lm, P = 0.943; P.E., M � SD: ALS 97.1 � 8.8 lm vs. controls

100.0 � 9.2 lm, P = 0.296; (H+I)) and the ONL (mean thickness, M � SD: ALS 61.6 � 7.5 lm vs. controls 60.5 � 7.8 lm, P = 0.526; P.E.,

M � SD: ALS 107.7 � 10.6 lm vs. controls 105.9 � 12.7 lm, P = 0.603; (J+K)) were detectable. The OPL was thicker in ALS patients when

measured as P.E. (M � SD: ALS 41.3 � 6.0 lm vs. controls 35.5 � 7.0 lm, P = 0.001) while the mean OPL thickness did not differ between

patients and controls (M � SD: ALS 29.5 � 3.6 lm vs. controls 30.9 � 4.5 lm, P = 0.161; (L+M)). Each point represents the mean of the two

eyes of one patient. The mean of all patients is indicated by a horizontal bar. The P-values are indicated (GEE analysis). ALS, amyotrophic lateral

sclerosis; GCIP, ganglion cell/inner plexiform layer complex; INL, inner nuclear layer; MT, macular thickness; ONL, outer nuclear layer; OPL, outer

plexiform layer; P.E., point estimate; RNFL, retinal nerve fiber layer.
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thickness of the different entire layers was calculated

using the Eye Explorer� software, and (2) the thickness

of the deeper retinal layers was measured as point esti-

mates (P.E.) at the thickest point nasally and temporally

for all layers, except for the ONL, which was measured

at the middle of the fovea as previously described

(Fig. 1C).18

Statistical evaluation

Data are given as means with standard deviations (SD)

and analyzed using Prism 5.0 (GraphPad, San Diego, CA)

and SPSS Statistics 20 (IBM, Armonk, NY). Differences

between patients and controls were tested with general-

ized estimation equation (GEE) models accounting for

within-subject intereye correlations correcting for gender

and age. No adjustment for multiple comparisons was

made in light of the exploratory approach of this study.

Pearson or Spearman correlation analyses were used

depending on scaling and normality (Kolmogorov-Smir-

nov test) of the respective data. We used partial bivariate

correlation analysis correcting for age and gender to ana-

lyze the association between the retinal parameters altered

in ALS patients and the clinical modified Rankin Scale

(mRS)19 as well as the disease duration, considering the

left eyes of patients. P-values below 0.05 were considered

significant.

Results

Reduction in RNFL, mean total macular
thickness, and inner nuclear layer

The retinal nerve fiber layer (RNFL) was significantly

reduced in ALS patients by 6.7% (ALS 93.2 � 10.7 lm
vs. controls 100.0 � 10.9 lm; P = 0.031 GEE; Fig. 1D).

The total macular was significantly thinner in ALS as well,

albeit less prominent by 2.6% (ALS 309.8 � 17.3 lm vs.

controls 318.2 � 15.7 lm, P = 0.037; Fig. 1E). Retinal

segmentation revealed a significant reduction in the inner

nuclear layer (INL) in ALS patients, ranging from 11.3%

(mean thickness approach; P = 0.001) to 13.6% (P.E.

approach; P < 0.001; Fig. 1F+G). We observed no differ-

ences in the mean retinal GCIP and the outer nuclear

layer (ONL). Of note, the outer plexiform layer (OPL)

was thicker in ALS patients when analyzed as point esti-

mates (P = 0.001) (Fig. 1H–M).

Retinal parameters and clinical presentation

Regarding the proportion of ALS patients with OCT

alterations, we applied a cutoff of two standard deviations

below the mean of normal controls to define abnormal

values. We identified 3/24 (12.5%) ALS patients with

abnormal RNFL (<79.3 lm), 3/24 (12.5%) cases with

altered mean macular thickness (<289.6 lm), 6/24 (25%)

patients with reduced INL measured as point estimates

(<35.8 lm), and one patient (4%) with mean INL reduc-

tion (<20.49 lm).

Considering a possible link between retinal neurode-

generation and clinical disease characteristics, we corre-

lated disease duration and severity with OCT parameters.

Partial bivariate correlation analysis correcting for age

and gender revealed no association of the modified Ran-

kin Scale or the disease duration with the thickness of the

RNFL, the INL (measured as mean or P.E.) or the total

macula.

Correlation between point estimate
measurement and mean whole-layer
thickness

The mean thickness measurement of the complete layers

calculated by the Heidelberg Eye Explorer� software cor-

related well with the P.E. approach for all layers (Pearson

P < 0.01, Fig. 2A–D). These correlations were excellent

for the GCIP (Pearson r = 0.83, P < 0.0001), the INL

(Pearson r = 0.87, P < 0.0001), and the OPL (Pearson

r = 0.89, P < 0.0001) and acceptable for the ONL (Pear-

son r = 0.67, P = 0.0017), which was the only layer mea-

sured at a single point in the foveal center by the P.E.

method (Fig. 2A–D).

Inter-rater reliability of manual
segmentation

To compare the reproducibility of the segmentation

approaches we performed all segmentations by two inde-

pendent raters and calculated the intraclass correlation

coefficients (ICC) for both methods. All analyses resulted

in good (ICC ≥ 0.5) to excellent (ICC ≥ 0.9) inter-rater

reliabilities (Fig. 2E–L).

Discussion

Amyotrophic lateral sclerosis is increasingly being consid-

ered a complex neurodegenerative disease1,2 comprising

extra-motor symptoms like fatigue, pathological laughing

and crying, mild sensory symptoms, and cognitive

decline,20–23 as well as visual deficits.4–6 Here we provide a

morphological correlate for the latter as our data indicate

retinal degeneration in ALS. Using last-generation SD-OCT

methodology, we were able to detect a mild reduction in

the total macular thickness, and manual segmentation

revealed a unique pattern of retinal pathology: while we

found a reduction in the retinal nerve fiber layer, suggesting
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axonal degeneration in ALS, and a marked thinning of the

INL, the corresponding GCIP was not altered. Possibly the

thinning of the RNFL is associated with degeneration of the

corresponding neurons in the GCL but compensatory pro-

cesses in the IPL mask the thinning of the GCL when mea-

suring the GCIP as a single entity. The INL contains the cell

bodies and nuclei of the horizontal, bipolar, and amacrine

cells, specialized retinal interneurons, integrating between

the light sensitive photoreceptor cells (rods and cones) with

their nuclei and cell bodies located in the ONL and the gan-

glion cells. The synaptic portions between the nuclear cell

layers constitute the IPL and OPL. The reason for the INL

reduction and the associated involvement of the RNFL in

ALS remains elusive.

Distinct pathologies of the optic nerve have not been

reported in ALS. This and the fact that the RNFL but not

the GCIP was significantly altered in this study, render a

retrograde degeneration rather improbable, even though

voxel-based MRI volumetry and histopathology revealed

cortex affection also in occipital regions of the brain.3,7

Until today it remains unclear whether alteration of the

deeper retinal layers is caused by retrograde transsynaptic
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Figure 2. Correlations between the point estimate and mean entire layer segmentation methods and inter-rater reliability for both techniques.

The values obtained by the point estimate (P.E.) method correlated significantly with the mean layer thickness for all layers (P < 0.05, Pearson

correlation, Pearson r is indicated). The two segmentation methods correlated excellently (r ≥ 0.8) for the GCIP (r = 0.83, P < 0.0001), the INL

(r = 0.87, P < 0.0001) and the OPL (r = 0.89, P < 0.0001; (A–C)) and were acceptable (r ≥ 0.5) for the ONL (r = 0.67, P = 0.0017; (D)). The

values obtained by two different raters (R1 and R2) using the two segmentation methods are correlated and the intraclass correlation coefficients

(ICC) are given. The GCIP measured as mean layer thickness and P.E. showed excellent inter-rater reliabilities (IRR) with ICC of ≥0.9 (mean layer:

0.93; (E), P.E.: 0.90; (I)). The IRR of the other layers were good with an ICC of ≥0.5 (INL: mean layer: 0.63; (F), P.E.: 0.58; (J), OPL: mean layer:

0.57; (G), P.E.: 0.50; (K), ONL: mean layer: 0.57; (H), P.E.: 0.69; (L)). Each point represents the thickness of the retinal layers of the left eye of a

patient measured with the indicated methods. The diagonal lines resemble the results of linear regression analyses. GCIP, ganglion cell/inner

plexiform layer complex; ICC, intraclass correlation coefficient; INL, inner nuclear layer; Mean, mean layer thickness; ONL, outer nuclear layer;

OPL, outer plexiform layer; P.E., point estimate; R, rater.
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degeneration as observed after optic nerve transection in

animal models24 or after cerebral infarction in stroke

patients.25 In MS, primary retinal neurodegeneration

mechanisms are discussed, since atrophy of the deeper

retinal layers is not necessarily linked to a previous his-

tory of optic neuritis.11,12 Therefore, in ALS one may

assume a primary retinal process involving neuronal and

consecutive axonal degeneration similar to the established

mechanisms leading to upper and lower motor neuron

degeneration. However, regarding the course and pheno-

type of retinal alterations during CNS neurodegeneration,

recent studies in MS have identified a complex pattern, as

an INL thickening associated with a more pronounced

inflammation or a more severe disease course was

observed.26,27 This was thought to be the result of

enhanced microglial activation, partly associated with

microcystic lesions within the INL. At the same time

patients with long-standing primary progressive MS were

reported to exhibit a significant thinning of the INL,12

and a distinct INL/ONL thinning was observed in patients

with predominantly macular thinning.11 However, the

latter pattern was not reproduced in a subsequent study.28

Moreover, INL atrophy was detected by histopathology in

40% of investigated eyes of MS patients with a long-

standing progressive disease course.29 Thus, one may pos-

tulate stage-dependent processes: microglial activation

during early inflammatory phases of MS may entail micr-

ocystic edema and result in transient INL thickening, fol-

lowed by an INL thinning in later neurodegenerative

disease stages. In our “clinically probable or definite” ALS

patients16 with later disease stages (mean disease duration

of 22 months) we observed a marked INL reduction.

Thus, considering microglia activation as an integral part

of ALS neuropathology,1 an investigation of the time

course of retinal pathology in ALS is warranted and

might reveal an INL thickening in early stages as observed

in MS.

Remarkably, a recent report failed to detect any retinal

involvement in ALS, based on 15 patients with definite,

33 with probable, eight with laboratory supported proba-

ble and 20 with possible ALS, recruited from two cen-

ters.30 The differences to this study could be explained

by the heterogeneity of the patient cohorts, as the per-

centage of patients with definite ALS was 19.7% in the

previous study, in contrast to 83.3% in our work. Fur-

thermore, in light of recent data on the impact of gen-

der on retinal parameters even in the absence of

disease,31 one has to consider that healthy controls were

not sex-matched in the previous study. For OCT analy-

sis, Roth et al.30 used an automated segmentation with-

out manual correction, whereas we employed two

different manual segmentation methods performed by

two independent raters yielding an excellent correlation,

especially for the INL which we found to be thinner in

ALS.

Our report has obvious limitations as confounding fac-

tors of retinal diseases in this elderly patient cohort could

not finally be excluded, even though age- and sex-matched

healthy controls were recruited for this study and an oph-

thalmologic examination by board-certified ophthalmolo-

gists was applied. Furthermore, for correlation of OCT

alterations with clinical parameters, the disease-specific rat-

ing scale ALSFRS-R32 was not available for all patients, so

that the modified Rankin Scale19 was used instead.

Nevertheless, our data support previously reported

independent clinical and neurophysiological reports on

visual disturbances in ALS and indicate a neurodegenera-

tive process comprising the retina. Of note, the here

reported pattern shows differences to retinal alterations

found in other neurodegenerative diseases like parkinso-

nian syndromes.13–15 Prospective studies to evaluate the

progression of retinal alterations and to assess the possible

contribution of OCT to disease characterization are war-

ranted.
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