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I. Introduction 

1. Amyotrophic lateral sclerosis 

1.1: Definition 

Amyotrophic lateral sclerosis (ALS, also known as Lou-Gehrig’s disease or motor 

neuron disease) is a neurodegenerative disease that causes the death of neurons  

controlling the skeletal muscles in the primary motor cortex, brainstem and spinal cord 

(Kiernan et al. 2011). ALS is characterized by a combination of signs of the lower motor 

neuron (LMN) and of the upper motor neuron (UMN) but the disease may start by showing 

only one of the above-mentioned classes of symptoms. Symptoms of LMN disruption 

include muscle weakness up to flaccid paralysis and muscular atrophy, fasciculations and 

dysarthria while UMN dysfunction usually presents with increased reflex response, spastic 

paraparesis and spastic dysphagia. In this study two forms of the disease were defined, 

bulbar or spinal, depending on the symptoms at the onset of the condition. Patients with 

the bulbar form usually present with dysarthria, dysphagia and hypomotility of the tongue, 

while patients suffering from spinal onset ALS usually present with muscle weakness and 

atrophy of the upper or lower limbs, which can start either distally or proximally. More 

infrequent symptoms like aphasia, frontal lobe dementia and bladder dysfunction have also 

been described (Kiernan et al. 2011; Wijesekera u. Leigh 2009). Depending on the leading 

localization of the lesion, some symptoms may be more pronounced than others or not 

even present.  

 

1.2: Epidemiological Data 

The incidence with an average of 3.1/100.000 and the prevalence with an average of 

8/100.000 are fairly uniform in Germany, although a slightly higher prevalence in males was 

recorded in previous studies (Rosenbohm et al. 2017; Nagel et al. 2013). The typical onset 

of the disease is after 60 years of age. The spinal form of the illness is more common (61%) 

than the bulbar one (34%). The remaining 5% cases cannot be clearly attributed to one of 

these disease courses. Mostly respiratory failure is life limiting, however, secondary 

hospital acquired pneumonia or immunodeficiency, due to reduced physical activity, are 

also possible causes of death (Rosenbohm et al. 2017). Patients with ALS usually die within 

3-5 years after onset (Rosenbohm et al. 2017) and death becomes impending, when 
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dyspnea starts occurring at rest, due to progressive muscle weakness of respiratory 

muscles (Kiernan et al. 2011). 

 

1.3: Causes and pathophysiology 

Most cases of ALS are sporadic but 5-10% of them are familial. In the familial cases, 

there are many known mutations, 20% of which are caused by a mutation in the superoxide 

dismutase 1 (SOD1) gene and 5% by a mutation in the Transactive Response DNA Protein – 

43 kDa (TDP-43) gene, although there are many more genes that have some influence in 

the disease (Kiernan et al. 2011). Some probable lifestyle risk factors, like increased physical 

activity and smoking, have been identified, but a causative relation has not been confirmed 

yet (Nagel et al. 2013). 

The cause of degeneration of the cluster of neurons in sporadic ALS is still largely 

unknown, although in the last years there has been major progress in understanding the 

pathological process. ALS is associated with the formation of cytoplasmic inclusion bodies, 

similar to alpha-synuclein accumulation in Parkinson’s Disease (PD) (Braak et al. 2013). 

These bodies consist mainly of phosphorylated TDP-43 (pTDP-43), which is a DNA-binding 

protein. Studies show that they travel from neuron to neuron, through axonal projections, 

thus playing a key role in the pathogenesis and neuroanatomical spreading of ALS. Braak 

et. al suggested a specific pattern of disease spreading, defining four stages depending on 

the location of TDP-43 tangles (Braak et al. 2013). Kassubek et al. and Müller et al. 

consequently tried to depict this neuropathologic staging of Braak et. al using a technical 

marker in vivo. In their studies, they used the diffusion tensor imaging (DTI) technique to 

correlate TDP-43 pathology with magnetic resonance imaging (MRI) findings (Kassubek et 

al. 2014; Müller u. Kassubek 2013). Studies like these suggest that neuropathology goes 

beyond motoneuron degeneration, afflicting several other centers of nuclei, like the basal 

and cerebellar ganglia or even neurons in the retina (Hübers et al. 2016; Braak et al. 2013). 

 

1.4: Diagnosis 

The patients included in this study have all been subjected to the revised El Escorial 

diagnostic criteria (Brooks et al. 2000). The diagnosis is heavily based on clinical findings 

and exclusion of alternative causes of the symptoms. Additional to such an evaluation, 

progression is also mandatory for the diagnosis. In addition to the presence of 
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characteristic clinical signs, the diagnosis can be strengthened by electromyography (EMG) 

findings like neurogenic potentials, fibrillation potentials, positive sharp waves, and 

fasciculation potentials (Ludolph et al. 2015). Newer studies suggest an emersion of a new 

biomarker in the cerebrospinal fluid, the neurofilament NF-L (Neurofilament-Light), which 

presents itself as a promising marker to support diagnosis, although the number of 

confirmation studies is scarce (Steinacker et al. 2017). Lately, more and more studies about 

ophthalmological involvement in neurodegenerative disorders are emerging, due to the 

common anatomical and developmental origin of retinal nerve fibers and central nervous  

system axons (London et al. 2013; Mancino et al. 2018). Retinal pathologies were observed 

in some newer studies (Hübers et al. 2016; Ringelstein et al. 2014), while other older studies 

could not find any pathology (Roth et al. 2013; Hassenstein 2014). Despite pathological 

observations in the retina of ALS patients, loss of visual acuity (VA) or contrast sensitivity 

(CS) has not been reported (Moss et al. 2016). The method of optical coherence 

tomography method (OCT) is capable to identify and observe these reported changes, but 

the process is still in preliminary stages. Although classic T1 or T2 MRI sequences have not 

proven useful in diagnosing or excluding ALS, the fractional anisotropy (FA), which can be 

measured by the newer DTI-Sequence, is a promising candidate for a new imaging 

biomarker (Hornberger M. u. Kiernan 2016).  

 

1.5: Management and treatment 

Symptomatic treatment remains the foundation for treatment and management of 

ALS. This therapy is helpful especially in easing symptoms and in improving quality of life. 

Optimal care is provided when a hospital is focusing the care of the ALS patient on more 

than just the organic aspect of the disease. This is achieved by having a multidisciplinary 

treatment concept involving physiotherapists, speech therapists, social workers, 

respiratory therapists, gastroenterologists and finally a strong supportive social network 

around the patient, such as family members and friends. Such broad specialty focus of care 

has had a major impact in the survival of ALS patients by reducing the risk of death by up 

to 45% at 5 years, while also reporting a higher quality of life (Miller et al. 2009; Van den 

Berg et al. 2005).  

As for pharmaceutical treatment, Riluzole, a drug with an anti-glutamate effect, is one 

of the two drugs currently available in the treatment of ALS, which slows disease 
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progression and increases survival time with a mild efficacy of 3 months on average (Petrov 

et al. 2017).  Newer developments can be seen with the drug Edaravone, a free radical 

scavenger which targets various oxygen reactive species and radicals like peroxynitrite 

(Watanabe et al. 2018). This new drug received approval in ALS treatment in 2015 in Japan 

and in 2017 in the United States of America (Bhandari et al. 2018) and is showing promising 

results, like slower disease progression and better prognosis (Okada et al. 2018). However, 

further investigation is required, as there are no comprehensive multi-center analyses to 

confirm the usefulness and efficacy of Edaravone (Okada et al. 2018). Due to promising 

results in SMA patients and its similar pathomechanism to ALS involving the LMN, targeted 

gene therapy prospects using antisense oligonucleotides look encouraging in application 

on ALS patients (Tosolini u. Sleigh 2017). These new therapeutics are designed to reduce 

toxic, mutant proteins like SOD1 or TDP-43 and have shown potential in mice models 

(Gotkine et al. 2013). A phase Ib/IIa trial using antisense oligonucleotides in ALS patients is 

currently underway to evaluate toxicity and safety (Tosolini u. Sleigh 2017).     

 

2. Objective and substantiation 

2.1: Hypothesis 

The dominant feature of ALS, as to present understanding, is still motor neuron 

degeneration, but there is more and more evidence that hints at a more widely spread 

pathological process, which includes decaying of non-motor systems (London et al. 2013; 

Mancino et al. 2018; Braak et al. 2013). Given the common embryological evolution of cells 

of the retina and neurons of the central nervous system, it is not far-fetched to hypothesize 

that neurodegenerative conditions that affect the brain and spinal cord in many different 

ways, may, at least in some situations, also affect the neurons in the retina. No clear 

pathophysiological mechanism between neurodegeneration in the central nervous system 

and retinal degeneration has been confirmed as of now, but several theories are currently 

considered to be plausible. Anterograde degeneration caused by ganglion cell death in the 

retina or retrograde degeneration caused by neurodegeneration in the cerebral cortex 

seem to be two major credible processes that occur in this disease group (Mancino et al. 

2018). Although visual acuity seems not to be affected in ALS (Moss et al. 2016), there is a 

link between ophthalmic involvement and neuronal degeneration in the motor cortex 

(Volpe et al. 2015). This study is investigating alterations of the retina in ALS while working 
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on the hypothesis that pathological processes that happen in the retina due to antero- or 

retrograde degeneration of nerval cells translate into changes in retinal thickness.  

 

2.2: Literature 

Recent research and literature have only had limited success in providing 

understanding of pathogenesis and pathophysiology of the illness. The ability to image the 

retina in vivo has evolved greatly in the past decade, especially due to improvements in the 

OCT technique. This method allows imaging of retinal layers and a layer-by-layer analysis 

regarding thickness and volume. To date, there has been little evidence supporting retinal 

involvement in ALS. Hübers et al. (Hübers et al. 2016) and Ringelstein et al. (Ringelstein et 

al. 2014) have both reported retinal pathology or at least retinal involvement in ALS. Hübers 

et al. (Hübers et al. 2016) found a significant thinning of the retinal nerve fiber layer (RNFL) 

and inner nuclear layer (INL) while also reporting a nonsignificant outer plexiform layer 

(OPL) thickening compared to controls. Furthermore, reported retinal involvement in ALS 

seems to not be associated with underlying retinal pathology due to other 

ophthalmological diseases, as described by Mukherjee et al. (Mukherjee et al. 2017). In 

contrast, Roth et al. (Roth et al. 2013) reported changes in the retina that did not reach 

significance level. The present study focused on the theory that there is some involvement 

of the retina, especially given the increasing evidence in this respect. Although visual 

symptoms are not protruding in day-to-day life of ALS-Patients (Moss et al. 2016), specific 

neurons in different layers of the retina could be affected. Therefore, our hope is to detect 

these changes in vivo and correlate them with other methods of imagery, such as the 

magnetic resonance imaging, in an attempt to further clarify pathology and disease 

progression. Additionally, this cohort was subjected to an investigation with the help of DTI 

and analysis of FA (Müller u. Kassubek 2013), and questions were modelled about whether 

or not any correlations exist between perifoveal retinal thickness and structural white 

matter (WM) alterations of regions pathologically affected by ALS. Consequently, there is 

an increased need of a new marker in amyotrophic lateral sclerosis so that more insight 

into ALS pathophysiology can be achieved, especially concerning further studies focusing 

on pathophysiology and therapy.  
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II. Methods 

1. Study design and framework 

The present study is a longitudinal explorative study, encompassing two groups: a 

patient ALS group and a healthy control group. Based on recent similar studies (Hübers et 

al. 2016), the patient group size was set at 50 patients and 30 controls. A calculated error 

probability of p = 0.05 was tolerated. Two independent examination dates were set: 

baseline and follow up. Examination dates were planned to be in 6 months’ time difference 

for each subject for both OCT and MRI respectively. Patients were recruited randomly, 

without any form of preselection regarding gender, age or race from the “Universitäts- und 

Rehabilitationskliniken Ulm” (RKU) between August 2015 and March 2016 for the baseline 

examination, during their stationary stay in the hospital. After their hospital release 

following diagnosis, patients received a follow up consult after 6 months in the outpatient 

department of the University Hospital for Neurology. Patients received their follow up OCT 

and MRI investigation on this date.  Therefore, the patients attended the follow up OCT 

and MRI examination between December 2015 and November 2016. This resulted in a 

1.33-year duration of the data acquisition phase. The study was conducted with the 

cooperation of the Department of Neurology of the Ulm University (RKU), Oberer Eselsberg 

45, 89081 Ulm, Germany and the Institute of Epidemiology and medical Biometry of the 

Ulm University, Schwabstraße 13D, 89075 Ulm, Germany. 

The study complies with the ethical standards of the Declaration of Helsinki, last 

revision of Fortaleza 2013, and received approval by the Ethical Committee of the Ulm 

University with the document reference number 36/13. 

 

2. Study collective 

2.1: Inclusion and exclusion Criteria 

The inclusion and exclusion criteria were defined before the beginning of the study. 

Any person who reached adulthood and had a confirmed ALS diagnosis could provide 

written consent and take part in this study. All patients and controls were evaluated, and 

exclusion criteria were applied using patient history and careful observation of the live 

images of the retina, while acquiring retinal data. The criteria were carefully chosen with 

the intent of not confounding possible retinal changes seen in ALS with changes seen in 
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other pathological events. Exclusion criteria comprised of Parkinson’s disease, multiple 

sclerosis, diabetes type 1 and 2, retrobulbar neuritis, anterior ischemic optic neuropathy, 

glaucoma, cerebral ischemic stroke or bleeding occurred in the last 2 years before the 

clinical investigation, pathological myopia or hyperopia above 6 diopters, retinal 

detachment, personal or family history of retinal degeneration, giant-cell arteritis, eye 

operations, intraocular injection, macular degeneration and a capsulotomy within the last 

90 days. 

 

2.2: Patient history and survey 

Before any OCT or MRI data acquisition started, all patients of the collective were 

informed about the aim and procedure of the study and all participating subjects provided 

written informed consent for the OCT and MRI protocol according to institutional 

guidelines.  At this point, they were also given the chance to ask questions regarding any 

aspect of the study. In this context, they were reassured that the data will be handled with 

secrecy. They were also informed that any incidental finding of the eye cannot be 

diagnosed by the experimenter and that it may be necessary for the subject to visit his 

ophthalmologist or his family doctor for further clarification. All subjects were examined 

clinically. Demographic and epidemiological data such as age, weight, height, and 

handedness were taken. To determine the degree of disability, the revised ALS-functioning 

rating scale (ALS-FRS-R) interview was used, as shown in Attachment 1 and 2. In short, the 

test evaluates functions like speech, salivation, swallowing, hand-writing, cutting food, 

handling eating utensils, dressing, routine hygiene, adjusting bed sheets, walking, climbing 

stairs, dyspnea, orthopnea and respiratory insufficiency. The test then provides a score 

between 0 and 48, 0 depicting the most severe ALS and 48 no disability (Cedarbaum et al. 

1999). Visual acuity was determined using the Snellen-Index (McGraw et al. 1995) and 

contrast sensitivity using the Pelli-Robson Chart (Pelli u. Robson 1988). Consequently, 

following clinical data was surveyed:  

 Visual acuity and contrast sensitivity 

 Age of disease onset 

 Previous known diseases 

 Current medication 

 ALS-FRS-R score  
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 Any known mutations in genes known to play a role in ALS (SOD1, TDP-43) 

 Order of symptom occurrence  

 Acute symptoms 

Using the parameters “weight” and “height”, the Body-Mass-Index (BMI) was calculated 

using the following equation: 

𝐵𝑀𝐼 =
𝑤𝑒𝑖𝑔ℎ𝑡 (𝑘𝑔)

ℎ𝑒𝑖𝑔ℎ𝑡2 (𝑚)2
 

 

2.3: Patients 

The patients were recruited for the study as mentioned in previous chapters. Only 

when board-certified neurologists reached the diagnosis of ALS did the patients undergo 

the necessary procedures of recruitment for this study. The criteria of diagnosis of an ALS 

used in the present study were the revised El Escorial Criteria (Brooks et al. 2000) and only 

patients with “clinically probable ALS” or “definitive ALS” were included in the study. The 

collective was composed of 34 Patients, 18 men and 16 women. This gender ratio is in 

concordance with the results of newer epidemiological studies (Rosenbohm et al. 2017). 

The patients that were considered for the study all came from various parts of Germany 

and all were Caucasian. Two forms of the disease were recognized in the study: four of the 

patients presented with a bulbar type of the disease and 30 with the spinal type. The ALS-

subtype was defined by the predominant clinical manifestation of the illness or, if the first 

pattern could not be characterized as bulbar or spinal because of the involvement of both 

signs, the two forms of the disease were defined by the nature of the first symptom 

(anarthria / dysarthria as bulbar type or muscle weakness / wasting in the limbs or trunk as 

spinal type). The beginning of the disease was defined as the first month of the appearance 

of symptoms. This resulted in a median duration of the disease recorded at baseline 

assessment of 9 months. 

In addition, 23 of the patients also underwent DTI investigation at baseline, around the 

same date as the OCT investigation. The follow up was set in a 6-month timeframe and was 

planned for both OCT and MRI. Out of the total of 34 patients that were assessed at 

baseline, there were only 18 attending the OCT follow up examination. Out of the total of 

23 patients that were assessed with the DTI at baseline, there were only nine attending the 

MRI follow up examination. The loss in the numbers occurred mainly due to rapidly 
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progressing symptoms of the disease, which rendered the patient unable or unwilling to 

undergo either OCT or MRI examination a second time. Other reasons for the decrease in 

follow up were logistical ones, one example being the great distance between the clinical 

establishment where this study was conducted and the hometown of the patients. In 

conclusion, after finishing patient recruitment, an average time difference between 

baseline and follow up of 173 days for OCT and 163 days for MRI was obtained.  

 

2.4: Healthy controls 

Additionally, a sample of 21 healthy subjects (11 men and 10 women) was recruited for 

the study, as a comparison. Healthy volunteers who comprised of student’s parents or 

grandparents of the Ulm University, hospital personnel or subjects that were recorded in a 

database used for other studies of the Department of Neurology of the RKU were recruited 

into the control group. This cohort was age and gender-matched to roughly suit the 

ALS-group demographic distribution. All healthy subjects were Caucasian as well. Out of 

the total of 21 healthy controls, 18 (10 men and 8 women) were present for the follow up 

in the approximately same timeframe as the patients suffering from ALS. The calculated 

average time difference between baseline and follow up was 180 days for the control  

group. They underwent the same recruitment procedures as the patients (clinical 

examination and OCT) except for the DTI sequence, which didn’t take place for the control  

group. The same exclusion criteria were applied for this group as for the patient group. 

Detailed clinical features and demographic data of all participants are briefly summarized 

in Table 1. 
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Table 1: Subject demographics and clinical data gathered as part of the ALS-OCT study performed at the Ulm University 
between August 2015 and November 2016; data is shown as median (min-max), p-value points out if there is a 

significant difference in age or gender between patients with ALS and healthy controls, ALS amyotrophic lateral 
sclerosis, OCT optical coherence tomography, min minimum, max maximum, NA not applicable/available, a Chi-Square-
test, b Mann-Whitney-U-test, c ALS-FRS-R, amyotrophic lateral sclerosis – revised functional rating scale (minimum score 

0, maximum score 48) (Cedarbaum et al. 1999), BMI, Body Mass Index 

 

3. Optical coherence tomography (OCT) 

3.1: Technology and mode of operation 

OCT uses light in a wave-length spectrum adjacent to infrared light to generate 

tomographic, two-dimensional structural in vivo images of biological tissue based on the 

principle of time-of-flight delay and optical scattering of light that travels back from these 

tissues (Frohman et al. 2008). This method is, in a way, analogous to ultrasonic echo 

imaging. As is the case in ultrasound imaging, time delays of light reflexes travelling back 

leads to a linear imaging profile, which is called an A-Scan (Frohman et al. 2008; Huang et 

al. 1991). The process of generating these scans is based on the splitting of the light beam 

into a sample and a reference fraction. Whereas the first is entering the patient’s eye, the 

latter is directed into a reference mirror. The light that makes its way to the retina crosses 

the transparent structures of the eye (cornea, anterior chamber, posterior chamber, lens, 

vitreous body) and is then scattered backwards by the different retinal layers into a 

photodetector or spectrometer. By repeating this process multiple times at once and at the 

same time moving the reference light source of the device, the so-called B-Scan is created 

(Huang et al. 1991). Therefore, the B-Scan is nothing more than a two-dimensional image 

of the observed tissue, the retina of the eye in the case of this study. Two different OCT 

 Patients with 

ALS 

Patients with 

spinal onset 

Patients with 

bulbar onset 

Healthy controls p-value 

Number (n) 34 30 4 21 NA 

Sex (male:female) 18:16 17:13 1:3 11:10 0.968a 

Age (years) 66.5 (47-82) 65.5 (47-82) 69.5 (56-80) 59 (36-80) 0.091b 

Disease duration 

(months) 

9 (1-72) 9 (1-72) 1 (1-11) NA NA 

Age of onset 

(years) 

65.5 (46-81) 66 (46-81) 65 (56-79) NA NA 

ALS-FRS-Rc at 

baseline 

41 (26-46) 41 (26-46) 39.5 (34-44) NA NA 

ALS-FRS-R at 

follow-up 

37 (16-44) 37 (16-44) 40 (40-40) NA NA 

BMI 24.8 (17.8-34.6) 24.7 (17.8-34.6) 28.0 (21.3-32.1) NA NA 
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technologies are currently available: the older time-domain (TD) and the more recent 

spectral domain (SD). In this study, the spectral-domain OCT, also called Fourrier-domain 

(FD) OCT was used. The SD-OCT eliminates the need to move the reference beam mirror 

and replaces the photodetector in TD-OCT with a spectrometer capable of analyzing a very 

wide spectrum of signals. Consequently, in SD-OCT, the signal is an algorithm of analysis of 

different wave-lengths instead of time delays like in TD-OCT, thus resulting in a much more 

rapid acquisition of retinal images compared to the older TD-OCT technology (Forooghian 

et al. 2008; Yaqoob et al. 2005). 

The traditional use of the OCT methodology was used to describe or diagnose 

ophthalmological diseases like glaucoma and macular edema but recently there has been 

an expansion in the field of neurology (Petzold et al. 2010; Jindahra et al. 2010). In this area, 

the OCT has succeeded in a relatively short period of time to demonstrate retinal pathology 

in a number of disease models, including neurodegenerative diseases (Jindahra et al. 2010; 

Hübers et al. 2016; den Haan et al. 2017; Schneider et al. 2014). Obtained results were 

analyzed and even deemed qualitatively similar to histologically derived data (Blumenthal 

et al. 2009). 

 

3.2: Image acquisition 

OCT images were obtained from each participant using a Heidelberg Spectralis HD OCT 

(Heidelberg Engineering GmbH, Heidelberg, Germany; Software version 6.0.11.0). The 

pictures were acquired using a vertical scan setting crossing the retina. With the help of 

TruTrack® image alignment eye tracking, perifoveal and peripapillar high-speed volumetric 

scans were obtained. These scans were averaged from 13 images (Automatic Real Time, 

ART) for each of the scan, thus resulting in a much higher resolution. Each one of the 13 

images were composed of 768 A-Scans. The scan number was arbitrarily set at 61 scans 

with 120 μm between the scans in order to achieve an optimal balance between duration 

of image acquisition and accuracy of measured retinal thickness. Vertical scans were 

chosen over horizontal scans due to poor image quality in the horizontal version. The OCT-

Control setting was set for every participant to a medium-sized eye. Diopter correction was 

individually and manually applied to all patients before the start of any measurement to 

ensure best possible image quality. 61 single vertical axial scans across the posterior pole 



Methods  

 

Page | 12  

 

of the retina were taken. Figure 1 shows the measurement protocol screen at the beginning 

of image acquisition.  

 

 

Figure 1: Start protocol of image acquisition of the Heidelberg Spectralis HD OCT device by Heidelberg Enigneering 

GmbH software used in the ALS-OCT study performed at the Ulm University between August 2015 and November 2016. 
A live image that is not yet focused on the retina of the subject can be seen on the top left; on the top right a live 
visualisation of a cross-sectional Scan can be observed. On the bottom left side, an automatic detection of the current 

eye under investigation represented as OD (oculus dexter) and OS (oculus sinister). Focus was always manually set to 
ensure highest possible quality for each individual subject (in the figure currently set at -1.25 diopters (D)). On the 

middle-right side of the figure, under “OCT Control”, the eye-size was set for every subject on a medium-sized eye (M). 
On the bottom right side of the figure are the standard settings of the OCT for this study, enumerated here from left to 
right and from top to bottom in order: automatic real time (ART) set at 13 images, vertical orientation of incoming light 

and its position (illustrated by the white arrow on a black background pointing up), number of 768 A-Scans set at an 
angle of 30º x 25º, 61 sections represent the number of each individual scan, 120 µm represents the distance between 

each scan. ALS amyotrophic lateral sclerosis, OCT optical coherence tomography, µm micrometer, an A-Scan is an axial 
depth scan that represents a reflectivity profile of a single point  
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Figure 2: Image of the retinal thickness map of the Heidelberg Enigneering GmbH software used as part of the ALS-OCT 
study performed at the Ulm University between August 2015 and November 2016. This figure illustrates the analysis 

protocol of map thickness of the whole retinal thickness (WRT) for a right eye, as an example. The picture on the top 
left represents the thickness map of the whole investigated image, coded on a scala with different colors ranging from 
black to white, depending on the thickness. A thick segment is represented by warm colors (white, gray, red, orange), 
while thin segments are represented by colder colors (green, blue, purple, black). Three concentric circles represent 
several thickness sectors under investigation. A sector is defined as the area which is delimited by any blue line inside 
a circle. The pictogramm on the bottom left of the figure represents the cross-sectional image depicted by the position 
of the green, vertical line in the picture on the top left image. On the right side of the figure, the thickness map of each 
sector can be seen. The values within the sectors show the thickness measured in μm (black numbers) and the volume 
measured in mm3 (red numbers). ALS amyotrophic lateral sclerosis, OCT optical coherence tomography, µm micrometer, 
mm milimeter 

 

3.3: Data analysis and correction 

Data analysis area was divided in 3 concentric circles with radius values of 1, 3 and 6 

mm, counting from the innermost to the outermost circle, centered at the fovea as shown 

in figure 2. The centering of the circles was performed by manually placing the center cross 

on the center minimum of the innermost circle. The center minimum was provided 

automatically by the software. At the start of the image acquisition, all eye-data set 

(refraction, cylinder, axis, pupil size, intraocular pressure) was set to 0 for each participant 

and for both eyes, as to ensure no correction was applied while acquiring the scans. The 

cornea curve (C-Curve) was the only exception and was set to 7,7 mm for both eyes for all 

patients. Scans that did not pass the OSCAR-IB criteria for image quality assessment were 

excluded from the analysis (Tewarie et al. 2012).  

Data analysis was performed using the HRA / Spectralis Viewing Module version 

6.0.9.0. The software recognizes gray-level thresholds to separate the retinal layers, thus 
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applying an automated algorithm for image analysis. To correct for measurement errors  

caused by the automated algorithm, each image had to be reviewed manually by the rater. 

Average thickness was calculated in each of the aforementioned sectors for the retinal 

nerve fiber layer (RNFL), the ganglion cell layer plus inner plexiform layer (GCL + IPL), the 

inner nuclear layer (INL), the outer plexifom layer (OPL), the outer nuclear layer (ONL) and 

for the whole retina (whole retinal thickness, WRT). GCL and IPL were considered together 

due to unreliability of the automated algorithm to differentiate between the two layers and 

the impossibility to visually distinguish and manually separate the two layers. Corrections 

were applied when clear failures were observed. Figure 3 provides an example where the 

algorithm failed to deliver a reliable segmentation of different layers.  

 

 

Figure 3: This image acquired with the Heidelberg Spectralis HD OCT device of a right eye of a sample subject, recruited 
as part of the ALS-OCT study performed at the Ulm University between August 2015 and November 2016, depicts 
unclear acquisition and failure of Heidelberg Engineering’s GmbH analysis algorithm to correctly perform individual  

layer segmentation, due to artefacts caused by incorrect manual diopter correction before starting image acquisition. 
The small pictogram on the top left represents an image of the retina and the green line shows the position of the cross-
sectional scan. The tabs on the left allow manual selection of individual retinal layers. The differently colored lines in 

the big pictogram in the middle of the figure represent specific layer delimitation. Quality index of the cross-sectional 
image, as rated by Heidelberg Engineering’s software: 11 (minimum 0, maximum 40). Such images were excluded from 

the analysis. ALS amyotrophic lateral sclerosis, OCT optical coherence tomography 
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The rater then applied correction and adjustments were made to all the layers, 

according to personal visual evaluation. Special attention was paid to the RNFL layer, 

because the automated algorithm often included vascular vessels of the retina into the 

measurement, therefore artificially adding additional micrometers to this layer. Additional 

adjustments to other layers were made when there was significant error in the 

segmentation of other layers. Some scans were excluded from the analysis when the 

OSCAR-IB criteria were not met and when there was clear error of segmentation or retinal 

pathology was observed by the rater. Definite exclusion criteria were pathological 

thickening of retinal areas, segmentation inability by the automated algorithm or by the 

rater, excessive darkness of acquired images, hints of retinal detachment or simply sporadic 

gaps in certain layers, which rendered differentiation between layers nearly impossible or 

at most only estimable. Figures 4, 5, 6 show some of the mentioned difficulties in image 

evaluation. After applying correction criteria (automatic and manual), the results of the 

measurements were exported into a table for further statistical analysis. The correction 

protocol was as followed. 
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Manual correction protocol: 

 Automated segmentation of retinal layers was performed with the Heidelberg-

Engineering Software, by using the command “Segmentation -> All layers”. 

 The three concentric circles centered around the fovea each had a radius of 1, 3, 

and 6 mm respectively. 

 The circles were centered manually, and the centering was considered correct when 

the thickness of the center-marker matched the center minimum. The center 

minimum was chosen because it roughly matches the anatomic center of the fovea. 

 The Heidelberg-Engineering software “Heidelberg eye explorer”, version 1.9.10.0, 

evaluates the quality of the acquired images for each cross-sectional scan and 

calculates a quality number ranging from 0 to 40, 40 being the highest and 0 being 

the worst possible image quality. The user manual recommends using only images 

with a quality of 20 or higher but personal experience showed that images with a 

quality of up to 15 were still clear enough to reliably differentiate between retinal 

layers. Images that didn’t reach a quality level of at least 15 were excluded from the 

study. 

 Of the 61 cross-sectional scans for one eye, between 48 and 50 were inside the 

selected sector of measurement i.e. the three concentric circles. Each scan was 

evaluated individually with the help of the OSCAR-IB criteria. Cross-sectional scans 

that were too dark or unfocused, so that manual segmentation was impossible, 

were excluded from the study. If only the image of the posterior pole of the retina 

was insufficiently lighted or focused but the cross-sectional scan could still be 

reliably segmented, the scan was included in the study. 

 Manual correction was then performed for each of the 61 scans. The vessels of the 

retina interposed with the automatic segmentation of the RNFL. Consequently, the 

vessels were manually left out of the RNFL measurement, as demonstrated in Figure 

7, with the intent of exclusively measuring RNFL thickness without the addition of 

blood vessel thickness. 
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 After applying all correctional criteria, another general evaluation of the measured 

eye was made. If five or less individual cross-section scans had to be excluded from 

the study, the image was kept, because the Heidelberg-Engineering Software 

“Heidelberg eye explorer – Segmentation Editor”, version 1.9.10.0, was capable of 

reliably calculating a mean thickness in the respective sector. If more than five 

individual cross-section scans had to be excluded from one eye, the eye was 

discarded altogether and the whole measurement was excluded from the study.  

 

 

Figure 4: Illustration of an eye of a subject as an example of an exclusion criteria; image acquired with the Heidelberg 
Spectralis HD OCT device as part of the ALS-OCT study performed at the Ulm University between August 2015 and 
November 2016. The representation on the top left depicts the posterior pole of the retina of a right eye, with the 
vertical, green line in the middle of it showing the current position of the cross-section scan. Cross-section scan on the 
top right. The red and purple lines in the cross-section scan on the top right represent the delimitation of the retina. 

The green line inside the image on the top right side illustrates the current position within the cross-section scan on the 
retinal image, as seen by the small, horizontal line inside the vertical green line in the left pictogram. The graph at the 
bottom of the figure demonstrates a thickness measurement of the currently viewed sector of the cross-section. The x-
Axis portrays the distance from the inferior end of the image and the y-Axis the absolute thickness measured in 
micrometers (µm). There is an evident thickening pathology of the retinal nerve fiber layer, which can be observed on 

all three pictograms. Such images were excluded from the study. ALS amyotrophic lateral sclerosis, OCT optical 
coherence tomography 

  



Methods  

 

Page | 18  

 

 

Figure 5: Image of the retinal thickness map of the Heidelberg Enigneering GmbH software used as part of the ALS-OCT 

study performed at the Ulm University between August 2015 and November 2016. Analysis protocol of map thickness 
of the whole retinal thickness (WRT) for a left eye. The picture on the top left represents the thickness map of the whole 
investigated image, coded on a scala with different colors ranging from black to white, depending on the thickness. A 

thick segment is represented by warm colors (white, gray, red, orange), while thin segments are represented by colder 
colors (green, blue, purple, black). Three concentric circles represent the thickness sectors under investigation. A sector 
is defined as the area which is delimited by any blue line inside a circle. The pictogramm on the bottom left of the figure 
represents the cross-sectional image depicted by the position of the green, vertical line in the picture on the top left 
image. On the right side of the figure, the thickness map of each sector can be seen. The values within the sectors show 
the thickness measured in μm (black numbers) and the volume measured in mm3 (red numbers). A pathological  
thickening of the retina highlighted gray can be observed on the thickness map (top left). The green line on the top left 

picture is placed on the gray-highlighted area (thick, round segment) of the retina, so that this thickening can be 
observed on the cross-sectional image (bottom left). Such images were excluded from the study. ALS amyotrophic  
lateral sclerosis, OCT optical coherence tomography, µm micrometer, mm milimeter 
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Figure 6: Image acquired with the help of the Heidelberg Spectralis HD OCT device and processed by Heidelberg 
Enigneering’s GmbH software used as part of the ALS-OCT study performed at the Ulm University between August 2015 

and November 2016. Display of a live image of the posterior pole of the retina of a right eye can be seen on the left. 
The middle green line represents the position of the cross-section scan. On the right, a cross-sectional image centered 

on the fovea can be seen. There is insufficient light on the bottom half of the image on the left. This figure demonstrates 
that despite mild insufficient lighting of the retinal posterior pole, cross-sectional scans are still of sufficient quality and 
can be processed and analyzed. Such images were not excluded from the study. ALS amyotrophic lateral sclerosis, OCT 

optical coherence tomography, µm micrometer 

 

Figure 7: This image of o sample right eye, which was acquired with the Heidelberg Spectralis HD OCT (Heidelberg 

Engineering GmbH) as part of the ALS-OCT study performed at the Ulm University between August 2015 and November 
2016, demonstrates a cross-sectional scan after manual correction of the retinal nerve fiber layer. The small pictogram  

on the top left represents an image of the retina and the green line shows the position of the cross-sectional scan. The 
tabs on the left allow manual selection of individual retinal layers. In this figure, the inner limiting membrane (ILM) is 
selected. The red line in the big pictogram in the middle of the figure represents specific layer upper delimitation, 

performed by the automated algorithm of Heidelberg Engineering GmbH. On the left, center-left and right part of the 
cross-sectional scan, manual the rater performed elimination of blood-vessel thickness, as indicated by the green 

arrows. ALS amyotrophic lateral sclerosis, OCT optical coherence tomography 
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After exporting the data externally, calculations of the raw data were made to better 

quantify desired variables. Figure 8 demonstrates measurement sector division and 

interpretation.  

 

 

Figure 8: Sector division of the retina for both eyes by Heidelberg Engineering GmbH, all abbreviations are in relation 
to the center of the fovea, C0 center of the fovea, S2 outer superior sector, N2 outer nasal sector, I2 outer inferior sector, 
T2 outer temporal sector, S1 inner superior sector, N1 inner nasal sector, I1 inner inferior sector, T1 inner temporal 

sector 

 

The radius of the innermost circle, the center of the fovea (C0), is 1 mm, the radius of the 

middle circle (C0, S1, N1, I1, T1) is 3 mm and the radius of the outermost circle (including 

every sector) is 6 mm. Instead of comparing the thickness of retinal layers within individual 

sectors, we chose to calculate the mean retinal thickness within the 3 circles. Since the area 

of the 3 circles is not equal, the following calculations had to be made: first, the mean 

thickness of the outer (S2, N2, I2, T2) and the inner ring (S1, N1, I1, T1) was calculated. 

Second, the area of each of the three circles was determined (A = πr2, where A is the area 

and r is the radius). Hereby the following relationship between the areas could be 

determined: A1:A2:A3 = 1:9:36 (A1 being the area of the innermost circle, A2 the area of the 

middle circle and A3 the area of the outermost circle). The area of each ring was then 

calculated by subtraction, therefore, R1 = A2 – A1 (R1 being the area of the inner ring) which 

results in R1 = 8A1. Furthermore R2 = A3 – A2 (R2 being the area of the outer ring) 

consequently results in R2 = 27A1. This led to the following equation: 
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𝑀𝑒𝑎𝑛 𝑡𝑜𝑡𝑎𝑙 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 =  
(𝑅2 ∗ 27) + (𝑅1 ∗ 8) + 𝐶0

36
 

 

This equation was used to calculate the mean total thickness of the WRT. For calculation of 

other retinal layers (RNFL, GCL+IPL, INL, OPL, ONL), the innermost circle (C0) was excluded 

from the measurement, since the anatomy of the fovea rendered the analysis software 

incapable of consistently separating the layers. In addition, manual segmentation was 

impossible, as different layers were not recognizable in the fovea, except for the 

Photoreceptor layer (PR) and the pigmented layer, both of which were not considered in 

this study. Therefore, the equation used to calculate the thickness of the remaining retinal 

layers was: 

 

𝑀𝑒𝑎𝑛 𝑡𝑜𝑡𝑎𝑙 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 =  
(𝑅2 ∗ 27) + (𝑅1 ∗ 8)

35
 

 

Only the variable “mean total thickness” was used for statistical analysis and group 

comparison in this study. 

 

3.4: Protocol description 

The patients and healthy controls were invited in the examination room and a short 

medical history was taken again, this time not only for double-checking for illnesses 

mentioned in chapter II.1, but also to determine the form of ALS (spinal or bulbar, familial 

or sporadic), duration of disease, ALS-FRS-R score, physical activity level, handedness, order 

of symptom progression, nutritional and respiratory situation and whether the patient was 

currently under Riluzole-treatment or not. If the patient was currently taking Riluzole, then 

the duration of the intake was also registered. During this examination, the written consent 

was provided by the patient. Before starting the OCT investigation, the subjects underwent 

a visual acuity evaluation, using a standard Snellen-Chart, and a contrast sensitivity 

evaluation, using the Pelli-Robson Chart. Both the visual acuity test and the contrast 

sensitivity test were performed with no diopter correction and the best-achieved result 

was registered monocularly as well as binocularly. After the short interview and clinical 

examination, the patients were asked to sit down on the examination chair as described by 

the manual of the OCT device and place their chin on a pad in the required slot to fix the 



Methods  

 

Page | 22  

 

head position (Figure 9). The examination started by adjusting the settings according to the 

study protocol, establishing a stable and clear image of the retina and ended with the 

completion of a comprehensive B-Scan, as can be seen in Figure 9 on the monitor of the 

computer. Throughout the examination, the patient was asked to fixate on a defined point 

within the camera shown as a blue dot. This dot was set in the middle of the visual field for 

scans of the fovea centralis and on the lateral margin for peripapillary scans. The OCT-

device then performed automatic image alignment eye tracking during the whole 

examination to limit movement or blinking artefacts. This process was done for one eye at 

a time. Image acquisition was difficult for two patients and one healthy control due to 

severity of condition or blinking and movement artefacts observed by the rater post-hoc. 

One of the two patients did not take part in the follow up examination altogether, while 

the second patient and the healthy subject were only able to provide one eye during follow 

up for examination. Therefore, the study comprised of a total of 66 patient eyes and 42 

control group eyes at baseline and a total of 36 patient eyes and 35 control group eyes at 

follow up.  

The normal duration of a scan for one eye usually lasted between 1 and 7 minutes, 

depending on the movement disturbance while scanning and the compliance of each 

subject. After image acquisition, the internal automated software processed all images and 

calculated the WRT thickness map. For calculation of other layers, the rater had to manually 

command the program to automatically segment the whole retina in the respective layers 

(RNFL, GCL, IPL, INL, OPL). This process lasted 3 to 5 minutes per eye. In total, the short 

interview, procurement of clinical data, image acquisition and segmentation of images 

lasted between 30 and 60 minutes per subject. After gathering and saving the collected 

images, a superficial verification of the images was performed to ensure that no substantial 

movement artefacts or technical errors occurred while performing the investigation. A 

more scrutinized check-up of the saved images together with the application of the OSCAR-

IB criteria was performed after the completion of the image acquisition phase of the study 

(Tewarie et al. 2012).   
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Figure 9: Heidelberg Spectralis-HD OCT; the picture is demonstrating the optimal position of the head of the subject on 
the left side. The image acquisition software can be seen on the monitor, showing a live recording of a macular volume 
scan 

 

4. Magnetic Resonance Imaging (MRI) 

The MRI has found its use in diagnostic radiology since the 1980’s and uses the atomic 

nuclei’s natural magnetic properties to calculate images of any part of the human body. It 

uses a strong magnetic field and high-frequency impulses, similar to radio waves. This way, 

the MRI ensures that the patient is not exposed to radiation during the examination. The 

examination is performed by making use of the magnetic dipole-moment of protons, 

caused by the total angular momentum or total spin. Hydrogen nuclei possess a magnetic 

dipole-moment and have an ubiquitarian presence in the human body, a property which 

makes nuclear magnetic resonance (NMR) useful for imaging purposes. Through analysis 

of different radio wave frequencies (RF), echo-time and relaxation time and tissues 

containing different ratios of water, fat and other components, the MRI creates a gray-scale 

based image of the body-part under investigation. Different tissues have different 

relaxation times and can therefore be identified separately (Berger 2002).  

The greatest contribution of neuroimaging so far in the field of diagnosis of ALS has been 

restricted and only effective in excluding alternative pathological sources that cause 

clinically similar syndromes. However, evolution of the MRI into a complex imaging device 

has allowed closer study of the ALS-affected brain and helped in the confirmation that ALS 

is a multisystem neurodegenerative disease. A few examples are corticospinal tract (CST) 

hyperintensity seen in T2-weighted FLAIR (Fluid-Attenuated-Inversion-Recovery) 

sequences and neuronal loss in the primary motor cortex, measured by magnetic 

resonance spectroscopy (MRS) (Kiernan et al. 2011). 
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4.1: Diffusion Tensor Imaging (DTI) 

A frequently applied technique to investigate tract degeneration in ALS is the DTI. The 

technique was first described by Basser et. al. (Basser et al. 1994). It exploits the sensitivity 

of the MRI for hydrogen molecules to identify direction of water diffusion. The apparent 

scalar diffusion of water molecules in the white matter seems to be dependent on the angle 

between the axis of the investigated fiber tract and the applied magnetic field gradients. 

Distinctively, the diffusion is largest when it happens parallel to the fiber direction i.e. to 

the axon, and smallest, when it is perpendicular to it, most likely due to the selective 

permeability of the axonal membrane which then results in reduced diffusion through the 

axolemma. Therefore, dependence of directional diffusion on the applied magnetic field 

gradient is suggestive of diffusion anisotropy (Basser et al. 1994). This diffusion 

directionality can be modelled by an ellipsoid and is restricted (anisotropic) within intact 

axonal pathways and more diffuse (isotropic) in damaged neuronal networks, potentially 

due to lesions of axonal membrane, which makes the membrane more permissive to water 

(Kiernan et al. 2011). A diffusion tensor model does best to describe this type of water 

dislocation, which in rough estimation describes molecular movement along each direction 

and correlation between these directions (Basser et al. 1994). In conclusion, this 

investigation method provides a qualitative and quantitative assessment of white matter 

integrity.  

 

4.2: Quantitative assessment of diffusion anisotropy 

Although the DTI provides decent data regarding diffusion anisotropy, an agreed 

standard is still needed to further quantify water diffusivity. The relative (fractional) 

anisotropy is the answer to this problem and is first described by Pierpaoli et al.; it 

transforms a series of voxels into elements of a tensor and then averages the diffusion 

anisotropy across the whole matrix. The entire diffusion tensor with both its diagonal and 

off-diagonal elements is then estimated from the acquired DTIs (Pierpaoli u. Basser 1996). 

The tensor can be parameterized by the fractional anisotropy (FA). FA describes how 

strongly directional the hydrogen flow diffuses within the axon. Intact axonal pathways will 

therefore show a high directed diffusion of water along the length of the axon, displaying 

a high FA, while hurt neuronal elongations, like in ALS, will cause diffusivity to be less 

restricted to a path and more diffuse, therefore demonstrating a low FA (Menke et al. 
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2017). Hence, the FA value ranges between 0 and 1, 1 meaning that the diffusivity is 

“perfectly parallel” and 0 meaning that the diffusivity is “perfectly perpendicular” to the 

axis of the applied magnetic field. 

 

4.3: Stereotaxic normalization of the brain 

To apply above-mentioned principles, a common method with a clear concept of data 

localization is needed, so that outcome data can be compared to other studies. This method 

is called normalization, which encompasses transformation of the images for each subject 

to match a template brain or a standard brain and then applying statistical analysis. An 

automated spatial distortion method to match the overall shape of the investigated brain 

to a structural template was provided by the Montreal Neurological Institute (MNI). MNI 

created a succession of images based on the average of many MRI scans, where they 

defined specific landmarks and various labels for structural or functional locations in the 

brain. By scanning subjects, the averaged FA maps can then be placed on the estimated 

location of the standardized template, with respect to the normalization procedure as to 

preserve directional information. Worth mentioning is that the estimate of the location will 

be subject to some degree of error due to statistical noise. The labelling was then 

completed by using stereotaxic coordinates. In this regard, the non-linear spatial 

normalization to the MNI stereotaxic standard space was performed in this study by using 

study-specific templates (Brett et al. 2002).  

 

4.4: Fiber Tracking 

An important parameter delivered by DTI is not only the extent of water diffusion but 

also the orientation of it. By assuming the property that the largest axis of the diagonalized 

tensor is in relation to the axis of fiber tracts, a 3-dimensional image can be obtained that 

represents an estimation of the spatial direction of a fiber tract. Reconstructing a 3D 

trajectory from a 3D tensor is performed by placing a seed point in the investigated region 

of interest (ROI) and propagating a line from there, by following local vector information. 

This process also requires a termination, because the measurement should be stopped at 

some point to ensure a tract end, which, for the purpose of this study, is usually a point 

where neuronal cell bodies are located (gray matter). Gray matter usually has a very low 

anisotropy of typically in the range of 0.1 - 0.2. Therefore, the criteria used in this study was 
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to set the termination threshold at a point where fractional anisotropy reaches the value 

of 0.2 (Mori u. van Zijl 2002). 

For this method, results of the line propagation are dependent on the initial placement 

of the seed point. Consequently, before applying above mentioned technique, an existing 

gross anatomical knowledge must be present. Multiple ROIs can be applied to further 

delimit the investigated tract. By extending this method, the technique allows parcellation 

of different white matter tracts by selecting multiple ROIs to act as a tracking target, 

therefore resulting in a seed to target concept. To this purpose, ROIs were applied on points 

where pathology was previously determined according to the ALS staging system proposed 

by Braak et al. (Braak et al. 2013). Representative tracts of interest as per definition of the 

four ALS stages are: the corticospinal tract (CST) representing stage 1, the corticorubral (CR) 

and corticopontine (CP) tracts representing stage 2, the corticostriatal pathway (CSTR) 

representing stage 3 and the proximal portion of the perforant path representing stage 4 

(Mori u. van Zijl 2002; Kassubek et al. 2014).  

 
4.5: Scanning protocol 

23 patients (14 male, 9 female) out of the 34 that were included in the OCT segment 

underwent the same standardized MRI acquisition protocol at baseline. Only 9 (6 male, 3 

female) out of the 23 received the follow up DTI after a timeframe of approximately 6 

months. The scanning protocol was performed on a 1.5 Tesla Magnetom Symphony 

(Siemens Medical, Erlangen, Germany). The DTI study protocol was identical for all patients 

and consisted of 52 volumes (45 slices, 128x128 pixels, slice thickness 2.2 mm, pixel size 1.5 

mm x 1.5 mm), representing 48 gradient directions and 4 scans with gradient 0 (b=0). Echo 

time and repetition time were 93 ms and 8000 ms, respectively; b was 800s/mm2 and 5 

scans were averaged online by the scanner software in image space.  

FA maps were calculated from MNI-normalized DTI data and a Gaussian smoothing filter of 

8 mm was applied to the individual normalized FA maps. The DTI analysis software Tensor 

Imaging and Fiber Tracking (TIFT) was used for post-processing and statistical analysis 

(Müller u. Kassubek 2013). 

 
5. Data Management 

Subject data taken from the patient interview was documented and handwritten on 

sheets which were logged safely within the examination room. This raw data was also 
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backed up in a Microsoft-Excel table. OCT data was saved on the Hard Drive used by the 

Heidelberg Spectralis HD OCT (Heidelberg Engineering GmbH, Heidelberg, Germany; 

Software version 6.0.11.0). After completion of post-hoc processing, the OCT data was 

exported into a Microsoft-Excel file. MRI data was directly exported into another Microsoft-

Excel file after analysis of the DTI data was performed. For statistical analysis purposes, all 

data was then converted into a single Microsoft-Excel file and transformed into an SPSS-

Database or SAS-Database format, as needed.  

 

6. Statistical analysis 

Statistical analysis was performed using IBM’s SPSS Statistics version 24.0.0.0 (IBM 

Corporation, Armonk, NY, USA) and SAS version 9.4 (SAS Institute, Chicago, Illinois, USA). 

As a first step, absolute and relative frequencies were calculated for categorical variables. 

Continuous demographic variables were summarized as median, minimum and maximum, 

while outcome variables were summarized as mean and standard deviation. Gender and 

age distribution across the two groups were compared using the Chi-Square-test and the 

Mann-Whitney-U-test respectively. Group comparison between ALS and controls was 

performed by Student’s t-test and by Mann-Whitney-U-test, as appropriate. Analysis of 

variance (ANOVA) was performed for the comparison of continuous outcomes in more than 

two groups. Statistical significance was reached when a p-value was <0.05, however, given 

the exploratory nature of this study and the numerous parameters measured, the results 

from statistical tests should not be interpreted as confirmatory, but should be regarded as 

a possible trend. Associations between mean total retinal thickness, FA values and clinical 

data (e.g. ALS-FRS) were investigated using Pearson’s correlation coefficient.  

Pearson’s correlation coefficient is a measure of strength and direction of a linear 

association between two variables and it can have a value between -1 and +1, the former 

being a value of perfect negative linear correlation and the latter a value of perfect positive 

linear correlation. Absolute values above 0.8 suggest a strong correlation, values between 

0.6 and 0.8 suggest a good correlation, values between 0.4 and 0.6 suggest a sufficient 

correlation and values below 0.4 suggest a weak correlation. The same interpretation 

applies for negative correlations (Brosius 2013).  
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III. Results 

1. Clinical Data 

Analysis was performed by comparing separate groups with demographic and clinical 

data. A subgroup comparison between spinal onset ALS and bulbar onset ALS was not 

performed due to a too small cohort of bulbar ALS patients (n = 4).  

Furthermore, this study has found that patients have a reduced binocular VA, 

measured by the Snellen-Index, compared to controls at baseline (mean VA difference: 

0.088 ± 0.074, p = 0.241), follow up (mean VA difference: 0.103 ± 0.097, p = 0.294) and 

overall (mean VA difference: 0.096 ± 0.058, p = 0.101), but none of the differences reached 

a significant level. CS was measured binocularly with the Pelli-Robson-Chart. In this regard, 

there was also no evidence suggesting any difference between patients and controls at 

baseline (mean CS difference: 0.066 ± 0.069, p = 0.342), at follow up (mean CS difference: 

0.008 ± 0.095, p = 0.930) or overall (mean CS difference: 0.040 ± 0.055, p = 0.475), as these 

didn’t reach significance either. 

A significant drop in the ALS-FRS-R score was observed between baseline and follow 

up in the patient group. The score at baseline measured an average of 39.26 ± 5.46 and at 

follow up an average of 35.28 ± 6.53 (Mean ± standard deviation). By performing a 

Student’s t-test and comparing baseline and follow up results, assuming equal variances, 

the significance level was reached with a p-value of 0.023, finding which confirms scale 

validation.  

Correlations were calculated using the Pearson coefficient. A strong correlation has 

been observed for both the patient and the control group between visual acuity and 

contrast sensitivity. In the patient group, a significant correlation with a p-value < 0.01 and 

a correlation coefficient of r = 0.70 between VA and CS was observed. The control group 

followed the same trend, as a significant correlation with a p-value < 0.01 of 0.86 between 

VA and CS could be observed as well. At the subgroup level, where baseline and follow up 

were considered separately, the results were very similar.  

Moreover, weak but significant correlations were found between age and VA and CS. 

At baseline, following correlations were recorded: between age and VA, a correlation of r 

= -0.420 with a significance of p = 0.004 was found; between age and CS, a correlation of r 

= -0.364 with a significance of p = 0.014 was noted. Comparable results were obtained for 

follow up, where a correlation between age and VA of r = -0.523, p = 0.003 and between 
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age and CS of r = -0.572, p = 0.001 was attained. A correlation between age and ALS-FRS-R 

was not found. Also, no correlation was found between ALS-FRS-R score and VA, CS, or 

disease duration. A weak and borderline significant correlation can also be seen between 

VA and disease duration (r = 0.42, p = 0.049). 

 

2. OCT 

2.1: Eye comparison 

First, analysis was performed by comparing OCT measurements of the left and the 

right eye to check for interindividual differences in thickness but also for changes within 

the same subject for each of the retinal layers. The study population was grouped together 

in patients and healthy controls. The differences found between the two eyes did not reach 

set significance level of p < 0.05 for none of the retinal layers. No significant differences 

were found at overall level and neither at group level. Worth mentioning is a borderline 

significant difference observed in the patient group for the GCL + IPL layer between the two 

eyes at follow up. Following these observations, the left and the right eye were averaged 

together, and the mean was used for the remainder of the statistical analysis. Table 2, 3 

and 4 provide further descriptive data regarding eye comparison.  
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Table 2: Absolute thickness difference between the left and the right eye at baseline and follow up, illustrated as mean, 
for the total study population (baseline: n = 55, follow up: n = 36), recruited as part of the ALS-OCT study performed at 

the Ulm University between August 2015 and November 2016. Retinal images were acquired with the Heidelberg 
Spectralis HD OCT device (Heidelberg Engineering GmbH). ALS amyotrophic lateral sclerosis, OCT optical coherence 
tomography, n number of subjects, µm micrometer, RNFL retinal nerve fiber layer, GCL ganglion cell layer, IPL inner 

plexiform layer, INL inner nuclear layer, OPL outer plexiform layer, ONL outer nuclear layer, WRT whole retinal thickness 

Retinal Layer (µm) Mean difference 

Baseline 

p-Value (left eye vs. 

right eye) 

Mean difference 

Follow-Up 

p-Value (left eye vs. 

right eye) 

RNFL -0.234 0.400 0.014 0.968 

GCL + IPL -0.183 0.423 -0.535 0.085 

INL -0,019 0.874 -0.060 0.681 

OPL -0.215 0.395 -0.278 0.142 

ONL 0.335 0.228 0.035 0.806 

WRT -0.092 0.873 -0.322 0.659 

 

Table 3: Absolute thickness difference between the left and the right eye at baseline and follow up, illustrated as mean, 
for the patient group (baseline: n = 34, follow up: n = 18), recruited as part of the ALS-OCT study performed at the Ulm 
University between August 2015 and November 2016. Retinal images were acquired with the Heidelberg Spectralis HD 

OCT device (Heidelberg Engineering GmbH) significant difference highlighted red. ALS amyotrophic lateral sclerosis, 
OCT optical coherence tomography, n number of subjects, µm micrometer, RNFL retinal nerve fiber layer, GCL ganglion 
cell layer, IPL inner plexiform layer, INL inner nuclear layer, OPL outer plexiform layer, ONL outer nuclear layer, WRT 

whole retinal thickness 

Retinal Layer (µm) Mean difference 

Baseline 

p-Value (left eye vs. 

right eye) 

Mean difference 

Follow-Up 

p-Value (left eye vs. 

right eye) 

RNFL -0.409 0.252 -0.252 0.547 

GCL + IPL -0.383 0.210 -0.853 0.0502 

INL -0.110 0.536 -0.128 0.579 

OPL -0.399 0.215 -0.134 0.630 

ONL 0.639 0.096 -0.263 0.563 

WRT -0.709 0.349 -0.981 0.386 

 

Table 4: Absolute thickness difference between the left and the right eye at baseline and follow up, illustrated as mean, 
for the healthy control group (baseline: n = 21, follow up: n = 18), recruited as part of the ALS-OCT study performed at 

the Ulm University between August 2015 and November 2016. Retinal images were acquired with the Heidelberg 
Spectralis HD OCT device (Heidelberg Engineering GmbH). ALS amyotrophic lateral sclerosis, OCT optical coherence 
tomography, n number of subjects, µm micrometer, RNFL retinal nerve fiber layer, GCL ganglion cell layer, IPL inner 
plexiform layer, INL inner nuclear layer, OPL outer plexiform layer, ONL outer nuclear layer, WRT whole retinal thickness 

Retinal Layer (µm) Mean difference 

Baseline 

p-Value (left eye vs. 

right eye) 

Mean difference 

Follow-Up 

p-Value (left eye vs. 

right eye) 

RNFL 0.333 0.942 0.297 0.627 

GCL + IPL 0.120 0.731 -0.199 0.661 

INL 0.117 0.442 0.013 0.943 

OPL 0.067 0.873 -0.431 0.105 

ONL -0.130 0.740 0.350 0.357 

WRT 0.849 0.349 0.375 0.692 
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2.2: Gender comparison 

A significant difference was found between male (baseline: 36.33 ± 1.80 µm, follow up: 

36.11 ± 1.41 µm) and female subjects (baseline: 33.80 ± 2.73 µm, follow up: 33.71 ± 3.01 

µm) in mean total thickness of the INL in the control subgroup both at baseline (p = 0.020) 

and at follow up (p = 0.039). Additionally, this time only at baseline, a significant difference 

was found in the GCL + IPL of the control group between the genders (male: 73.27 ± 7.36 

µm, female: 67.16 ± 5.70 µm; p = 0.048). The differences between men and women in the 

other individual retinal layers or in the WRT were not significant. No significant associations 

between gender and any other clinical data like visual acuity (VA), contrast sensitivity (CS) 

and ALS-FRS-R could be observed. 

 

2.3: Thickness of specific retinal layers 

2.3.1: Baseline analysis  

 For baseline analysis, subjects were divided into patient and control groups and 

analyzed separately for baseline and follow up. For baseline, 34 patients and 21 controls 

were analyzed. 52.9% of the patient collective and 57.1% of the control collective were 

men. A p-value < 0.05 was considered statistically significant. Table 5 and Figure 10 provide 

an overview of each retinal layer for both groups for baseline data. 

 

Table 5: Mean thickness of all retinal layers for the patient and control group at baseline (patients: n = 34, controls: n 
= 21), recruited as part of the ALS-OCT study performed at the Ulm University between August 2015 and November 

2016. Retinal images were acquired with the Heidelberg Spectralis HD OCT device (Heidelberg Engineering GmbH). ALS 
amyotrophic lateral sclerosis, OCT optical coherence tomography, n number of subjects, µm micrometer, ALS 

amyotrophic lateral sclerosis, SD standard deviation, RNFL retinal nerve fiber layer, GCL ganglion cell layer, IPL inner 
plexiform layer, INL inner nuclear layer, OPL outer plexiform layer, ONL outer nuclear layer, WRT whole retinal thickness 

Retinal layer (µm) ALS 

Mean ± SD 

Heathy controls 

Mean ± SD 

Difference 

(ALS – Controls) 

p-value 

(ALS vs. Controls) 

RNFL 33.73 ± 3.26 33.97 ± 3.16 -0.24 0.790 

GCL + IPL 69.69 ± 7.77 70.36 ± 7.18 -0.67 0.751 

INL 34.23 ± 2.63 35.13 ± 2.5 -0.9 0.220 

OPL 27.73 ± 1.79 27.36 ± 1.93 0.37 0.473 

ONL 59.45 ± 7.88 59.59 ± 6.88 -0.14 0.947 

WRT 302.14 ± 16.55 303.16 ± 12.69 -1.02 0.810 

 

A relatively constant trend can be observed in the above table. WRT and all retinal layers 

except the OPL showed a thinning in comparison to controls, but considering the standard 

deviation for each layer, significance level was not reached. Additionally, a thickening of 
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the OPL was observed for patients in comparison to controls but this was not significant as 

well. This is also evident in Figure 10 by examining not the mean but the median of each 

layer, with respective percentiles. Apart from the OPL and the RNFL, the median of the 

control group always lies above the median of the patient group, so that despite possible 

skewing of value distribution, a trend is arguably easier to observe.      
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Figure 10: Results of total subject measurement for retinal thickness for all patients and controls at baseline, (patients: 
n = 34, controls: n = 21), recruited as part of the ALS-OCT study performed at the Ulm University between August 2015 
and November 2016. Retinal images were acquired with the Heidelberg Spectralis HD OCT device (Heidelberg 
Engineering GmbH). Results illustrated as boxplot in six different graphs (x-Axis depicts the two groups, y-Axis depicts 
thickness in micrometers), each named after the respective specific retinal layer. The dots in the retinal nerve fiber 
layer, inner nuclear layer, outer plexiform layer, and whole retinal thickness represent outliers within the individual  

group. ALS amyotrophic lateral sclerosis, OCT optical coherence tomography, n number of subjects, µm micrometer, 
RNFL retinal nerve fiber layer, GCL ganglion cell layer, IPL inner plexiform layer, INL inner nuclear layer, OPL outer 
plexiform layer, ONL outer nuclear layer, WRT whole retinal thickness. 
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2.3.2: Follow up analysis 

 For follow up analysis, subjects were divided again into a patient and a control  

group. At follow up, 18 patients and 18 controls were analyzed. 44.4% of the patient 

collective and 55.6% of the control collective were men. Table 6 and Figure 11 depict an 

overview of each retinal layer for both groups at follow up.  

 

Table 6: Mean thickness of all retinal layers for the patient and control group at follow up (patients: n = 18, controls: n 
= 18), recruited as part of the ALS-OCT study performed at the Ulm University between August 2015 and November 
2016. Retinal images were acquired with the Heidelberg Spectralis HD OCT device (Heidelberg Engineering GmbH). ALS 

amyotrophic lateral sclerosis, OCT optical coherence tomography, n number of subjects, µm micrometer, SD standard 
deviation, RNFL retinal nerve fiber layer, GCL ganglion cell layer, IPL inner plexiform layer, INL inner nuclear layer, OPL 

outer plexiform layer, ONL outer nuclear layer, WRT whole retinal thickness 

Retinal layer (µm) ALS 

Mean ± SD 

Healthy controls 

Mean ± SD 

Difference 

(ALS – Healthy) 

p-value 

(ALS vs. Healthy) 

RNFL 32.88 ± 3.32 33.76 ± 3.10 -0.88 0.417 

GCL + IPL 69.04 ± 6.82 70.69 ± 7.24 -1.65 0.486 

INL 34.20 ± 2.40 35.05 ± 2.51 -0.85 0.306 

OPL 27.38 ± 1.34 27.21 ± 1.61 0.17 0.733 

ONL 59.92 ± 6.55 60.72 ± 6.89 -0.8 0.723 

WRT 301.23 ± 14.72 304.24 ± 11.82 -3.01 0.505 

 

The results at follow up are in concordance with the results at baseline, where the same 

trend can be observed by comparing patients to controls. Patients show in all the five 

individual layers and the WRT the same pattern of changes as in baseline. A retinal thinning 

in comparison to controls in the WRT and all other individual layers except the OPL. 

However, these results also did not reach significance level. As noted in baseline, the same 

observation of the median of the control group always lying above the one of the patient 

group, except the OPL, can be made in Figure 11. 
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Figure 11: Results of total subject measurement for retinal thickness for all patients and controls at follow up, (patients: 
n = 18, controls: n = 18), recruited as part of the ALS-OCT study performed at the Ulm University between August 2015 
and November 2016. Retinal images were acquired with the Heidelberg Spectralis HD OCT device (Heidelberg 
Engineering GmbH). Results illustrated as boxplot in six different graphs (x-Axis depicts the two groups, y-Axis depicts 
thickness in micrometers), each named after the respective specific retinal layer. The dots in the retinal nerve fiber 
layer, inner nuclear layer, outer plexiform layer, and whole retinal thickness represent outliers within the individual  

group. ALS amyotrophic lateral sclerosis, OCT optical coherence tomography, n number of subjects, µm micrometer, 
RNFL retinal nerve fiber layer, GCL ganglion cell layer, IPL inner plexiform layer, INL inner nuclear layer, OPL outer 
plexiform layer, ONL outer nuclear layer, WRT whole retinal thickness 
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2.3.3: Analysis of differences 

Retinal thickness regression over time was also analyzed and group comparison 

between patients and controls was performed. The two groups that were analyzed 

represented the difference in retinal thickness between baseline and follow up for both the 

healthy and the ALS group. Table 7 depicts further details regarding thickness difference 

between the two timepoints in both groups. 

 

Table 7: Results for retinal thickness differences between the two examination points for patients and controls, 

(patients: n = 18, controls: n = 18), recruited as part of the ALS-OCT study performed at the Ulm University between 
August 2015 and November 2016, and group comparison of the differences, calculated as follow up minus baseline. An 

average of 177 days passed between baseline and follow up. Retinal images were acquired with the Heidelberg 
Spectralis HD OCT device (Heidelberg Engineering GmbH). ALS amyotrophic lateral sclerosis, OCT optical coherence 
tomography, n number of subjects, µm micrometer, RNFL retinal nerve fiber layer, GCL ganglion cell layer, IPL inner 

plexiform layer, INL inner nuclear layer, OPL outer plexiform layer, ONL outer nuclear layer, WRT whole retinal thickness 

Retinal layer (µm) ALS 

(Follow up – Baseline) 

Mean ± SD 

Healthy controls 

(Follow up – Baseline) 

Mean ± SD 

p-value 

(ALS vs. Healthy) 

RNFL 0.19 ± 0.83 -0.17 ± 0.83 0.202 

GCL + IPL -0.02 ± 0.89 0.01 ± 1.09 0.929 

INL 0.15 ± 0.36 -0.01 ± 0.67 0.378 

OPL -0.28 ± 1.03 -0.17 ± 0.78 0.720 

ONL 0.86 ± 2.05 0.25 ± 1.45 0.310 

WRT 0.90 ± 2.02 0.13 ± 2.48 0.314 

 

Only minor differences can be observed on all the layers. A retinal thinning could only be 

observed in the GCL + IPL and the OPL for the patient group and in the RNFL, INL and OPL 

for the control group over the course of approximately six months (average of 177 days) 

that passed between baseline and follow up. All changes, be they an increase or a decrease 

in retinal thickness, did not reach significance level. 

 

2.4: Correlation analysis of retinal thickness 

2.4.1: Correlation of specific layers and clinical disease severity 

Several correlations between retinal thickness of different layers or of the WRT and 

different clinical parameters have been performed. At baseline, no significant correlation 

was found between retinal thickness of any layer and ALS-FRS. Noteworthy is a weak and 

positive correlation between ALS-FRS and OPL thickness (r = 0.31, p = 0.08), and a weak and 

negative correlation between ALS-FRS and INL thickness (r = -0.24, p = 0.17), but none of 
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the two correlations were significant. Comparable results can be observed at follow up, 

where no correlation between retinal thickness of any layer or WRT, except the INL, is to 

be detected. For the INL, a significant negative correlation (r = -0.59, p = 0.01) was recorded. 

These findings are demonstrated in Figure 12, 13 and 14.  

 

Baseline INL vs. ALS-FRS 

 

Mean INL thickness (µm) 

Figure 12: Scatter plot of baseline data showing the link between the inner nuclear layer (INL) and the ALS-FRS, based 
on the study collective (patients: n = 34) recruited as part of the ALS-OCT study performed at the Ulm University between 
August 2015 and November 2016. Retinal images were acquired with the Heidelberg Spectralis HD OCT device 
(Heidelberg Engineering GmbH). x-Axis depicts mean layer thickness, y-Axis depicts ALS-FRS score. Each blue dot 

represents one patient. The blue trend line demonstrates the tendency graphically. Pearson’s coefficient r = -0.24, p-
value = 0.17. ALS amyotrophic lateral sclerosis, OCT optical coherence tomography, n number of subjects, µm 
micrometer, ALS-FRS amyotrophic lateral sclerosis functional rating scale  
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Follow up INL vs. ALS-FRS 

 

Mean INL thickness (µm) 

Figure 13: Scatter plot of follow up data showing the link between the inner nuclear layer (INL) and the ALS-FRS, based 
on the study collective (patients: n = 18) recruited as part of the ALS-OCT study performed at the Ulm University between 

August 2015 and November 2016. Retinal images were acquired with the Heidelberg Spectralis HD OCT device 
(Heidelberg Engineering GmbH). x-Axis depicts mean layer thickness, y-Axis depicts ALS-FRS score. Each blue dot 

represents one patient. The blue trend line demonstrates the tendency graphically. Pearson’s coefficient r = -0.59, p-
value = 0.01. ALS amyotrophic lateral sclerosis, OCT optical coherence tomography, n number of subjects, µm 
micrometer, ALS-FRS amyotrophic lateral sclerosis functional rating scale  
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Baseline OPL vs. ALS-FRS 

 

Mean OPL thickness (µm) 

Figure 14: Scatter plot of baseline data showing the link between the outer plexiform layer (OPL) and the ALS-FRS, 
based on the study collective (patients: n = 34) recruited as part of the ALS-OCT study performed at the Ulm University 
between August 2015 and November 2016. Retinal images were acquired with the Heidelberg Spectralis HD OCT device 
(Heidelberg Engineering GmbH). x-Axis depicts mean layer thickness, y-Axis depicts ALS-FRS score. Each blue dot 

represents one patient. The blue trend line demonstrates the tendency graphically. Pearson’s coefficient r = 0.31, p-
value = 0.08. ALS amyotrophic lateral sclerosis, OCT optical coherence tomography, n number of subjects, µm 
micrometer, ALS-FRS amyotrophic lateral sclerosis functional rating scale 
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2.4.2: Correlation of thickness change and clinical functionality change over time 

Analysis of changes between the two examination dates for retinal thickness in all 

layers and WRT and for the ALS-FRS was performed, to see if retinal thinning or thickening 

had any connection to symptom worsening due to disease progression. Changes of any 

variable were calculated as the follow up value minus the baseline value. No significant 

association has been found between any layer or WRT and ALS-FRS. A borderline significant 

correlation has been found between the change in ALS-FRS and the change of the WRT 

between baseline and follow up (r = 0.46, p = 0.06). 

 
Change ALS-FRS vs. Change in WRT 

 

Mean WRT change (μm) 

Figure 15: Scatter plot of differences between the two examination points, calculated as follow up minus baseline, 
showing the link between the whole retinal thickness (WRT) change and the ALS-FRS change, based on the study 
collective (patients: n = 18) recruited as part of the ALS-OCT study performed at the Ulm University between August 
2015 and November 2016. An average of 173 days passed between baseline and follow up. Retinal images were 
acquired with the Heidelberg Spectralis HD OCT device (Heidelberg Engineering GmbH). x-Axis depicts mean layer 

thickness change, y-Axis depicts ALS-FRS score change. Each blue dot represents one patient. The blue trend line 
demonstrates the tendency graphically. Pearson’s coefficient r = 0.46, p = 0.06. ALS amyotrophic lateral sclerosis, OCT 
optical coherence tomography, n number of subjects, ALS-FRS amyotrophic lateral sclerosis functional rating scale, WRT 
whole retinal thickness, FU follow up, BL baseline, µm micrometer  
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3. MRI 

3.1: DTI descriptive statistics 

Data analysis was performed at group and individual level. Region of interest analysis 

and FA statistics allowed for a distinction between four tracts of interest according to their 

association to ALS-stages: CST, CP/CR, CSTR and the proximal part of the perforant path. 23 

patients were subjected to the DTI investigation at baseline, 60.9% of them being male. Of 

the 23 patients that attended the baseline investigation, only 9 were available for follow 

up (66.6% male). For this investigation, no controls were examined by DTI. Averaged MRI 

data for baseline is summarized in Table 8 and for follow up in Table 9.  

 

Table 8: Summary of the raw averaged fractional anisotropy baseline data in the patient group (patients: n = 23), 
recruited as part of the ALS-OCT study performed at the Ulm University between August 2015 and November 2016. DTI 

scan was performed with Siemens’ 1.5 Tesla Magnetom Symphony. ALS amyotrophic lateral sclerosis, OCT optical 
coherence tomography, DTI diffusion tensor imaging, n number of subjects, ROI region of interest, FA fractional  

anisotropy, SD standard deviation, CST corticospinal tract, avg. average, CP corticopontine tract, CR corticorubral tract, 
CSTR corticostriatal tract  

Region of Interest (ROI) FA (Mean ± SD) FA (Median (min-max)) 

CST 0.35674 ± 0.02880 0.35909 (0.29903-0.40537) 

avg. CP/CR 0.33908 ± 0.03363 0.34288 (0.23359-0.38878) 

CSTR 0.28067 ± 0.03731 0.28662 (0.22291-0.33815) 

perforant path 0.18080 ± 0.01663 0.18043 (0.15252-0.20417) 

 
Table 9: Summary of the raw averaged fractional anisotropy follow up data in the patient group (patients: n = 9), 

recruited as part of the ALS-OCT study performed at the Ulm University between August 2015 and November 2016. DTI 
scan was performed with Siemens’ 1.5 Tesla Magnetom Symphony. ALS amyotrophic lateral sclerosis, OCT optical 
coherence tomography, DTI diffusion tensor imaging, n number of subjects, ROI region of interest, FA fractional  
anisotropy, SD standard deviation, CST corticospinal tract, avg. average, CP corticopontine tract, CR corticorubral tract, 
CSTR corticostriatal tract 

Region of Interest (ROI) FA (Mean ± SD) FA (Median (min-max)) 

CST 0.35491 ± 0.03174 0.35823 (0.29181-0.40596) 

avg. CP/CR 0.34073 ± 0.03263 0.35177 (0.29539-0.37601) 

CSTR 0.28728 ± 0.04263 0.30570 (0.21932-0.32752) 

perforant path 0.18910 ± 0.01155 0.18865 (0.16797-0.20252) 

 

3.2: Group comparison 

 A comparison between baseline and follow up has been made for all measured 

patients for every tract of interest. Tendencies of decrease of FA in CST and increase of FA 

in the averaged CP/CR, CSTR and perforant path cannot be quantified as reductions or gains 

because no changes were significant, the best p-value being p = 0.182. Table 10 provides 
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more detailed information regarding comparison of the two measuring time points, which 

were, on average, 163 days apart. 

 

Table 10: Average mean difference of fractional anisotropy between baseline and follow up, calculated as follow up 
minus baseline, (patients: n = 9), recruited as part of the ALS-OCT study performed at the Ulm University between 
August 2015 and November 2016. DTI scan was performed with Siemens’ 1.5 Tesla Magnetom Symphony. ALS 
amyotrophic lateral sclerosis, OCT optical coherence tomography, DTI diffusion tensor imaging, n number of subjects, 
ROI region of interest, FA fractional anisotropy, SD standard deviation, CST corticospinal tract, avg. average, CP 
corticopontine tract, CR corticorubral tract, CSTR corticostriatal tract 

Region of Interest (ROI) FA difference 

(Follow up – Baseline) 

p-value 

(Follow up vs. Baseline) 

CST -0.00182 0.877 

avg. CP/CR 0.00164 0.901 

CSTR 0.00660 0.668 

perforant path 0.00830 0.182 

 

3.3: Correlation analysis of FA 

Pearson’s correlation was performed between FA values, retinal thickness and clinical 

scores for baseline and follow up. Additionally, analysis of changes in FA values, retinal 

thickness and clinical disease severity between baseline and follow up were also 

performed. However, after further consideration, this study has renounced analysis of 

correlation between FA values and other parameters except for baseline, mainly due to the 

extremely small sample size of the patient cohort at follow up (n = 9). 

Significant associations were achieved in only two instances for the baseline 

examination, where the investigated sample size was of 23 subjects. The first one is a 

positive correlation between the averaged FA value of the CP and CR (representing stage 2 

of ALS) and the GCL + IPL (r = 0.42, p = 0.04). The other instance is a negative correlation 

between the perforant path (representing stage 4 of ALS) and the RNFL (r = -0.49, p = 0.02). 

Additionally, no correlation between the CST and any individual retinal layer or ALS-FRS 

score has been found. 
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IV. Discussion 

ALS is an extremely lethal disease which currently has no causative cure. Despite 

muscle wasting or speech impairment being its predominant clinical manifestation, there 

is evidence of pathological occurrences outside the motor system. This exploratory study 

focused on the extra-motor involvement of ALS and followed the hypothesis that, like in 

other neurodegenerative diseases, such as Frontotemporal Dementia (FTD), Alzheimer’s 

Disease (AD) and Parkinson’s Disease (PD), some form of retinal involvement can be 

demonstrated (Kim et al. 2017; Jindahra et al. 2010; den Haan et al. 2017). This theory 

gained plausibility because of the acknowledgement that the retina is an extension of the 

optic nerve, which embryologically derives from the diencephalon.  

Contrary to the initial hypothesis, this study has found no differences in any of the 

specific retinal layer thicknesses between ALS patients and healthy controls and only few, 

correlations between OCT and MRI parameters. Also, this study could not elicit an 

association between worsening of the clinical appearance of the disease and retinal change 

over the timespan of 173 days. These findings suggest an unalike relationship between the 

retina and ALS than other similar studies (Hübers et al. 2016) but are at the same time on 

par with other studies that show that there is no correlation between clinical measures of 

disease severity and retinal thickness (Roth et al. 2013), thus depicting very heterogenous  

outcomes. On the other hand, the fact has to be kept in mind that other studies were of 

cross-sectional nature and this one of longitudinal nature, when looking at outcomes. 

The primary goal of the study was to provide additional evidence regarding retinal 

pathological change in ALS and to identify a possible longitudinal relationship between 

change in retinal thickness and disease progression. Lastly, results of the study will be 

analyzed, and strengths and limitations will be discussed, in an attempt to better 

understand clinical findings and disease pathology, while aiming for a description of new, 

in vivo detectable ALS markers that might unmask underlying disease pathology.  
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1. Parallels between pathology, imaging parameters, and clinical characteristics  

In this study, clinical evaluation was quantified on a patient-by-patient basis with the 

ALS-FRS score. An association between disease severity and retinal thickness of the INL 

exclusively at follow up (Pearson r = -0.59) was found. This result is in contradiction to other 

similar studies, which have found that disease severity does not correlate with retinal 

thickness in any layer of the retina, despite their heterogeneous findings regarding group 

comparison in retinal thickness (Hübers et al. 2016; Roth et al. 2013; Ringelstein et al. 2014; 

Mukherjee et al. 2017). This finding may have several reasons. 

The INL is made up of several different cells, which are densely packed and can be 

divided into three different types: bipolar cells, horizontal cells and amacrine cells. The 

bipolar cells of the INL represent the second order neuron in the visual pathway and 

perform the role of conducting visual signals in direction of the optic nerve. The last two 

cell categories are specialized interneurons, which play a significant role in regulating 

contrast vision (Wässle 2004; Fawzi et al. 2014). Following this idea and the result of this 

study, namely that INL thickness seems to be directly proportional to disease severity, it 

could be expected that the CS will as well be worse in severe disease condition. This 

however was not observed in the current study and further research in this regard would 

be appropriate.  

Bearing in mind that INL thickness does not correlate with disease severity at baseline 

and only at follow up, it can be postulated that this association was most likely caused by 

the reduction of sample size of the group under investigation from a sample of 34 at 

baseline to a sample of 18 at follow up. When reducing sample size, statistical variance can 

increase and can therefore interfere with correlation analysis and make interpretation 

difficult. There is therefore little plausibility in claiming that the worse the disease gets, the 

thicker an INL gets, especially if we consider that CS does not appear to be reduced in worse 

disease condition. The claim seems to be even less substantiated if the cross-sectional 

Hübers et al. study is taken into account, where a significant thinning of the INL was found 

in ALS patients compared to controls (Hübers et al. 2016).  

On the other hand, such a change in behavior of retinal thickness can be regarded as a 

shift in disease pathology later in the course of ALS. One could argue that the cohort of this 

study was recruited very early on in the disease (median disease duration of 9 months at 

baseline OCT and median ALS-FRS-R score of 41), where no retinal changes can yet be 
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detected via OCT. In other similar studies (Roth et al. 2013; Hübers et al. 2016; Ringelstein 

et al. 2014; Mukherjee et al. 2017) recruitment was done later on in the course of the 

disease, considering both duration since disease manifestation (42 months in Roth et al., 

12 months in Hübers et al. and 22.3 months in Ringelstein et al.) and ALS-FRS-R score (34 

points in Roth et al., 40 points in Hübers et al. and 30 points in Mukherjee et al.). Since 

three of the four mentioned studies found differences between patients and controls 

regarding retinal thickness, it might be possible that retinal involvement only appears later 

in the disease. After some disease progression (for this study, 173 days between baseline 

and follow up), disease pathology starts overtaking retinal neurons and reactive gliosis 

occurs in the INL, thus forcing a thickening of this specific layer. This is however speculative, 

as no studies provided longitudinal information to this regard and more investigation must 

be made. To sum up, results have to be regarded as purely exploratory and future studies 

should encompass a bigger sample size and a greater time difference between baseline and 

follow up. 

 

Although no difference between patients and healthy controls reached significance 

level at either measuring time point, a trend of retinal thinning can be observed. This theory 

is supported by the observation that the exact same layers, namely RNFL, GCL + IPL, INL, 

ONL and WRT, have shown a reduction both at baseline and at follow up. At the same time, 

the only layer where a thickening compared to controls could be shown was the OPL. This 

observation could be made for both baseline and follow up. Seeing as the process of 

thinning/thickening showed many similarities in measurement of both baseline and follow 

up, it can be concluded that these results have at least some minimal weight. This, however, 

must be regarded carefully and from a critical standpoint because no difference reached 

targeted significance. An attempt to recruit more patients at the beginning of the study 

could help reaching results with a higher significance level. Moreover, due to the 

heterogeneity of the disease and the presence of various forms of ALS, it is plausible that 

there may be significant retinal thickness differences between patients and controls when 

analyzing the various forms separately, at subgroup level (for e.g. spinal vs. bulbar). Results 

of such an analysis would be interesting, especially because past studies have shown 

significant differences in retinal thickness between patients with spinal onset and controls 

but not between patients with bulbar onset and controls (Hübers et al. 2016). This was, 
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however, not possible for this study, as the patient group only comprised of four bulbar-

type ALS patients.  

Despite the difference between baseline and follow up in ALS-FRS score of 

approximately four points on average, only a very small difference in retinal thickness could 

be observed. This difficulty could be easily overcome by stretching the time difference 

between baseline and follow up at up to one year in future studies, thereby increasing the 

chance of retinal thickness change to be detected. However, with increasing time between 

the two visits, an increase in patient drop-out out of the study can be expected, due to the 

rapid progression of the disease. There has been one reported case where autopsy-based 

research of an eye from a patient suffering from ALS has shown infiltration of pTDP-43 

tangles into the INL. The autopsy was done 42 months after disease onset, after his death 

due to respiratory failure. No specific statement can be made concerning the time of 

tangle-infiltration into the INL. Due to the patient’s survival time of 42 months since 

symptom onset, it is likely that the patient was in a later stage of the disease. Therefore, it 

is possible that structural cellular change in the INL occurs at an advanced stage of the 

disease (Fawzi et al. 2014). This finding could be suggestive of the theory that after some 

disease manifestation, the neurodegenerative process spreads beyond the central nervous 

system and envelops parts of the retina. However, this would have to be confirmed by 

studies, where more than one eye of more ALS patients must be investigated, especially in 

different stages of the disease. A big disadvantage of this method, however, is that it 

provides no possibility of detecting changes in vivo. If the accumulation of tangles in the 

INL reach a higher level, it might be possible to detect this as a thickening in the OCT image.  

 

Coincidentally, this study has found significant differences between the genders in the 

inner nuclear layer (INL) of the retina as well as in the ganglion cell layer / inner plexiform 

layer (GCL + IPL), exclusively in the healthy control group. In these cases, male retinal 

thickness was significantly thicker than female retinal thickness. These findings are in line 

with the study by Wong et al that found that male subjects have a thicker WRT than female 

subjects (Wong et al. 2005). Wong et al. however used a different sector division to analyze 

only whole retinal thickness in a circle with a 1 mm radius centered at the fovea. Because 

this study averaged the retinal thickness of all circles surrounding the fovea and 

consequently only found differences in certain layers, it is highly plausible that the gender 
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differences in WRT were not seen due to statistical noise created by multiple averaging 

processes. Despite methodological and technical differences between this study and the 

Wong et. al study, the results point in the same direction, that the male gender is associated 

with a thicker retina. This observation would have an impact on further studies, as this 

parameter should be considered when assessing retinal thickness in a general, gender-

matched population (Wong et al. 2005).  

 

2. Impact of time on retinal thickness and white matter integrity 

To current knowledge, no longitudinal studies regarding retinal thickness progression 

in ALS have been performed yet. Although no significant difference between baseline and 

follow up in retinal thickness in any of the specific retinal layers or in the WRT was found 

when looking at either the patient or the control group, there are some conclusions that 

can be drawn regarding the influence of time on retinal thickness. In both the patient and 

the control group, the distribution of differences in all layers seems rather random and no 

consistent pattern can be noticed, as evident by Table 7. Some form of difference was 

expected to occur, particularly in the INL, especially if we take correlation results into 

consideration. One very plausible reason that could explain these results is the relatively 

small sample sizes of both cohorts at follow up (n = 18); therefore, larger longitudinal 

studies with more than two visits that are longer apart must be performed in order to 

further elaborate on this matter.  

Furthermore, the “almost” significant correlation (Pearson’s r = 0.46, p = 0.06) between 

the change in ALS-FRS and the change in WRT thickness between the two visits is also 

difficult to interpret. This finding basically suggests, that the faster the disease progression 

in a patient is, the higher the probability that WRT thinning occurs, but if the disease 

progression turns out to be slow, then the WRT gets thicker. The use of Rasagilline, a MAO-

B inhibitor, has been recently tested in patients with ALS in a phase 2 trial and found hints 

that the drug might slow disease progression in ALS patients with a faster disease 

progression rate (Ludolph et al. 2018). This would suggest that fast progressing ALS might 

have a different underlying pathology than the slower one. Due to a higher probability of 

WRT thinning in fast progressors in this study, it is possible that disease progression rates 

could also have an impact on retinal thickness changing rates. This finding should however 

be confirmed in a study with a larger sample size, where significance level is reached. 
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Considering that on average, the WRT revealed an insignificant increase of 0.90 ± 2.02 µm 

over 6 months, only inconclusive interpretations can be provided by this current study. 

Other than the small sample size, which allowed outliers and statistical noise to skew 

results, no other clarification for this finding could be acquired.  

Another possible aspect of discussion is the quantitative reduction or gain in retinal 

thickness between the two visits. In this study, changes between baseline and follow up 

are located mostly between +1 µm and -0.5 µm, depending on the layer. These findings are 

not consistent with other studies that have investigated age-related thickness loss. 

According to Wei et al. (Wei et al. 2017), there is thinning in all retinal layers when 

comparing older to younger age groups of subjects. Furthermore, the observed thinning 

appears to be constant across all layers except the OPL and the PR, where a thickening was 

recorded. Significant differences could only be found in the RNFL, WRT, GCL + IPL, OPL and 

PR (Wei et al. 2017). Similar studies analyzed the impact of normal aging on the retina and 

demonstrated retinal alterations and thinning over time ranging from -0.44 µm/year to -

0.54 µm/year (Vianna et al. 2015; Wu et al. 2017; Leung et al. 2012). Possible changes that 

are recordable by OCT are most likely too small and therefore too difficult to record in such 

a brief time span. The limitations of the OCT device come into play, as the device used in 

this study can only reliably measure thickness when differences are greater than 3 µm, as 

indicated by the user’s manual. With this in mind, the results of this study become diffucult 

to interpret, because significant change over time is problematic to detect in the first place. 

In conclusion, the most probable cause of the inconsistent pattern that emerged while 

analyzing thickness differences over time is the inability to eliminate statistical noise, the 

short distance between visits and the small study group. 

 

Furthermore, scarcely significant and loose associations between white matter 

integrity as described by DTI and retinal thickness were identified at baseline in this study. 

DTI is currently a unique instrument in investigation of white matter neuronal tracts in ALS 

because it provides an in vivo method to quantify neuronal integrity in specific locations 

(Turner u. Modo 2010; Foerster et al. 2013). The model that was used in this study to 

identify locations of white matter pathology heavily relied on the ALS-Staging as described 

by Braak et al. (Braak et al. 2013), where his model of corticofugal spreading of the disease 

defined four stages of ALS, depending on how far neurodegeneration, measured by 
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apparition of TDP-43 tangles inside neurons, has come. As to this day, no direct imaging 

marker of these tangles is available, therefore, the present study tried to apply DTI-based 

fiber tracking and select specific regions in the brain that are susceptible to involvement in 

ALS at various stages, similar to the method used by Kassubek et al. in his study (Kassubek 

et al. 2014). However, contrary to other similar studies (Hübers et al. 2016; Kassubek et al. 

2014), no correlation between the CST (which represents ALS-Stage 1) and retinal thickness 

could be elicited in this study. A critical standpoint must be maintained however, because 

there was no detectable significant retinal thinning or thickening when comparing patients 

to controls.  

Another unanticipated finding of this study is that over a period of approximately 6 

months, no change in FA could be demonstrated in neither of the four analyzed regions of 

interest. Direct comparison of longitudinal changes is intrinsically very noisy, from a 

statistical point of view, and thus requires much larger amounts of data for significant 

results to occur. Many currently available studies show a linear decrease over time of FA 

values in the CST and there is increasing evidence that this method can be regarded as a 

promising technical marker for disease progression (Keil et al. 2012; Zhang et al. 2011; 

Nickerson et al. 2009). Furthermore, Kassubek et al. has shown in his study that in 27% of 

ALS patients, a progression of the ALS-Stage over time could be demonstrated, while the 

rest of them already had the highest possible stage or the stage remained stable 

throughout several follow up scans (Kassubek et al. 2017). Given the fact that only 27% of 

the patients showed a progression of the ALS-Stage over several follow up scans (Kassubek 

et al. 2017), it becomes clearer that any changes in FA over time that might occur require 

higher powered studies. This could be an indication that the DTI is lacking satisfactory 

diagnostical power to apply to ALS patients individually and strengthens the assessment of 

other studies, which postulated that approximately 46 patients are needed in order to 

detect significant changes in FA (Blain et al. 2007).  

 

3. Limitations 

Conceptual disadvantages of this study are the lack of knowledge regarding 

neuropathology and etiology of retinal involvement in ALS and its attempt to use a 

technical surrogate in vivo to depict disease involvement. Currently, there is scarce 

information regarding underlying pathomechanisms of ALS and the involvement of the 
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retina in the disease. Therefore, the explorative nature of this study confers a speculative 

character in interpreting results. Further studies would have to approach this issue from 

both angles, namely in vivo and pathologically. This would help in further elucidating retinal 

involvement in ALS and would allow confirmation of in vivo findings. However, such a study 

would have multiple logistical constraints, as recruitment of live subjects in the course of 

the disease and afterward procuring of post mortem information of the same patient may 

prove to be difficult. Another crucial limitation of this study was the lack of a complete 

ophthalmological examination by a board-certified ophthalmologist, potentially 

underestimating possible ocular pathologies unrelated to ALS. In addition, subclinical 

ocular occurrences (like increased intra-ocular pressure) could not be safely excluded as 

well, because application of exclusion criteria was only performed based on patient history. 

Another aspect that, in retrospect, could have been planned differently, is the greater time 

distance between the two visits. Considering that retinal changes may be minimal in ALS 

over time, it is unlikely that they can be detected via OCT in a time frame as short as 6 

months, thus a study with a time frame of 1 year or more would be desirable in the future. 

Also, another important shortcoming of this study is the loss of subjects from baseline to 

follow up of up to 53% of the starting study group. This was mainly due to logistical 

difficulties in acquiring a subject for a second time. The most common reason of the loss in 

motivation from the patient was the rapid progression of the disease within 6 months  

combined with their home town being relatively far away from the University’s hospital, 

where OCT measurement took place. Such loss in sample size also represents a 

disadvantage if an attempt to extend the period between scans is made. Another reason 

that accounted for such a big drop in sample size was the inability of the patient to correctly 

position himself in scanning position, as shown in Figure 9. This difficulty is however 

relatively hard to overcome, because most patient’s diagnostic process only lasts for 

around 1 week and not all patients take up the follow up consult recommended by their 

doctors at their hospital release.  

 

Another important methodological limitation of the study may be the semi-automated 

retinal segmentation process. First, automatic segmentation was performed with 

Heidelberg Engineering’s software. Second, manual correction was applied in some of the 

images, where the software was clearly unable to distinguish between individual retinal 



Discuss ion 

 

Page | 51  

 

layers. This process was described in detail in chapter II.3. This method is susceptible to 

subjective human error and can occur while correcting limits of retinal layers. However, this 

is rather unlikely, firstly because the images were overviewed three times before raw data 

extraction was performed, and secondly because, even if some mistakes were made, they 

would most likely not have any statistical relevance, due to the massive number of 

individual scans in the whole study. Furthermore, other studies have compared manual and 

automatic segmentation and have found that fully automated, fully manual, or semi-

automated OCT techniques are all comparable methods which provide similar results 

(Seigo et al. 2012). Further consideration must be awarded to the data pooling method of 

the study. Firstly, no sector comparison was made in this study, because it became 

increasingly difficult to eliminate statistical noise when trying to analyze the sectors 

separately. Therefore, a simplification of the sector values, through an averaging of sector 

thicknesses, was achieved. Secondly, the left and the right eye were averaged together as 

a consequence of group analysis between the left and the right eye. This showed statistical 

equality between the two eyes over the patient and the control group and over both 

patient visits. This has led to a simplification of data and it is possible that minor differences 

that might have been detected by the OCT have gone lost in the process of averaging 

numerous outcome variables. Lastly, a limitation of the OCT device itself must be pointed 

out as well. As per user manual, the measurement inaccuracy of the Heidelberg Spectralis 

HD OCT device amounts to up to 3 µm. Considering that changes in retinal thickness in 

patients suffering from ALS compared to healthy controls or that changes over the course 

of only 6 months might be lower than 3 µm, slight changes should be interpreted with a 

certain amount of restraint.  

  

4. Conclusion 

Taken together, this data provides only little support of retinal involvement in patients 

with ALS, thus this study most likely indicates that retinal thinning is, at most, discrete in 

patients compared to controls. Current literature also provides heterogeneous results in 

this regard. As published in 2013, Roth et al. examined 76 ALS patients and compared them 

to 54 healthy controls and found no significant difference between the two groups (Roth 

et al. 2013). As a contrast, Hübers et al. and Ringelstein et al. could show differences in 

retinal thickness between patients and controls (Hübers et al. 2016; Ringelstein et al. 2014). 
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In the study by Ringelstein et al., RNFL thinning and macular volume reduction could be 

demonstrated in 24 patients compared to 24 controls, while in the study by Hübers et al., 

RNFL and INL thinning could be shown in 71 patients compared to 21 controls. As of current 

knowledge, this study is the first that takes a longitudinal approach in the matter and 

analyzes changes over time while also looking at cross-sectional data. Neither cross-

sectional nor longitudinal data provided any strong relationship between white matter 

damage, as measured by DTI, and retinal thinning, as measured by OCT, in ALS patients, 

provided retinal changes even exist. This is despite inclusion of objective, up-to-date 

devices, software, and other analysis techniques. Plausible reasons why findings of this 

study were inconclusive are the mediocre sample size, as is typical in longitudinal 

approaches, or the lack of a comprehensive ophthalmological examination by qualified 

doctors prior to OCT image acquisition. New analysis and evaluation methods of 

parameters like retinal thickness or white matter further increase difficulty in achieving 

significant results that can be compared with other studies. Thus, results from other similar 

research on neurodegenerative diseases, regarding correlation of white matter damage 

and retinal involvement, may not be transferrable to ALS (Roth et al. 2013). A newer study 

by Mukherjee et al. (Mukherjee et al. 2017) managed to minimize the risk of confounding 

ophthalmological retinal pathology with retinal involvement in ALS, albeit on a smaller 

sample size (21 patients), by including an ophthalmological clinical examination prior to 

OCT image acquisition. In his study, he found peripapillary thinning in the RNFL in ALS 

patients compared to the mean values of the normative database built into the Heidelberg 

OCT software.  

To sum up, this study was not able to fulfill its purpose in providing a new diagnostic or 

progression marker for ALS and its findings are similar to that of the study by Roth et al. 

(Roth et al. 2013), thus further contributing to the already present variance in results and 

heterogenous findings. Also, this study could not prove that retinal thinning occurs at a 

faster rate in patients than in controls. However, given the multitude of evidence for extra-

motor pathology in ALS and the observation that OCT measurements expose central 

nervous system pathology at a global level in other neurodegenerative diseases, it is 

unclear why this study has found such seemingly unsystematic results. An argument can be 

made that other studies have recruited their patients after a longer time of disease 

manifestation, compared to this study, therefore it is likely that the cohort of this study was 
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recruited before retinal thinning becomes detectable via OCT. Additional convincing 

explanations are the insufficient number of patients or the brief time between the first and 

second examination. On the other hand, it cannot be excluded that there are some 

conceptual elements of this study that have potentially masked retinal pathology in ALS, 

like the lack of a complete ophthalmological consultation. As for the longitudinal approach, 

this study has also found no significant reduction of retinal thickness over the period of 6 

months. Considering the measuring inaccuracy of the device of 3 µm and the theory that 

retinal thinning is relatively minimal in any layer, clinical assessment at the individual level 

via OCT appears to be unsuitable for ALS. Given the fact that this study mostly had an 

explorative character and was the first of its kind, the OCT should further be used as a tool 

to monitor this disease and an apt confirmation or rejection of these findings is highly 

desirable.  
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V. Summary 

For the present study, 34 patients (52.9% male and 47.1% female) suffering from ALS 

(amyotrophic lateral sclerosis) and 21 healthy controls (52.4% male and 47.6% female) 

were recruited between August 2015 and November 2016 to undergo OCT (optical 

coherence tomography) and DTI (diffusion tensor imaging) investigation in two visits, 

separated by 6 months. For the second visit, only 18 of the 34 patients (44.4% male and 

55.6% female) and 18 of the 21 healthy controls (55.6% male and 44.4% female) were 

available. 23 of the 34 patients (60.9% male and 39.1% female) underwent DTI investigation 

around the same date as the OCT investigation for the first visit. At the second examination, 

only 9 out of the 23 patients (66.6% male and 33.4% female) were available. Optical 

coherence tomography images were obtained with the Heidelberg Spectralis HD-OCT 

device (Heidelberg Engineering GmbH, Heidelberg, Germany, software version 6.0.11.0) 

and DTI images were obtained on a 1.5 Tesla scanner with the Siemens Magnetom 

Symphony (Siemens Medical, Erlangen, Germany). The objectives of the study were first, 

to explore the theory, that retinal changes occur in ALS patients compared to controls, 

second, to observe if retinal thinning or thickening occurs at a faster rate in patients 

compared to controls, and third, to check for any association between white matter 

integrity and retinal thickness. 

 

A patient history was taken for every subject and those with any history of ocular 

disease were excluded from the study before acquiring images. A few important examples 

are glaucoma, increased intra-ocular pressure, PD (Parkinson’s Disease), multiple sclerosis, 

diabetes type 1 and 2, invasive surgery of the eye in the last 2 years and retinal detachment. 

The same exclusion criteria were applied for both the first and the second visit. After using 

a combined automatic and manual segmentation algorithm to analyze specific individual 

layers separately, statistical analysis using SPSS Statistics version 24.0.0.0 (IBM Corporation, 

Armonk, NY, USA) and SAS version 9.4 (SAS Institute, Chicago, Illinois, USA) was performed.  

 

Based on the results of this study, there seems to be no difference in retinal thickness 

between patients suffering from ALS and healthy controls in none of the specific retinal 

layers, the best achieved p-value being p = 0.220 for the INL (inner nuclear layer). 

Nevertheless, a trend of retinal thinning can be shown, where group comparison results 
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show the same pattern at baseline and at follow up. Longitudinally speaking, no thinning 

of the retina can be observed across a period of 6 months, not even when compared to 

controls. In both the patient and the control group, comparison results point to no 

significant change and seem to be similarly random distributed over all individual retinal 

layers, the best achieved p-value being 0.202 for the RNFL (retinal fiber layer). These results 

suggest that retinal thinning, if any is existent, does not occur at a faster rate in the eye of 

an ALS patient than in the eye of a healthy individual. Moreover, retinal thickening should 

not be excluded. Additionally, no relationship between disease duration, visual acuity or 

contrast sensitivity and retinal thickness could be demonstrated. The only significant 

correlation that was observed was between retinal thickness in the INL and disease severity 

at follow up (Pearson’s r = -0.59, p = 0.01). In addition, no concrete relationship between 

white matter integrity and retinal thickness could be provided by this study, as the CST 

(corticospinal tract) did not correlate significantly with retinal thickness in any individual 

retinal layer. 

 

Further studies are needed to evaluate retinal thickness by OCT as well as to investigate 

possible links between retinal thickness and neurodegeneration in motor-neurons. A 

standardized and uniform examination protocol containing comprehensive 

ophthalmological examinations and bigger sample sizes is advisable for future studies, as 

well as for the clinical application of optical coherence tomography. This will significantly 

facilitate the comparability of the respective results and possibly provide deeper insight 

into the pathophysiology of the amyotrophic lateral sclerosis. 
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List of Figures 

Figure 1: Start protocol of image acquisition of the Heidelberg Spectralis HD OCT device by 

Heidelberg Enigneering GmbH software used in the ALS-OCT study performed at the Ulm 

University between August 2015 and November 2016. A live image that is not yet focused 

on the retina of the subject can be seen on the top left; on the top right a live visualisation 

of a cross-sectional Scan can be observed. On the bottom left side, an automatic detection 

of the current eye under investigation represented as OD (oculus dexter) and OS (oculus 

sinister). Focus was always manually set to ensure highest possible quality for each 

individual subject (in the figure currently set at -1.25 diopters (D)). On the middle-right side 

of the figure, under “OCT Control”, the eye-size was set for every subject on a medium-

sized eye (M). On the bottom right side of the figure are the standard settings of the OCT 

for this study, enumerated here from left to right and from top to bottom in order: 

automatic real time (ART) set at 13 images, vertical orientation of incoming light and its 

position (illustrated by the white arrow on a black background pointing up), number of 768 

A-Scans set at an angle of 30º x 25º, 61 sections represent the number of each individual 

scan, 120 µm represents the distance between each scan. ALS amyotrophic lateral sclerosis, 

OCT optical coherence tomography, µm micrometer, an A-Scan is an axial depth scan that 

represents a reflectivity profile of a single point ................................................................ 12 

Figure 2: Image of the retinal thickness map of the Heidelberg Enigneering GmbH software 

used as part of the ALS-OCT study performed at the Ulm University between August 2015 

and November 2016. This figure illustrates the analysis protocol of map thickness of the 

whole retinal thickness (WRT) for a right eye, as an example. The picture on the top left 

represents the thickness map of the whole investigated image, coded on a scala with 

different colors ranging from black to white, depending on the thickness. A thick segment 

is represented by warm colors (white, gray, red, orange), while thin segments are 

represented by colder colors (green, blue, purple, black). Three concentric circles represent 

several thickness sectors under investigation. A sector is defined as the area which is 

delimited by any blue line inside a circle. The pictogramm on the bottom left of the figure 

represents the cross-sectional image depicted by the position of the green, vertical line in 

the picture on the top left image. On the right side of the figure, the thickness map of each 

sector can be seen. The values within the sectors show the thickness measured in μm (black 
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numbers) and the volume measured in mm3 (red numbers). ALS amyotrophic lateral 

sclerosis, OCT optical coherence tomography, µm micrometer, mm milimeter ................ 13 

Figure 3: This image acquired with the Heidelberg Spectralis HD OCT device of a right eye 

of a sample subject, recruited as part of the ALS-OCT study performed at the Ulm University 

between August 2015 and November 2016, depicts unclear acquisition and failure of 

Heidelberg Engineering’s GmbH analysis algorithm to correctly perform individual layer 

segmentation, due to artefacts caused by incorrect manual diopter correction before 

starting image acquisition. The small pictogram on the top left represents an image of the 

retina and the green line shows the position of the cross-sectional scan. The tabs on the 

left allow manual selection of individual retinal layers. The differently colored lines in the 

big pictogram in the middle of the figure represent specific layer delimitation. Quality index 

of the cross-sectional image, as rated by Heidelberg Engineering’s software: 11 (minimum 

0, maximum 40). Such images were excluded from the analysis. ALS amyotrophic lateral 

sclerosis, OCT optical coherence tomography .................................................................... 14 

Figure 4: Illustration of an eye of a subject as an example of an exclusion criteria; image 

acquired with the Heidelberg Spectralis HD OCT device as part of the ALS-OCT study 

performed at the Ulm University between August 2015 and November 2016. The 

representation on the top left depicts the posterior pole of the retina of a right eye, with 

the vertical, green line in the middle of it showing the current position of the cross-section 

scan. Cross-section scan on the top right. The red and purple lines in the cross-section scan 

on the top right represent the delimitation of the retina. The green line inside the image on 

the top right side illustrates the current position within the cross-section scan on the retinal 

image, as seen by the small, horizontal line inside the vertical green line in the left 

pictogram. The graph at the bottom of the figure demonstrates a thickness measurement 

of the currently viewed sector of the cross-section. The x-Axis portrays the distance from 

the inferior end of the image and the y-Axis the absolute thickness measured in 

micrometers (µm). There is an evident thickening pathology of the retinal nerve fiber layer, 

which can be observed on all three pictograms. Such images were excluded from the study. 

ALS amyotrophic lateral sclerosis, OCT optical coherence tomography............................. 17 

Figure 5: Image of the retinal thickness map of the Heidelberg Enigneering GmbH software 

used as part of the ALS-OCT study performed at the Ulm University between August 2015 
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and November 2016. Analysis protocol of map thickness of the whole retinal thickness 

(WRT) for a left eye. The picture on the top left represents the thickness map of the whole 

investigated image, coded on a scala with different colors ranging from black to white, 

depending on the thickness. A thick segment is represented by warm colors (white, gray, 

red, orange), while thin segments are represented by colder colors (green, blue, purple, 

black). Three concentric circles represent the thickness sectors under investigation. A 

sector is defined as the area which is delimited by any blue line inside a circle. The 

pictogramm on the bottom left of the figure represents the cross-sectional image depicted 

by the position of the green, vertical line in the picture on the top left image. On the right 

side of the figure, the thickness map of each sector can be seen. The values within the 

sectors show the thickness measured in μm (black numbers) and the volume measured in 

mm3 (red numbers). A pathological thickening of the retina highlighted gray can be 

observed on the thickness map (top left). The green line on the top left picture is placed on 

the gray-highlighted area (thick, round segment) of the retina, so that this thickening can 

be observed on the cross-sectional image (bottom left). Such images were excluded from 

the study. ALS amyotrophic lateral sclerosis, OCT optical coherence tomography, µm 

micrometer, mm milimeter ................................................................................................. 18 

Figure 6: Image acquired with the help of the Heidelberg Spectralis HD OCT device and 

processed by Heidelberg Enigneering’s GmbH software used as part of the ALS-OCT study 

performed at the Ulm University between August 2015 and November 2016. Display of a 

live image of the posterior pole of the retina of a right eye can be seen on the left. The 

middle green line represents the position of the cross-section scan. On the right, a cross-

sectional image centered on the fovea can be seen. There is insufficient light on the bottom 

half of the image on the left. This figure demonstrates that despite mild insufficient lighting 

of the retinal posterior pole, cross-sectional scans are still of sufficient quality and can be 

processed and analyzed. Such images were not excluded from the study. ALS amyotrophic 

lateral sclerosis, OCT optical coherence tomography, µm micrometer.............................. 19 

Figure 7: This image of o sample right eye, which was acquired with the Heidelberg 

Spectralis HD OCT (Heidelberg Engineering GmbH) as part of the ALS-OCT study performed 

at the Ulm University between August 2015 and November 2016, demonstrates a cross-

sectional scan after manual correction of the retinal nerve fiber layer. The small pictogram 
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on the top left represents an image of the retina and the green line shows the position of 

the cross-sectional scan. The tabs on the left allow manual selection of individual retinal 

layers. In this figure, the inner limiting membrane (ILM) is selected. The red line in the big 

pictogram in the middle of the figure represents specific layer upper delimitation, 

performed by the automated algorithm of Heidelberg Engineering GmbH. On the left, 

center-left and right part of the cross-sectional scan, manual the rater performed 

elimination of blood-vessel thickness, as indicated by the green arrows. ALS amyotrophic 

lateral sclerosis, OCT optical coherence tomography ......................................................... 19 

Figure 8: Sector division of the retina for both eyes by Heidelberg Engineering GmbH, all 

abbreviations are in relation to the center of the fovea, C0 center of the fovea, S2 outer 

superior sector, N2 outer nasal sector, I2 outer inferior sector, T2 outer temporal sector, 

S1 inner superior sector, N1 inner nasal sector, I1 inner inferior sector, T1 inner temporal 

sector ................................................................................................................................... 20 

Figure 9: Heidelberg Spectralis-HD OCT; the picture is demonstrating the optimal position 

of the head of the subject on the left side. The image acquisition software can be seen on 

the monitor, showing a live recording of a macular volume scan ...................................... 23 

Figure 10: Results of total subject measurement for retinal thickness for all patients and 

controls at baseline, (patients: n = 34, controls: n = 21), recruited as part of the ALS-OCT 

study performed at the Ulm University between August 2015 and November 2016. Retinal 

images were acquired with the Heidelberg Spectralis HD OCT device (Heidelberg 

Engineering GmbH). Results illustrated as boxplot in six different graphs (x-Axis depicts the 

two groups, y-Axis depicts thickness in micrometers), each named after the respective 

specific retinal layer. The dots in the retinal nerve fiber layer, inner nuclear layer, outer 

plexiform layer, and whole retinal thickness represent outliers within the individual group. 

ALS amyotrophic lateral sclerosis, OCT optical coherence tomography, n number of 

subjects, µm micrometer, RNFL retinal nerve fiber layer, GCL ganglion cell layer, IPL inner 

plexiform layer, INL inner nuclear layer, OPL outer plexiform layer, ONL outer nuclear layer, 

WRT whole retinal thickness. .............................................................................................. 33 

Figure 11: Results of total subject measurement for retinal thickness for all patients and 

controls at follow up, (patients: n = 18, controls: n = 18), recruited as part of the ALS-OCT 

study performed at the Ulm University between August 2015 and November 2016. Retinal 
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images were acquired with the Heidelberg Spectralis HD OCT device (Heidelberg 

Engineering GmbH). Results illustrated as boxplot in six different graphs (x-Axis depicts the 

two groups, y-Axis depicts thickness in micrometers), each named after the respective 

specific retinal layer. The dots in the retinal nerve fiber layer, inner nuclear layer, outer 

plexiform layer, and whole retinal thickness represent outliers within the individual group. 

ALS amyotrophic lateral sclerosis, OCT optical coherence tomography, n number of 

subjects, µm micrometer, RNFL retinal nerve fiber layer, GCL ganglion cell layer, IPL inner 

plexiform layer, INL inner nuclear layer, OPL outer plexiform layer, ONL outer nuclear layer, 

WRT whole retinal thickness ............................................................................................... 35 

Figure 12: Scatter plot of baseline data showing the link between the inner nuclear layer 

(INL) and the ALS-FRS, based on the study collective (patients: n = 34) recruited as part of 

the ALS-OCT study performed at the Ulm University between August 2015 and November 

2016. Retinal images were acquired with the Heidelberg Spectralis HD OCT device 

(Heidelberg Engineering GmbH). x-Axis depicts mean layer thickness, y-Axis depicts ALS-FRS 

score. Each blue dot represents one patient. The blue trend line demonstrates the tendency 

graphically. Pearson’s coefficient r = -0.24, p-value = 0.17. ALS amyotrophic lateral sclerosis, 

OCT optical coherence tomography, n number of subjects, µm micrometer, ALS-FRS 

amyotrophic lateral sclerosis functional rating scale .......................................................... 37 

Figure 13: Scatter plot of follow up data showing the link between the inner nuclear layer 

(INL) and the ALS-FRS, based on the study collective (patients: n = 18) recruited as part of 

the ALS-OCT study performed at the Ulm University between August 2015 and November 

2016. Retinal images were acquired with the Heidelberg Spectralis HD OCT device 

(Heidelberg Engineering GmbH). x-Axis depicts mean layer thickness, y-Axis depicts ALS-FRS 

score. Each blue dot represents one patient. The blue trend line demonstrates the tendency 

graphically. Pearson’s coefficient r = -0.59, p-value = 0.01. ALS amyotrophic lateral sclerosis, 

OCT optical coherence tomography, n number of subjects, µm micrometer, ALS-FRS 

amyotrophic lateral sclerosis functional rating scale .......................................................... 38 

Figure 14: Scatter plot of baseline data showing the link between the outer plexiform layer 

(OPL) and the ALS-FRS, based on the study collective (patients: n = 34) recruited as part of 

the ALS-OCT study performed at the Ulm University between August 2015 and November 

2016. Retinal images were acquired with the Heidelberg Spectralis HD OCT device 



Lis t  o f F igures  

 

Page | 67  

 

(Heidelberg Engineering GmbH). x-Axis depicts mean layer thickness, y-Axis depicts ALS-FRS 

score. Each blue dot represents one patient. The blue trend line demonstrates the tendency 

graphically. Pearson’s coefficient r = 0.31, p-value = 0.08. ALS amyotrophic lateral sclerosis, 

OCT optical coherence tomography, n number of subjects, µm micrometer, ALS-FRS 
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follow up minus baseline, showing the link between the whole retinal thickness (WRT) 
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