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1. Introduction 

1.1. Amyotrophic lateral sclerosis 

Amyotrophic lateral sclerosis (ALS) is a progressive neurodegenerative disorder characterised by 

a loss of motor neurons and its incidence in Europe is estimated at two to three cases per 100,000 

individuals  [1].  The  peak  incidence  is  estimated  at  70–74 years  for  men  and  65–69 years  for 

women [1], the median time between symptom onset and a definitive diagnosis is 10–16 months 

[2] and death occurs generally within 2 to 4 years of diagnosis most commonly due to respiratory 

failure [3]. The characteristic combination of upper motor neuron (UMN) and lower motor neuron 

(LMN) dysfunction starts in the cervical, thoracic or lumbar segment and spreads progressively 

to the remaining segments, most often in an anatomically contiguous manner (e.g. from lower 

limbs to upper limbs to the bulbar region) [4]. This leads to a progressive weakness of voluntary 

skeletal muscles involved in limb movement, swallowing, speaking and respiratory function. As a 

group, ALS patients nevertheless display considerable heterogeneity in their clinical presentation 

with respect to the site of disease onset, speed of symptom progression and distribution of upper 

and lower motor neuron signs [5, 6]. 

The  diagnosis  of  ALS  relies  primarily  on  a  clinical  assessment.  The  commonly  used  revised  El 

Escorial diagnostic criteria [7] provide categories of diagnostic certainty from possible through 

probable to definite ALS, considering the number of affected segments and the available 

supporting  neuroimaging,  laboratory  and  electrophysiological  findings.  The  recent  years  have 

shown an increased interest in emerging diagnostic, categorical and prognostic biomarkers to aid 

in the diagnosis, identify meaningful disease subgroups, predict individual patients’ prognosis and 

serve as outcomes in therapeutic trials [8]. 

One specific diagnostic biomarker of ALS, for instance, is the disruption of transcallosal inhibitory 

signalling,  which  can  be  measured  with  transcranial  magnetic  stimulation  (TMS)  [9,  10].  The 

coordination  of  voluntary  movement  relies  on  communication  between  the  bilateral  motor 

regions, which also involves inhibitory signalling via the corpus callosum. Deficits in transcallosal 

inhibition are common in ALS patients but very rare in the healthy population and have therefore 

been suggested to have a high clinical value as an early diagnostic marker [9–14]. In cases with 

low  diagnostic  certainty  based  on  clinical  examination,  assessing  transcallosal  inhibition  may 

offer  valuable  information  [9–11].  It  is  unclear,  however,  whether  the  transcallosal  inhibition 

deficit identifies an informative disease subgroup (categorical biomarker) or may be related to 

individual patients’ prognosis (prognostic biomarker). Furthermore, previous studies have not 

yet demonstrated a neural correlate for this functional deficit [9, 12]. 
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Besides the motor symptoms that are central to ALS, 30-50% of ALS patients show mild cognitive 

impairments and 25-70% show behavioural changes [15]. Furthermore, up to 15% of patients 

meet the Rascovsky criteria [16] for a behavioural variant of frontotemporal dementia (bvFTD) 

[15]  or  the  Gorno-Tempini  criteria  [17]  for  primary  progressive  aphasia. The  common  way  to 

classify cognitive and behavioural impairments in ALS is by using the revised Strong criteria [18], 

which yields the following categories: patients without cognitive and/or behavioural impairment 

(ALSni),  patients  with  cognitive  impairment  (ALSci),  patients  with  behavioural  impairment 

(ALSbi)  and  patients  with  cognitive  and  behavioural  impairment  (ALScbi).  The  criteria  for 

classifying cognitive or behavioural impairment are outlined in figure 1. 

 

Figure 1 The revised Strong criteria for cognitive and behavioural impairment in ALS 

The cognitive domains characteristically affected in ALS include verbal fluency, executive 

functioning,  social  cognition  and  language  [19,  20].  Behavioural  changes  commonly  include 

apathy, irritability, impulsivity, lack of foresight and planning, reduced concern for hygiene and 

increased self-centeredness [15, 21, 22]. The accumulating evidence suggests that these cognitive 

and behavioural changes that do not meet the criteria for FTD can be present from the early stages 

of ALS, but in the majority of cases no continuous deterioration over the course of the disease 

takes place [23]. Nevertheless, the presence of cognitive or behavioural impairments is a predictor 

for a poorer prognosis with faster progression of motor symptoms and reduced survival [24, 25]. 

The Edinburgh Cognitive and Behavioural ALS Screen (ECAS) is a neuropsychological instrument 

for detecting the specific profile of cognition and behaviour changes in ALS [26]. It was designed 

to  account  for  the  motor  impairments  of  ALS  patients,  which  can  complicate  the  scoring  and 

interpretation of other tests. The ECAS has been established in clinical settings internationally, 

but its acceptance in research contexts has been less uniform. As a brief screening instrument, it 

offers less detailed information than a time-intensive neuropsychological test battery. Therefore, 
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the suitability of  the ECAS for research endeavours  focused on cognition  needs to be critically 

considered. 

1.2. Primary lateral sclerosis 

Primary lateral sclerosis (PLS) is characterised by a pure UMN phenotype and is considerably less 

prevalent than ALS, the estimations for its incidence ranging from 0.1 to 0.6 per 100,000 people 

per year [27, 28]. The mean age of onset is around 50 years [29] and the disease progression is 

conspicuously slower than ALS with an average disease duration ranging from 7.2 to 14.5 years 

[30]. In 90% of the cases, the symptoms begin insidiously in the lower limbs, often characterised 

by disequilibrium, stiffness of gait and loss of fluid movement [27]. The remaining 10% of the 

patients present with bulbar onset and dysarthria, which is often accompanied by pseudobulbar 

affect  (uncontrollable  crying  or  laughing  that  is  out  of  context  in  the  social  situation) and 

pathological yawning [27]. Similarly to ALS patients, the most common cognitive and behavioural 

deficits in PLS include executive dysfunction, verbal fluency, language, apathy and impaired social 

cognition [31]. 

Numerous  diagnostic  criteria  have  been  proposed  over  the  last  decades  [29],  illustrating  the 

challenges of delineating PLS as its own neurological entity in the context of numerous conditions 

sharing its clinical phenotype (for instance UMN-dominant ALS, hereditary spastic paraplegia and 

progressive supranuclear palsy [27, 29, 32]). The most recent consensus diagnostic criteria [33] 

feature two categories: probable PLS diagnostic category for patients with UMN symptoms in at 

least 2 of 3 regions (lower extremity, upper extremity and bulbar) and no active LMN 

degeneration  for  2–4  years  and  definite  PLS  diagnostic  category  for  patients  who  meet  these 

criteria  for more  than  4 years. Since  diagnostic  biomarkers of  PLS  are  lacking,  the  differential 

diagnosis  still  necessitates  a  broad  range  of  assessments  (e.g.  magnetic  resonance  imaging, 

denervation  potentials  on  electromyography,  motor  evoked  potentials  and  cortical  excitability 

assessment with TMS) [32, 34]. 

1.3. Neuroimaging in ALS 

Neuroimaging has clinical value for excluding possible alternative diagnoses, but neuroimaging 

research  also  has  the  special  potential  to  delineate  the  disease-specific  neurodegeneration 

patterns and visualise the heterogeneity in patients’ clinical presentation. 

The literature on structural and functional brain changes in ALS compared to healthy aging or 

different neurological conditions is extensive [15, 35–37]. Based on magnetic resonance imaging 

(MRI) data, both the regional grey matter metrics and the white matter connectome have been 

found altered in ALS patients and those changes correlate with disease progression and severity 

[38–40].  The  characteristic  findings  include  damage  to  the  primary  motor  cortex,  the  corpus 
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callosum (in particular, the middle and posterior parts) and the corticospinal tract, but regional 

alterations have been described in all lobes with the exception of the occipital lobe as well as in 

subcortical regions such as the basal ganglia, thalamus and midbrain. Various neurodegenerative 

changes  beyond  motor  regions  have  been  found  to  correspond  well  with  patients’  non-motor 

symptoms [15, 35, 41]. 

Some neuroimaging studies have focused specifically on the neural correlates of cognitive deficits. 

ALS  patients  with  cognitive  impairment  show  more  pronounced  anatomical  alterations  than 

patients without cognitive impairment, characterised by reduced grey matter volume and cortical 

thickness in the frontal and temporal lobes, insular and cingulate cortices, cerebellum and basal 

ganglia in addition to greater white matter changes in the corticospinal tract, corpus callosum, 

cingulum,  inferior  longitudinal  tract,  inferior  fronto-occipital  tract  and  uncinate  fasciculi  [15]. 

However, the criteria for defining cognitive deficits differed from study to study and the number 

of investigations using the current standard neuropsychological instrument ECAS is limited. 

Besides  MRI,  radiotracer  imaging  has  been  informative  in  illustrating  the  neurodegeneration 

patterns  of  ALS  patients.  For  instance,  positron  emission  tomography  (PET)  imaging  with  the 

radiotracer  2-[18F]Fluorodeoxyglucose  (FDG)  is  commonly  used  to  investigate  differences  in 

regional  glucose  uptake  by  neurons  and  astrocytes  [42,  43].  The  regions  with  the  starkest 

structural  changes  in  MR  studies  are  also  consistently  reported  as  hypometabolic  in  ALS:  the 

motor  cortex  and  prefrontal  cortex  [44–46].  Regions  reported  as  hypermetabolic  include  the 

cerebellum,  occipital  cortex,  midbrain  and  medial  temporal  cortex  [44–48].  The  presence  of 

cognitive and behavioural impairments correlates strongly with the spread and severity of frontal 

hypometabolic changes [49]. However, investigations about associations between glucose 

metabolism and specific cognitive domains relevant in ALS such as executive functioning, verbal 

fluency and social cognition are still scarce [50]. 

Each imaging method has its pitfalls and one of the challenges of PET is the low spatial resolution 

that  leads  to  partial  volume  effects  (PVEs).  PVEs  describe  a  phenomenon  whereby  the  signal 

measured in a given brain region reflects a combination of the true regional signal and the signal 

from neighbouring tissues or cerebrospinal fluid, leading to blurring [51]. For a radiotracer like 

FDG, the PVEs lead to an underestimation of the true grey matter signal at the tissue boundaries 

due  to  the  lower  signal  from  the  white  matter  or  cerebrospinal  fluid.  The  extent  of  PVEs  is 

dependent on various factors including the scanner resolution, the size of the measured region 

and the presence of atrophy [51]. There is no agreement in the literature whether carrying out a 

PVE  correction  (PVEC)  is  necessary  in  ALS  and  it  has  not  been  tested  whether  metabolic 

measurements in ALS patients are affected by PVEs. 
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1.4. Neuroimaging in PLS 

Structural neuroimaging studies in PLS samples have described a signature neurodegeneration 

pattern that portrays the characteristic UMN degeneration: grey matter atrophy in the primary 

motor cortex [52–55] combined with white matter damage in the corpus callosum [52, 53, 55, 56] 

and  the  corticospinal  tracts  [52,  55,  57].  Besides  these  changes  established  in  the  literature,  a 

recent longitudinal investigation further described grey matter volumetric decreases in 

supplementary and pre-motor cortex in addition to a progressive decrease in cortico-medullary 

and inter-hemispheric structural connectivity [55]. Further alterations have been reported in the 

brainstem, subcortical grey matter and cerebellum [58]. Overall, the cerebral imaging signature 

of PLS is comparable to ALS [58]. 

Therefore, despite the establishment of PLS-characteristic MRI changes, further sensitive 

diagnostic tools would be valuable. Case reports have described localised primary motor cortex 

glucose hypometabolism in PLS patients [59–62], which would support the use of FDG-PET as a 

supporting assessment in the differential diagnosis. The reliability of this promising finding in a 

consecutive sample of PLS patients, however, has not yet been inspected. 

2. Research aims 
The  overarching  aim  of  this  doctoral  thesis  was  to  address  currently  relevant  open  questions 

pertaining to the structural and glucose metabolic alterations in ALS and PLS and their clinical 

manifestations, whether motoric, cognitive or neuropsychiatric in nature. 

2.1. Neural correlates of cognitive and behavioural deficits in ALS (study 1) 

The main aim of the first study was to examine differences in glucose metabolism between ALS 

patients with and without cognitive or behavioural impairment. Differently to a previous 

publication that used a time-intensive comprehensive neuropsychological test battery [49], the 

ECAS cognitive screening instrument that is the current standard in clinical practice was applied. 

Additionally,  I  intended  to  investigate  associations  between  patients’  glucose  metabolism  and 

their performance on various cognitive domains measured by ECAS. Since the influence of PVEs 

on  FDG  analyses  in  ALS  samples  had  not  been  assessed,  I  also  examined  the  impact  of  PVE 

correction on FDG-PET findings. 

Furthermore, the  grey  matter volume differences between ALS patients with  and without 

cognitive or behavioural impairment in addition to the correlations between patients’ regional 

grey matter volume and their performance on various cognitive domains measured by ECAS were 

of interest. 
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2.2. Transcranial inhibition deficit in ALS and its neural correlate (study 2) 

The  main  objective  of  the  second  study  was  to  evaluate  the  value  of  a  transcallosal  inhibition 

deficit as a categorical or prognostic biomarker in ALS by comparing the demographic, clinical and 

neuropsychological  profiles  of  ALS  patients  with  intact  and  deficient  transcallosal  inhibition. 

Moreover, I aimed to determine the neural substrate for this functional impairment by using a 

region-specific approach in contrast to previous reports. 

2.3. Glucose metabolic changes as a diagnostic biomarker in PLS (study 3) 

The aim of the third study was to examine the reliability of FDG-PET imaging as a diagnostic tool 

in PLS by assessing the scans for primary motor cortex hypometabolism in a consecutive sample 

of PLS patients. Additionally, the longitudinal changes in glucose metabolism over the course of 

the disease were analysed. 

3. Methods 

3.1. Sample and assessment procedures 

3.1.1. Sample and clinical assessment 

The  three  studies  presented  in  this  thesis  analysed  data  from  three  independent  prospective 

cohorts.  All  patient  data  were  collected  through  the  research  institution  German  Center  for 

Neurodegenerative  Diseases  at  the  Rostock  University  Medical  Center.  Prospective  data  from 

05/2017 to 09/2024 were used in study 1 (N = 67), study 2 (N = 89) and study 3 (N = 9). Patient 

data recruited from 03/2011 to 03/2013 were used in study 2 (N = 38). Lastly, data from healthy 

controls  (HCs)  were  acquired  from  the  Alzheimer’s  Disease  Neuroimaging  Initiative  (ADNI) 

database for study 3 (N = 70). 

Exclusion criteria for all patients and HCs within the study cohorts (studies 1-3) included acute or 

past  traumatic  brain  injury,  previous  neurovascular  damage,  epilepsy  or  a  history  of  severe 

psychiatric illness. As additional requirements, the HCs from the ADNI database had a Mini Mental 

State Examination [63] score ≥ 28, were cognitively normal after a 4-year clinical follow-up and 

did not show amyloid PET positivity. 

All patients were classified according to the revised El Escorial criteria [7] for ALS (studies 1 and 

2) or the consensus diagnostic criteria [33] for PLS (study 3). Additionally, the comorbid diagnosis 

of  frontotemporal  dementia  or  primary  progressive  aphasia  was  determined  based  on  the 

Rascovsky  criteria  [16]  or  the  Gorno-Tempini  criteria  [17],  respectively  (studies  1  and  2).  All 

patients  received  a  clinical  and  neurological  examination,  which  included  the  ALS  Functional 

Rating Scale Revised (ALSFRS-R) [64]. 
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3.1.2. Neuropsychological assessment 

Neuropsychological data from various tests were analysed for studies 1 and 2 (Table 1). 

Test instrument Cognitive domain/ Behaviour Inclusion in thesis 
studies 

Montreal Cognitive 
Assessment [65] 

Short cognitive screening test including 
visuospatial, executive, language, 
memory, attention and orientation 
measurement of approximately 10 
minutes 

Study 2 

Edinburgh cognitive 
and behavioural ALS 
screen [26, 66] 

Expanded cognitive screening test 
including language, verbal fluency, 
executive, memory and visuospatial 
measurement 

Study 1 and study 2 

Faux-Pas test [67] Social cognition: theory of mind Study 1 
Facial Recognition 
Task [68] 

Social cognition: identifying the emotions 
of others based on facial expressions 

Study 1 

Informant version of 
the Frontal System 
Behaviour Scale [69] 

Behavioural changes in apathy, 
disinhibition and executive dysfunction 

Study 1 and study 2 

Table 1 The neuropsychological tests applied in the studies. 

3.1.3. TMS assessment 

In study 2, a TMS measurement was undertaken to estimate the transcallosal inhibition. After 

determining the point of optimal excitability in the primary motor cortex, motor evoked potentials 

(MEP) were recorded from the abductor pollicis brevis or the first dorsal interosseous muscle of 

each hand to determine the resting motor threshold. Ipsilateral silent period (iSP) was recorded 

from  the  muscle  by  stimulating  transcranially  at  1.5  times  the  resting  motor  threshold  while 

patients maintained a maximum tonic activation of the ipsilateral hand muscle and relaxed the 

contralateral hand muscle. After offline rectification, the presence of iSP was evaluated and the 

latency of the iSP, if present, was averaged across 10 trials per hemisphere. 

3.2. Imaging data acquisition and pre-processing 

Data  from  different  types  of  imaging  modalities  were  analysed  with  various  methodological 

approaches to answer the research questions of this thesis. 

3.2.1. MRI 

T1-weighted MR images (studies 1 and 2) and diffusion-weighted images (study 2) were acquired 

on two scanners at the Rostock University Medical Centre (a 3 Tesla Siemens Skyra Fit scanner 

and a Siemens Vida scanner). For all T1-weighted images, magnetization prepared rapid gradient 

echo sequence with isotropic voxel size of 1 mm3 was used. The diffusion-weighted sequence had 

an isotropic resolution of 2 mm3 and contained 5 b0 scans per 2 b-values (700 and 1000 s/mm2) 

and 30 diffusion directions per b-value (700 und 1000 s/mm2). 
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The T 1-weighted images were pre-processed in Statistical Parametric Mapping (SPM) 12 using 

Matlab  (studies  1  and  2).  The  scans  were  skull-stripped,  segmented  and  spatially  normalized 

using the cat12 toolbox [70]. Subsequently, statistical analysis was undertaken in a voxel-based 

manner (study 1). 

The diffusion-weighted data were processed with the FMRIB Software Library (FSL). For all scans, 

pre-processing included brain-tissue extraction and correction for eddy currents and motion. A 

bi-tensor model was fitted with the Diffusion Imaging in Python algorithm [71]. The free-water-

corrected  white matter metrics  maps  were  estimated.  Furthermore,  tractography  was  used  to 

isolate  the  transcallosal  connections  between  the  primary  motor  cortices  and  the  free-water-

corrected white matter metrics for this white matter tract were extracted. 

3.2.2. FDG 

The PET images were acquired on a Gemini TF 16 scanner (Philips Healthcare) 30 min after the 

injection of FDG and static FDG-PET images were reconstructed (studies 1 and 3). Additionally, 

FDG-PET data of HCs were obtained in pre-processed form from the ADNI database (study 3). The 

ADNI  images  were  acquired  using  various  scanners,  but  with  platform-specific  protocols  and 

standardised pre-processing. To achieve the same spatial resolution (6 mm) for the Rostock data 

that was available for the ADNI data, a Butterworth function was applied to the Rostock scans 

(only  study  3).  The  further  preprocessing  steps  for  Rostock  FDG-PET  data  included  skull-

stripping, intensity normalisation and spatial normalisation (studies 1 and 3). 

In study 1, the FDG-PET scans were pre-processed both with and without PVEC according to the 

Mü ller-Gä rtner method [72] to enable a comparison of results. Subsequently, statistical analysis 

was undertaken in either voxel-based manner (study 1) or the regional FDG signal uptake was 

extracted using the Human Motor Area Template [73] and the Brainnetome Atlas [74] (study 3). 

3.3. Statistical analyses 

Statistical analyses were carried out using several software applications: Statistical Product and 

Service Solutions, Jeffreys’s Amazing Statistics Program, Matlab, SPM12 and R. 

3.3.1. Study 1 

Patients  were  categorised  into  groups  based  on  Strong  criteria  [18]  (ALS  patients  with  and 

without cognitive or behavioural impairment). The study sample was examined on demographic 

and clinical data and the different groups were compared using chi-squared tests and Analysis of 

Variance  (ANOVA).  The  groups’  scores  on  cognitive  tests  were  compared  with  Kruskal–Wallis 

tests and Mann-Whitney U tests. 
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Group differences in imaging data (FDG-PET scans and T 1-weighted scans) were analysed in a 

voxel-based manner with one-way ANOVAs and subsequent T-contrasts. Covariates included age 

and sex for all analyses and the total intracranial volume (TIV) was additionally included in the 

analysis  of  T1-weighted  images.  Further  voxel-based  regression  analyses  were  executed  per 

cognitive domain and subtest scores that differed between the groups in the preceding analysis of 

cognitive performance. Age, sex and years of formal education were included as covariates and 

TIV was additionally included in the analysis of T1-weighted data. 

In  parallel,  we  replicated  these  analyses  using  a  different  approach  of  partial  least  squares 

regression  with  an  application  in  Matlab  [75].  This  method  makes  use  of  covariance  between 

voxels and yields latent variables that each identify a pattern of brain regions that covary with 

some external measure (e.g. a cognitive score or a grouping variable) [76]. The significance of each 

latent variable and the reliability of voxel saliences on each latent variable was determined. 

3.3.2. Study 2 

Bayes factor (BF) hypothesis testing [77] was used for the statistical analyses in study 2  because 

in contrast to classical frequentist inference it quantifies both the evidence that supports and the 

evidence that opposes an effect of interest in the data. Therefore, the BF calculated from the data 

can either support the presence of an effect (BF 10 ≥3), the absence of an effect (BF 10 <0.33), or 

offer inconclusive evidence (BF10 between 0.3 and 3). 

The  patients  were  categorised  based  on  whether  they  showed  iSP  response  or  its  loss.  These 

groups  were  compared  on  numerous  demographic,  clinical  and  neuropsychological  variables 

using Bayesian chi-squared tests and Bayesian t-tests. The differences in disease progression rate 

were examined. Besides the BFs, also the 95% credible interval of the posterior distribution of the 

parameter values for each variable was determined. 

Group differences in the diffusivity metrics within the transcallosal tract extracted with 

tractography were tested in a voxel-wise manner with t-tests as well as in a region of interest 

manner with Bayesian univariate analysis of covariance (ANCOVA). For both types of analyses, 

the covariates were age, sex and the whole-brain white matter diffusivity metric to control for 

non-specific individual differences. 

3.3.3. Study 3 

The  regional  FDG  signal  uptake  values  of  the  PLS  patients  at  all  available  time  points  were 

converted into w-scores based on the values of the HCs. W-score denotes a z-score that has been 

adjusted  for  covariates:  age  and  sex  in  this  analysis.  Therefore,  the  w-scores  follow  the  z-

distribution and are directly translatable to p-values. W-scores close to 0 represent values similar 



16 
 

to the average of the HCs whereas values < -1.65 indicate hypometabolism (signifying one-tailed 

p-value below 0.05). 

4. Results 

4.1.  Glucose  metabolic  changes  related  to  the  cognitive  and  behavioural 

deficits in ALS 

The ALSci patients had lower scores than ALSni on the cognitive domains of language, executive 

functions, verbal fluency and memory, whereas ALScbi patients had lower scores than ALSni on 

executive functions, verbal fluency and memory. No differences in cognitive scores were observed 

between ALSci and ALScbi patients. 

 

Figure 2 Clusters of relative hypo- and hypermetabolism per group comparison. 
The  FDG-PET  signal  is  relative  to  the  average  FDG-tracer  uptake  in  GM.  Height  threshold  is 
p<0.001  and  all  data  are  p<0.05  FWE-corrected  at  cluster  level.  ALSni,  not  impaired;  ALSci, 
cognitively impaired; ALScbi, cognitively and behaviourally impaired; PVEC-FDG, PVE-corrected 
FDG-PET data; NC-FDG, non-corrected FDG-PET data.  

The results of SPM analyses of FDG-PET data are illustrated in Figure 2. The analyses with and 

without  PVEC  led  to  similar  results.  No  differences  in  FDG-PET  signal  were  detected  between 
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ALSni  and  ALSci  patients  in  SPM  or  partial  least  squares  analyses.  ALScbi  patients  showed 

hypometabolic  clusters  in  the  fronto-temporal  regions  in  addition  to  hypermetabolism  in  the 

occipital region when compared to ALSni patients. The partial least squares analyses 

corroborated these results. Compared to ALSci patients, ALScbi group showed hypermetabolism 

in the cuneus and occipital region and this difference was on the threshold of significance in the 

partial least squares analyses. 

Specific clusters of hypometabolism were related to lower scores on various cognitive domains in 

the SPM analyses (Figure 3), whereas corresponding partial least squares analyses indicated a 

lack of associations. Executive functioning tasks correlated with metabolism in small regions of 

the frontal, lingual, cerebellar, precentral and temporal cortex. Verbal fluency scores correlated 

positively with metabolism in the frontal, precentral and inferior orbital regions, but negatively 

with metabolism in the cerebellum. Memory performance was positively associated with 

metabolism in the precuneus, fusiform and temporal regions. Faux Pas Test scores correlated with 

metabolism in the precentral and frontal areas. 

 

Figure 3 Correlations of glucose metabolism and cognitive scores. The FDG-PET signal is relative 
to  the  average  FDG-tracer  uptake  in  grey  matter.  Height  threshold  is  p<0.001  and  minimum 
cluster size is 100 voxels. 
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4.2.  Structural  changes  related  to  the  cognitive  and  behavioural  deficits  in 

ALS 

No differences in grey matter volume were detected between ALSni and ALSci patients in the SPM 

analysis.  ALScbi  patients  had  lower  volume  in  the  middle  frontal  and  inferior  temporal  gyrus 

compared to ALSni. Compared to ALSci patients, the ALScbi group had lower grey matter volume 

in the inferior temporal gyrus. 

Patients’ scores on various cognitive domains were related to regional changes  in grey matter 

volume. Higher scores for executive functioning tasks were associated with higher volume in the 

cerebellum.  Memory  performance  was  related  to  the  volume  of  the  cuneus,  precuneus  and 

hippocampus. 

4.3. Transcranial inhibition deficit in ALS and its anatomic correlate 

69 patients (54%) in our sample of 127 had a loss of iSP indicating a transcranial inhibition deficit. 

Six patients showed a loss of iSP only on one side. There were no differences between the groups 

in age, sex, phenotypic composition, years of education, the distribution of Strong classification or 

genetic composition. The groups did not differ in terms of any cognitive or behavioural metrics. 

Furthermore, there were no differences in the rate of disease progression between the groups. 

 

Figure  4  Comparison  of  diffusivity  metrics  within  the  WM  tract  connecting  primary  motor 
cortices in patients with and without a loss of iSP 
A) Box plots of free-water-corrected fractional anisotropy values. B) Sequential analysis 
demonstrating  the  internal  coherence  of  Bayesian  ANCOVA.  C)  The  posterior  distribution  of 
standardised parameter estimates for the effect of group by Bayesian ANCOVA with the median 
and the 95% credible interval. 

The  diffusion-weighted  data  showed  that  ALS  patients  with  iSP  loss  had  lower  free-water-

corrected fractional anisotropy values within the tract connecting primary motor cortices (Figure 

4A). The visual representation of the change in BF with every sequential inclusion of a patient 

showed that the presence of a group difference reached a level of strong support (BF10 > 10) with 

the inclusion of 58 cases and the inclusion of all cases (N=63) resulted in very strong evidence for 

the presence of group differences (Figure 4B). The posterior distribution for the effect of group 
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indicated a small effect size (Figure 4C). Voxel-level analyses of the diffusivity metrics within the 

tract did not result in any clusters of group differences. 

4.4. Glucose metabolic changes as a diagnostic biomarker in PLS 

The nine PLS patients included in the sample varied in their age and disease duration at baseline. 

At  the  baseline  assessment,  six  patients  already  had  a  symptomatic  involvement  of  all  three 

regions (bulbar, upper limb and lower limb). Two patients completed two follow-up assessments, 

and three further patients completed one follow-up assessment. Two patients had an 

asymmetrical presentation of PLS symptoms. 

 
Figure 5 Regional w-scores of PLS patients for available time points 
The w-scores of PLS patients are visualised with coloured lines over a normal distribution. W-
scores > -1.65 are shown in green (one-sided p-value > 0.05), w-scores between -1.65 and -1.96 
are shown in yellow (one-sided p-values between 0.05 and 0.025), and w-scores < -1.96 are shown 
in red (one-sided p-value < 0.025). Right and left refer to the assessed hemisphere. BL, baseline; 
FU, follow-up. 

The patients’ regional w-scores were projected onto standard normal distributions in Figure 5. 

Despite  the  considerable  symptomatic  burden,  only  four  of  the  nine  patients  showed  regional 

hypometabolism  in  the  primary  motor  cortex:  two  patients  from  baseline  onwards  and  two 

patients only from the first follow-up onwards. Three of those four patients also showed glucose 
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hypometabolism in motor regions beyond the primary motor cortex. Some patients displayed a 

decrease in the glucose metabolism of motor regions over time whereas others maintained their 

levels  despite  the  progression  in  symptom  severity.  No  distinct  patterns  emerged  between 

primary motor cortex glucose metabolism and clinical variables such as age, disease duration, or 

the spread of symptoms in the sample of PLS patients. 

5. Discussion 

5.1.  Glucose  metabolic  changes  related  to  the  cognitive  and  behavioural 

deficits 

My  first  objective  was  to  examine  the  glucose  metabolic  changes  related  to  the  cognitive  and 

behavioural symptoms in ALS patients. In group comparisons, I validated previous findings, which 

illustrated that ALScbi patients with concurrent cognitive and behavioural impairment showed 

widespread changes in glucose metabolism compared to ALSni and ALSci patients [49]. 

It seems notable that the current results seem to suggest that alterations in glucose metabolism 

in ALS patients may be more closely related to the presence of behavioural changes than cognitive 

impairments. Although the cognitive tests for the ALScbi and ALSci groups showed no differences, 

the  ALScbi  vs.  ALSci  comparison  yielded  a  similar  distribution  of  hypo  and  hypermetabolic 

clusters as the ALScbi vs. ALSni comparison. Most of the assessed cognitive domains of the ALSci 

vs.  ALSni  groups  showed  differences  but  the  FDG  scan  comparisons  did  not  reveal  similarly 

located  hypo  or  hypermetabolic  clusters.  This  pattern  of  findings  suggests  that  the  glucose 

metabolism changes observable in ALS patients may be more indicative of behavioural 

impairments than specific cognitive deficits. The limited influence of cognitive impairments on 

glucose metabolism may be partially explained by the heterogeneous composition of this patient 

group as defined by Strong [18], since this category includes patients with mild deficits in either 

verbal fluency, executive functioning, or language – and those impairments may have different 

structural substrates. 

To mitigate  the  problem of  heterogeneity  within  the  ALSci  group,  I  also  examined  the  glucose 

metabolic correlates of individual cognitive domains in the group of ALS patients as a whole. The 

limited associations between glucose metabolism and cognitive performance as indicated by the 

lack  of  ALSni  to  ALSci  group  differences  were  further  underlined  by  the  varying  results  from 

voxel-based  SPM  analyses  and  the  partial  least  squares  approach.  Whereas  exploratory  SPM 

analyses  identified  some  small  clusters  where  glucose  metabolism  was  related  to  patients’ 

performance  on  specific  cognitive  domains,  the  corresponding  partial  least  squares  analyses 

utilising  an  alternative  method  showed  a  lack  of  associations.  Therefore,  changes  in  glucose 

metabolism do not seem to be strongly related to cognitive functioning in ALS patients. 
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As  a  complementary  analysis,  I  was  interested in  the  influence  of carrying  out  a  PVEC  for  the 

glucose metabolism results in our ALS sample. The current literature is inconsistent in this respect 

with some studies applying PVEC and others not. The direct comparison of findings from analyses 

with and without PVEC presented in this paper showed that the identified clusters overlapped to 

a large degree and thus indicate that the influence of PVEs on glucose metabolism estimates may 

be negligible. 

5.2. Structural changes related to the cognitive and behavioural deficits 

My second objective was to inspect changes in grey matter volume associated with the cognitive 

and behavioural symptoms in ALS patients. I replicated the common finding that ALS patients with 

concurrent  cognitive  and  behavioural  deficits  show  more  anatomic  alterations  compared  to 

patients without cognitive or behavioural impairments, but the  extent of these differences was 

considerably  more  limited  than  in  the  FDG-PET  analyses.  Furthermore,  correlational  analyses 

yielded  small  clusters  where  the  grey  matter  volume  was  weakly  related  to  specific  cognitive 

scores in our sample of ALS patients. A previous study that also employed the ECAS test found 

comparable results of small clusters at low significance thresholds [41]. The findings of these two 

studies together further strengthen the sentiment that regional grey matter volume is not strongly 

related to cognitive functioning in ALS patients. 

5.3. Transcranial inhibition deficit in ALS 

The third objective of this thesis was to evaluate the potential of the transcallosal inhibition deficit 

as a classifying biomarker in ALS in addition to identifying its structural neural correlates. First, I 

identified  a  transcallosal  inhibition  deficit  in  54%  of  the  ALS  patients  in  our  sample,  which  is 

comparable to previous reports [9, 12]. Second, I found no indication that this impairment would 

be related to meaningful demographic, clinical or neuropsychiatric phenotypic characteristics of 

the patients or the speed of their disease progression. This is congruent with former studies with 

smaller samples [9, 14, 78]. Third, thanks to a larger sample size and a hypothesis-directed region-

specific analysis in contrast to a whole-brain approach [9, 12], I was able to determine a small 

decrease in white matter integrity within the transcallosal tract in patients with the deficit. The 

small effect size for this group difference despite the prevalence of the transcallosal inhibition 

disruption in ALS seems to indicate that even slight structural changes, which may not always be 

visible on standard imaging analyses, may suffice to disrupt the normal transcallosal inhibition 

response.  Although  the  TMS  assessment  of  transcallosal  inhibition  deficits  remains  a  valuable 

diagnostic  tool  in  ALS,  the  current  findings  suggest  that  it  does  not  serve  as  a  categorical  or 

prognostic biomarker. 
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5.4. Glucose metabolic changes in PLS 

As the fourth objective, I examined the reliability of primary motor cortex hypometabolism as a 

diagnostic  biomarker  in  PLS.  Despite  the  previous  positive  case  reports  [59–61],  I  detected 

primary  motor  cortex  hypometabolism  in  only  four  of  the  nine  patients,  which  highlights  the 

heterogeneity  within  PLS.  These  results  are  counterintuitive  due  to  the  clinically  conspicuous 

involvement  of  upper  motor  neurons  in  those  patients,  but  the  inter-patient  variability  in  the 

current  findings  may  have  several  possible  explanations.  First,  FDG-PET  may  not  be  sensitive 

enough to identify limited neurodegeneration in the first stages of the disease in each PLS patient. 

Second, the pathologies leading to the clinical PLS phenotype in our sample may differ. Although 

transactive response DNA binding protein 43 kDa (TDP-43) pathology is the most common cause 

of  PLS,  the  pathological  variability  that  may  lead  to  this  phenotype  (e.g.  tauopathy)  is  well 

described [79–81] and the difficulties of differential diagnosis are a current topic of interest [81]. 

Since autopsy data were not available for our sample, I could not test any possible relationships 

between  underlying  pathology  and  glucose  metabolism.  Third,  increased  glial  activation  co-

localised with grey matter atrophy [82, 83] is reflected in a higher glucose uptake [84, 85], which 

might mask the hypometabolism due to neuronal death in some patients. Although the diagnosis 

of PLS remains challenging and FDG-PET has been proposed as a potentially sensitive diagnostic 

tool, its utility appears limited, particularly in early disease stages when a sensitive and reliable 

biomarker would be most beneficial. 

5.5. Limitations 

Although  the  spatial  resolution  available  in  the  studies  presented  was  sufficient  to  identify 

meaningful  differences,  the  relatively  low  spatial  resolution  of  FDG-PET  imaging  hinders  the 

detection of focal metabolic changes contained to small regions. Moreover, though each analysis 

could provide an answer to a specific research question and yield sound conclusions, our sample 

sizes varied greatly, and, of course, larger sample sizes always provide higher statistical power. 

Despite its advantages of speed of administration and suitability in ALS, the ECAS test does not 

offer as much detail as an extensive neuropsychological battery, which may be preferable when 

focusing on specific cognitive functions. 

5.6. Conclusions and future directions 

The studies included in this thesis clinical, neuropsychological, imaging and neurophysiological 

data from well-characterised ALS and PLS patients. The research objectives could be addressed 

with  appropriate  analyses  of  this  valuable  multimodal  dataset  and  important  insights  were 

obtained.  Key  findings  were  as  follows:  the  fronto-temporal  glucose  hypometabolism  in  ALS 

patients seems to correspond more to behavioural than cognitive impairments. Cognitive 

functioning  in  ALS  patients  in  different  domains  as  assessed  with  the  ECAS  instrument  is  not 
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strongly related to regional glucose metabolism or grey matter volume changes. A transcallosal 

inhibition deficit is associated with a reduced integrity of white matter connections between the 

motor cortices; however, this deficit neither corresponds with a specific phenotype of ALS nor 

with the rate of disease progression. Therefore, a transcallosal inhibition deficit does not serve as 

a  categorical  or  prognostic  biomarker  in  ALS.  Moreover,  FDG-PET  does  not  reliably  identify 

primary  motor  cortex  glucose  hypometabolism  in  PLS  and  has  thus  only  limited  value  in  a 

differential diagnosis. In conclusion, the current studies highlighted multiple aspects of 

heterogeneity among patients with ALS and PLS; the results also enhance understanding of the 

neuroimaging correlates of these phenotypic characteristics. 

Based on the findings of this thesis, there are several interesting directions for future research. 

Motivated by the detected associations between glucose hypometabolism and behavioural 

impairment, a detailed longitudinal assessment of different neuropsychiatric changes and their 

neural correlates in ALS patients would be valuable. Furthermore, the apparent clinical 

heterogeneity within ALS and PLS patients and  the  increasing availability of machine learning 

approaches  suggests  that  applying  data-driven  analysis  methods  to  find  meaningful  patient 

profiles could result in more reliable prognostic estimates and eventual future treatments. 
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8.2. Summary 

The aim of this dissertation was to investigate brain structure and glucose metabolism changes in 

amyotrophic lateral sclerosis (ALS) and primary lateral sclerosis (PLS) in order to more accurately 

describe their correlations with patients’ motoric, cognitive or behavioural characteristics. The 

three  studies  analysed  clinical,  neuropsychological,  imaging  and  neurophysiological  data  from 

well-characterised ALS and PLS patients by utilizing valuable multimodal datasets. 

Key findings were as follows: the fronto-temporal glucose hypometabolism in ALS patients seems 

to  correspond  more  to  behavioural  than  cognitive  impairments.  Cognitive  functioning  in  ALS 

patients  in  different  domains  as  assessed  with  the  ECAS  instrument  is  not  strongly  related  to 

regional glucose metabolism or grey matter volume changes. A transcallosal inhibition deficit is 

associated  with  a  reduced  integrity  of  white  matter  connections  between  the  motor  cortices. 

However, since transcallosal inhibition deficit neither corresponds with a specific phenotype of 

ALS  nor  with  the  rate  of  disease  progression,  it  does  not  serve  as  a  categorical  or  prognostic 

biomarker in ALS. Moreover, FDG-PET does not reliably identify primary motor cortex glucose 

hypometabolism in PLS and has thus only limited value in a differential diagnosis. 

The findings from the studies presented here illuminate multiple aspects of heterogeneity among 

patients  with  ALS  and  PLS  in  addition  to  improving  our  understanding  of  the  neuroimaging 

correlates of specific phenotypic characteristics in those patient groups. 
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