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A B S T R A C T   

Amyotrophic Lateral Sclerosis (ALS) is a progressive neurodegenerative disease that is characterized by a high 
heterogeneity in patients’ disease course. Patients with bulbar onset of symptoms (b-ALS) have a poorer prog-
nosis than patients with limb onset (l-ALS). However, neuroimaging correlates of the assumed biological dif-
ference between b-ALS and l-ALS may have been obfuscated by patients’ diversity in the disease course. We 
conducted Voxel-Based-Morphometry (VBM) and Tract-Based-Spatial-Statistics (TBSS) in a group of 76 ALS 
patients without clinically relevant cognitive deficits. The subgroups of 26 b-ALS and 52 l-ALS patients did not 
differ in terms of disease Phase or disease aggressiveness according to the D50 progression model. VBM analyses 
showed widespread ALS-related changes in grey and white matter, that were more pronounced for b-ALS. TBSS 
analyses revealed that b-ALS was predominantly characterized by frontal fractional anisotropy decreases. This 
demonstrates a higher degree of neurodegenerative burden for the group of b-ALS patients in comparison to l- 
ALS. Correspondingly, higher bulbar symptom burden was associated with right-temporal and inferior-frontal 
grey matter density decreases as well as fractional anisotropy decreases in inter-hemispheric and long associa-
tion tracts. Contrasts between patients in Phase I and Phase II further revealed that b-ALS was characterized by 
an early cortical pathology and showed a spread only outside primary motor regions to frontal and temporal 
areas. In contrast, l-ALS showed ongoing structural integrity loss within primary motor-regions until Phase II. We 
therefore provide a strong rationale to treat both onset types of disease separately in ALS studies.   

1. Introduction 

Amyotrophic Lateral Sclerosis (ALS) is a fatal, progressive neurode-
generative disease. The clinical course of ALS is highly heterogeneous, 
especially in terms of the first affected body region, the sequential 
spread to other regions, and the progression of the disease. The uncer-
tainty in predicting the awaited individual progress, in particular for 
newly diagnosed patients, hampers adequate therapeutic management 

and challenges research in ALS (Simon et al., 2014; Westeneng et al., 
2018). Patients with bulbar onset of symptoms (b-ALS) have a poorer 
prognosis than patients with limb onset (l-ALS) (Calvo et al., 2017; 
Ganesalingam et al., 2009; Trojsi et al., 2017). However, it remains 
unclear, if the shorter survival time in b-ALS is caused by bulbar com-
plications (i.e., aspiration-pneumonia), or if b-ALS represents a biolog-
ically different entity with a higher degree of pathological progressivity. 
If b-ALS and l-ALS are biologically divergent, one would expect different 
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patterns of neurodegeneration which should be detectable with means 
of neuroimaging. 

Previous cerebral Magnetic Resonance Imaging (MRI) studies have 
demonstrated their potential to reveal ALS-related structural alterations 
of neuronal integrity on a case-control-level (Alruwaili et al., 2018; 
Floeter et al., 2018; Zhang et al., 2018, 2017). However, neuroimaging 
studies attempting to demonstrate direct differences between b-ALS and 
l-ALS have shown either no or conflicting results (Bede et al., 2013; 
Borsodi et al., 2017; Cardenas-Blanco et al., 2014; Hartung et al., 2014; 
Kim et al., 2017; Prell et al., 2013; van der Graaff et al., 2011). These 
inconsistencies may result from different methodology but also incom-
plete characterization and deficient matching of the ALS subgroups. 
Moreover, if an onset of ALS with bulbar symptoms causes a higher 
degree of neurodegeneration, one might expect a correlation between 
the severity of bulbar dysfunction and neuroimaging signals. Again, 
such associations have been inconsistently reported or not found (Roc-
catagliata et al., 2009; Shellikeri et al., 2019). This problem has been 
addressed in a wider context as the ‘correlation gap’, that typically oc-
curs in ALS neuroimaging studies (Verstraete et al., 2015). 

We therefore aimed to explore the neuroimaging patterns in b-ALS 
and l-ALS in a large cohort of well-characterized patients with normal 
cognitive performance. To take the high heterogeneity of patients’ in-
dividual disease course into account we applied the D50 progression 
model which provides distinct measures of disease aggressiveness and 
individual disease covered (Poesen et al., 2017; Prell et al., 2020; 
Steinbach et al., 2020a, 2021). We hypothesized that this approach 
might overcome former obstacles of cross-sectional and longitudinal 
studies and thus help to unravel the neuroimaging correlates of the 
neurodegenerative burden in b-ALS. 

2. Material and methods 

2.1. Subject identification and clinical characterization 

All participants were consecutively recruited from the Department of 
Neurology at Jena University Hospital in the time period from May 2009 
until December 2018. Written informed consent was obtained from in-
dividual participants prior to study commencement. All experimental 
procedures conducted for this study were approved by the local Ethics 
committee (Nr 3633–11/12) and were in accordance with the ethical 
standards defined in the 1964 Declaration of Helsinki and its later 
amendments. 

Disease severity was assessed with the revised ALS Functional Rating 
Scale (ALSFRS-R) (Cedarbaum et al., 1999). For patients with ALS, the 
D50 model was applied to characterize the individual clinical disease 
course (Poesen et al., 2017; Prell et al., 2020; Steinbach et al., 2020a, 
2021), which is modelled based on all available ALSFRS-R scores. The 
derived D50 value depicts the overall disease aggressiveness, defined as 
the estimated time taken in months for a patient to lose 50% of his/her 
functionality. The relative D50 (rD50) is calculated through normali-
zation of patients’ real-time disease trajectories to D50 and depicts the 
individual disease covered, independent of aggressiveness. Thus, rD50 
allows the comparability of patients with vastly differing disease 
aggressiveness and constitutes an open-ended reference point with 0 =
disease onset and 0.5 = time-point of halved functionality. Based on the 
rD50, patients can be categorized into at least 3 Phases: an early semi- 
stable Phase I (0 ≤ rD50 < 0.25), an early progressive Phase II (0.25 
≤ rD50 < 0.5), and late progressive and late stable Phases III/IV (rD50 
≥ 0.5). In addition, based on the calculated disease curve, measures of 
local disease activity can be calculated for any time-point (here at MRI), 
namely the calculated functional state and the calculated functional loss 
rate. In order to select patients with high reliability in the D50 modelling 
and moderate variability for the resulting parameters, we only included 
patients who received at least two ALSFRS-R scorings during their dis-
ease course and had a D50 value below 100 months (Steinbach et al., 
2020b). 

Inclusion criteria were: the patients with ALS were able to perform 
MRI investigation and eventually met the revised El-Escorial-criteria of 
definite, probable or laboratory-supported probable ALS (Brooks et al., 
2000). Exclusion criteria were: juvenile ALS, primary lateral sclerosis, 
manifest dementia or other comorbidities that could affect motor per-
formances. We also excluded patients with cognitive deficits or un-
available/incomplete cognitive testing according to neuropsychological 
screening assessments: For patients enrolled before 2015 these were 
Mini-Mental State Examination < 26 points (Creavin et al., 2016) and/ 
or frontal assessment battery < 13.5 points (Appollonio et al., 2005; 
Dubois et al., 2000). For patients enrolled after 2015 the Edinburgh 
Cognitive and Behavioural Amyotrophic Lateral Sclerosis Screen (ECAS) 
was used with German education and age-adjusted cutoffs (Abrahams 
et al., 2014; Lule et al., 2015). 

We only included patients who had received ALSFRS-R scoring 
within 10 days prior to or after MRI, in order to calculate more tradi-
tionally used disease metrics for comparison purposes. The Progression 
Rate is calculated as linearly averaged loss of ALSFRS-R points per 
month since symptom onset ((48-ALSFRS)/symptom duration). The 
King’s Staging system allocates patients to Stages I (involvement of one 
clinical region) through IV (respiratory or nutritional failure), whilst the 
MiToS System describes Stages 0 (functional involvement) through IV 
(loss of independence in four domains), the Stages V depict patients’ 
death for both staging systems respectively (Chio et al., 2015; Roche 
et al., 2012). 

Lastly, 78 ALS patients and 69 healthy control participants were 
included in the study cohort for neuroimaging analyses (for a CONSORT 
diagram please refer to Supplementary Figure S1). 

2.2. MRI data acquisition and processing 

All MRI images were obtained according to a harmonized protocol at 
the same 1.5 Tesla Siemens Sonata scanner. 

The T1-weighted images were acquired in a FLASH 3D sequence 
(repetition time = 15 ms, echo time = 5 ms, Flip Angle = 30◦, slice 
thickness 1 mm, pixel size 1 mm × 1 mm, acquisition matrix 256 × 240). 
Image processing was conducted as before, using the pipeline of the 
CAT12-toolbox (version 1450, http://www.neuro.uni-jena.de/cat/) for 
standardized Voxel-Based Morphometry (VBM) analyses (Steinbach 
et al., 2020a). The Total intracranial Volume (TIV) was calculated as 
implemented in the CAT12 toolbox and was used as nuisance co-variate 
for all VBM analyses. 

For the Diffusion-Tensor-Images (DTI), 30 diffusion-weighted images 
(at b = 1000 s/mm2) and 3 b = 0 images were acquired in a gradient- 
weighted spin-echo sequence using the following parameters: repeti-
tion time 7800 ms, echo time 97 ms, flip angle 90◦, slice thickness 2.5 
mm, pixel size 1.25 mm × 1.25 mm, acquisition matrix 96 × 96. The 
standardized pipeline for Tract–Based Spatial Statistics (TBSS) was 
applied using the FRMRIB Software Library (FSL, version 5.0) and 
resulted in normalized and skeletonized maps of Fractional Anisotropy 
(FA), Mean Diffusivity (MD), Axial Diffusivity (AD) and Radial Diffu-
sivity (RD) (see also Steinbach et al. (2021)). 

Upon dual inspection of structural MRI datasets (FLAIR and T1 
weighted, done by RS and TM), subjects with intracranial pathologies 
that could affect the analyses (such as tumors, cysts, stroke or bleedings) 
were excluded. Representative images that resulted after processing (FA 
and T1 segments) were again visually inspected (by RS) and sorted out if 
any image artefacts/processing failures were observed. 

For illustration purposes, we marked the mototopic regions of the 
primary motor cortex (PMC). These had been used from the Brainne-
tome Atlas (http://atlas.brainnetome.org), as parcellations of Brod-
mann’s Area 4 representing a) tongue and larynx, b) head and face, c) 
upper limbs, d) trunk and e) lower limbs (Fan et al., 2016; Genon et al., 
2018). 

R. Steinbach et al.                                                                                                                                                                                                                              

http://www.neuro.uni-jena.de/cat/
http://atlas.brainnetome.org


NeuroImage: Clinical 30 (2021) 102674

3

2.3. Statistical analyses 

All statistical analyses were performed using the SPSS® software 
program (IBM®, v26.0.0.0). Non-normal distribution of all demographic 
and clinical variables was established using the Shapiro Wilks test. 
Metric variables are expressed as mean with standard deviation, skewed 
variables as median with interquartile-range and categorical variables as 
number and percentage. Comparison of group-wise means for de-
mographic and clinical variables were appropriately conducted either 
with a two-sample t-test, a Mann-Whitney-U test, or chi-square-/ Fisher- 
exact test. 

A voxel-wise general linear model was applied on the VBM as well as 
TBSS maps, using permutation-based nonparametric testing with a 

threshold-free cluster enhancement (TFCE) method, as implemented in 
FSL for the TBSS analyses (Winkler et al., 2014) and using the TFCE 
toolbox (version 1.0 r186, http://dbm.neuro.uni-jena.de/tfce/) for the 
VBM analyses (Smith and Nichols, 2009; Winkler et al., 2014). All inter- 
group comparisons have been corrected for age and gender as possibly 
confounding co-variates and all VBM analyses have been additionally 
corrected for TIV as recommended. 

We applied ANOVA designs with additional covariates for inter- 
group comparisons. On a case-control-level, we compared patients 
with bulbar onset (b-ALS) with healthy controls as well as patients with 
limb onset (l-ALS) versus controls. The resulting statistical maps were 
Family-Wise Error (FWE) corrected to account for multiple comparisons. 
A strict significance level of a p-value below 0.001 was applied for case- 

Table 1 
Demographic and Clinical Data for patients with bulbar-onset and limb-onset Amyotrophic Lateral Sclerosis.  

ALS (n = 78) bulbar (b-ALS) limb (l-ALS) p 

Demographics 
n 26 52 - 
age [years] $ 71.04 ± 14.7 

(64.33–74.0) 
63.45 ± 15.0 
(59.75–65.5) 

0.016*  

gender [male/female| # 9/17 
34.6%/65.4% 

37/15 
71.2%/28.8% 

0.002* 

handedness [left/right| # 1/25 
3.8%/96.2% 

5/47 
9.6%/90.4% 

0.342  

neurocognitive screening 
ECAS [points] $ 

ECAS total score 
ALS-specific subscore 
Non-ALS-specific subscore 

for n = 17: 
164 ± 38.0 (148–176) 
79.0 ± 19.0 (74–87) 
85.0 ± 19.0 (76–89) 

for n = 32: 
155 ± 32.0 (150–162) 
74.5 ± 15.0 (72–78) 
79.0 ± 16.0 (78 – 84) 

n = 49: 
0.244 
0.275 
0.270 

FAB [points] $  for n = 9: 
18.0 ± 0.5 (18–18) 

for n = 20: 
18.0 ± 1.8 (18–18) 

n = 29: 
0.255 

MMSE [points] $  for n = 9: 
30.0 ± 1.0 (30–30) 

for n = 20: 
29.0 ± 1.0 (29–30) 

n = 29: 
0.337  

traditional disease metrics 
ALSFRS-R total score [points] $ 

ALSFRS-R bulbar subscore 
ALSFRS-R fine-motor subsc. 
ALSFRS-R gross-motor subsc. 
ALSFRS-R ventilatory subsc. 

40.0 ± 9.0 (38–43) 
7.0 ± 4.0 (7–9) 
11.0 ± 3.0 (10–12) 
11.5 ± 3.0 (10–12) 
12.0 ± 1.0 (12–12) 

39.0 ± 10.5 (37–42) 
11.0 ± 2.0 (11–12) 
9.0 ± 4.0 (9–10) 
8.5 ± 6.0 (7–10) 
12.0 ± 1.0 (12–12) 

0.738 
<0.001* 
<0.001* 
0.002* 
0.506 

symptom duration [months] $ 12.5 ± 9.0 
(9.0–16.0) 

13.5 ± 15.0 
(11.0–18.0) 

0.348  

progression rate [points lost per month] $ 0.63 ± 0.5 
(0.43–0.8) 

0.5 ± 0.5 
(0.4–0.77) 

0.542 

King’s stage # I: 
II: 
III 
IVa: 
IVb: 
V: 

10 
9 
6 
0 
1 
0 

38.5% 
34.6% 
23.1% 
0% 
3.8% 
0% 

I: 
II: 
III 
IVa: 
IVb: 
V: 

14 
15 
18 
1 
4 
0 

26.9% 
28.8% 34.6% 
1.9% 
7.7% 
0% 

0.721  

MiToS stage # 0: 
I: 
II: 
III-V: 

24 
2 
0 
0 

92.3% 
7.7% 
0% 
0% 

0: 
I: 
II: 
III-V: 

40 
11 
1 
0 

76.9% 
12.1% 1.9% 
0% 

0.243   

D50 disease progression model parameters 
D50 [months] $ 23.98 ± 13.04 

(22.07–28.76) 
31.97 ± 19.16 
(29.57–35.51) 

0.105 

relative D50 (rD50) §  0.26 ± 0.1 
(0.21–0.31) 

0.26 ± 0.1 
(0.23–0.30) 

0.925 

Phase I (0 ≤ rD50 < 0.25) # 
Phase II (0.25 ≤ rD50 < 0.5) 
Phase III/IV (rD50 ≥ 0.5) 

I: 
II: 
III/IV: 

11 
14 
1 

42.3% 
53.8% 
3.8% 

I: 
II: 
III/IV: 

24 
26 
2 

46.2% 
50.0% 
3.8% 

0.913  

calculated functional state [points] § 38.77 ± 5.9 
(36.41–41.14) 

38.37 ± 6.6 
(36.52–40.21) 

0.793 

calculated functional loss rate [points lost per month] $ 0.85 ± 0.7 
(0.67–1.25) 

0.74 ± 0.7 
(0.54–0.88) 

0.194 

Continuous data is summarized for § as mean ± standard deviation or for $ as median ± interquartile range (each with the 95% confidence interval of the median in 
brackets). For categorial data (#), the number of cases and percentages are given. For comparison purposes, the Progression Rate, classifications according to the 
King’s Staging system or the MiToS System are given, each calculated from the ALSFRS-R score at MRI. 
Abbreviations: ALS Amyotrophic Lateral Sclerosis; ALSFRS-R revised ALS Functional Rating Scale, with bulbar subscore-sums of items 1–3, with fine-motor subscore- 
sums of items 4–6, with gross-motor subscore-sums of items 7–9 and with ventilatory subscore-sums of items 10–12; b-ALS bulbar-onset ALS; D50 estimated time in 
months for an individual to lose 50% of functionality; l-ALS limb-onset ALS; MRI Magnetic Resonance Imaging. 
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control contrasts, according to our former results (Steinbach et al., 
2020a). 

In addition, we conducted direct subgroup comparisons between the 
b-ALS and l-ALS group. To further examine the temporal evolution of 
changes, additional contrasts of patients in Phase I versus those in Phase 
II were conducted, separately for the b-ALS and l-ALS group. Here, a p- 
value below 0.05 with FWE-correction was applied for all subgroup 
analyses. 

Additional regression designs were applied to search for possible 
correlations with the total ALSFRS-R as well as with the bulbar subscore 
(ALSFRS-R items 1–3), with the fine (ALSFRS-R items 4–6) and with the 
gross motor functions subscore (ALSFRS-R items 4–9). For the regression 
analyses, a significance level of an FWE-corrected p-value below 0.05 
was applied, that was additionally Bonferroni-corrected to account for 
the numerous regression tests (resulting p-values for VBM were 0.005 
and for TBSS 0.0025). 

3. Results 

3.1. Study cohort 

Both cohorts, ALS and controls, had an equal gender distribution 
with 41 females in the ALS group (41.0%) and 37 female controls 
(53.6%; p = 0.127). However, patients with ALS were older than healthy 
controls (ALS: median 64.8 years, IQR 17.6; controls: median 53.7 years, 
IQR 14.2; p < 0.001). 

In the ALS cohort, 26 had bulbar and 52 limb onset of symptoms. 
Comparative clinical and demographic data is presented in Table 1. 
Notably, the b-ALS patients were older and included more women than 
the l-ALS patients. Consequently, these (age and gender) were included 
as nuisance covariates in all inter-group analyses. The b-ALS and l-ALS 
did not significantly differ in terms of D50 model parameters charac-
terizing disease covered (rD50, Phase, calculated functional state) nor 
the overall or acute disease aggressiveness (D50, calculated functional 
loss rate; see also Supplementary Fig. S2). 

3.2. VBM group results 

In comparison to healthy controls, patients with b-ALS and l-ALS 
showed widespread decrease of GM density in bilateral frontal, parietal, 
temporal and occipital lobes and in the upper hemispheres of the cere-
bellum (p < 0.001, FWE corrected, Fig. 1A&B). The subgroup compar-
ison between l-ALS and b-ALS revealed for b-ALS density decreases, also 
located in bilateral frontal, parietal, temporal and occipital lobes. Ac-
cording to the general motoric organization (homunculus) of the pri-
mary motor cortex (PMC), density decreases of b-ALS versus l-ALS were 
most evident within regions representing orofacial body parts (empha-
sized for the right site), distal parts of the lower limbs and to a lesser 
extend also upper-limb regions (p < 0.05, FWE corrected, Fig. 1C). 

The WM contrasts showed also decreased density within the associ-
ated fiber tracts of the bifrontal, bitemporal and biparietal lobes, either 
for b-ALS or for l-ALS in the respective case-control-comparisons (p <
0.001, FWE corrected, Fig. 1A&B). In comparison to l-ALS, the b-ALS 
subgroup showed WM density decreases in bilateral frontal, medial- 
temporal and to a minor extend parietal WM, all as a tendency more 
emphasized for the right hemisphere. Within the PMC, WM density 
decreases could be shown underlying the orofacial and neighboring 
upper-limb representation regions, again most evident for the right 
hemisphere (p < 0.05, FWE corrected, Fig. 1C). 

For an overview of all VBM group results readers are also referred to 
Supplementary Table S1. No GM or WM density increases could be 
revealed, neither for b-ALS versus l-ALS, nor for b-ALS/l-ALS relative to 
the control group (p < 0.05, FWE corrected). 

3.3. TBSS group results 

In comparison to healthy controls, the patients with b-ALS showed 
decreased FA-values within pathways of both frontal and temporal 
lobes, all more emphasized for the right hemisphere (p < 0.001, FWE 
corrected, Fig. 2A). The main affected pathways shown in this contrast 
encompassed the body of the corpus callosum and adjacent corona 
radiata, both superior and inferior longitudinal fasciculi and the right- 
hemispheric inferior fronto-occiptal fasciculus, the right uncinate 
fasciculus as well as parts of bihemispheric external and internal cap-
sules. In comparison to healthy controls, the b-ALS patients showed 
increased RD values within pathways that were mainly co-localized with 
the decreased FA values (p < 0.001, FWE corrected, Fig. 2B). The MD 
changes for the comparison of b-ALS and controls were more restricted 
and localized in the body and genu of the Corpus Callosum (p < 0.001, 
FWE corrected, Fig. 2C). 

In comparison to healthy controls, l-ALS patients did only show a 
small cluster of decreased FA, located subcortical of the right precentral 
gyrus (p < 0.001, FWE corrected Fig. 2D). Increased RD was found 
within smaller parts of bifrontal white matter and in addition within 
subcortical parts of both CSTs (p < 0.001, FWE corrected, Fig. 2E). The 
most significant changes for the comparison of l-ALS and healthy con-
trols were observed for increased MD, localized again mainly in bifrontal 
WM, including both CSTs reaching down until the mesencephalon (p <
0.001, FWE corrected, Fig. 2F). 

The direct comparison between l-ALS and b-ALS patients revealed 
only significant differences for the FA contrast in right-hemispheric 
pathways and none for MD or RD. Here, b-ALS patients showed rela-
tively decreased FA localized within the right fronto-occipital fasciculus, 
the Forceps Minor, the external capsule and the uncinate fasciculus (p <
0.05, FWE corrected, Fig. 2G). 

For an overview of all TBSS group results readers are also referred to 
Supplementary Table S2. None of the mentioned subgroup comparisons 
showed any statistically significant changes in AD (increases or de-
creases), FA increases, MD decreases or RD decreases. 

3.4. Structural changes across the relative disease course 

For b-ALS patients in Phase II compared to those in Phase I, the VBM 
analyses revealed GM density decreases of bilateral temporal and 
inferio-frontal lobes. The WM VBM showed corresponding density de-
creases mainly in subcortical regions adjacent to the cortical changes (p 
< 0.05, FWE corrected, Fig. 4A). Notably, the PMC region was totally 
spared in the GM as well as the WM contrasts, except a small portion of 
the left-hemispheric tongue/larynx region. 

For l-ALS, the comparison of patients in Phase II compared to those in 
Phase I revealed also cortical and subcortical density decreases in frontal 
and temporal regions for GM and WM respectively, and within both 
thalami (p < 0.05, FWE corrected, Fig. 4B). However, these presented 
less extensive than the changes observed for b-ALS patients. Impor-
tantly, the l-ALS patients showed relevant changes within the PMC over 
the disease course, localized mainly in the left hemispheric motoric 
areas representing the upper limbs. 

For TBSS analyses, there were no significant changes in FA, MD, RD 
or AD in Phase II relative to Phase I patients, neither for the b-ALS nor for 
the l-ALS group, as reported earlier (Steinbach et al., 2021). 

3.5. Voxel-wise regression analyses with clinical parameters 

We tested for correlations of the ALSFRS-R total as well as sub-scores 
with structural MRI parameters of VBM and TBSS in regression analyses 
(Fig. 4). 

Widespread negative correlation for RD and mainly co-localized for 
MD have been found with the total ALSFRS-R score, whilst positive 
correlations for the FA contrast have been more restricted (p < 0.0025, 
FWE corrected, Fig. 4A-C). For the latter, parts of the body of the corpus 
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callosum and adjacent corona radiata showed a positive correlation of 
FA with the total ALSFRS-R. Negative correlations for AD did not exceed 
the threshold of the Bonferroni-corrected p-value. 

A positive correlation with the bulbar-subscore of the ALSFRS-R was 
also revealed for FA in the TBSS analyses (p < 0.0025, FWE corrected, 
Fig. 4D). These were localized within the entire corpus callosum with 
corona radiata and in addition long association tracts such as the inferior 
and superior longitudinal fasciculi, the occipito-frontal fasciculi, unci-
nate fasciculi as well as the CSTs. Negative correlations of the bulbar 
subscore with the RD were restricted to body and genu of the Corpus 
callosum (p < 0.0025, FWE corrected, Fig. 4E). Negative correlations for 
AD or MD did not exceed the threshold of the Bonferroni-corrected p- 
value. 

No TBSS regression analyses revealed any significant correlations 
with either the fine-, gross- or ventilatory-subscore (also not for p-values 
of 0.05 before Bonferroni adjustment). 

For the VBM GM analyses, a positive correlation was revealed with 
the bulbar subscore, indicating density decreases that were associated 
with increased bulbar symptom burden (p < 0.005, FWE corrected, 
Fig. 4F). These were localized in the inferior frontal gyrus and in the 
right temporal lobe, including the medial, superior gyrus, the temporal 
pole as well as the medial temporal lobe and the Amygdala. All other GM 
as well as WM VBM regression analyses did not reveal any significant 
correlations, neither for any of the ALSFRS-R sub-scores nor for the total 
score. Applying the original p-values of 0.05 would only reveal a positive 
correlation of the total score with GM, mirroring parts of the contrast 
that showed a correlation with the bulbar subscore. 

4. Discussion 

This study compared MRI measures of cerebral structural integrity 
between cognitively normal b-ALS and l-ALS, whilst carefully consid-
ering patient’s individual disease course. We evaluated, that both sub-
groups did not differ in terms of disease covered/Phase or disease 
aggressiveness, using the D50 model. With means of VBM we could 
show, that the widespread ALS-related changes in GM and WM 
including all cerebral lobes, were more pronounced for b-ALS (Fig. 1). 
The TBSS analyses revealed changes in corresponding WM regions, 
where b-ALS was predominantly characterized through frontal FA de-
creases (Fig. 2). The pseudo-longitudinal comparisons of patients in 
disease Phase I versus Phase II revealed a differentiated pattern of spread 
for b-ALS and l-ALS. B-ALS was characterized through GM changes in 
extra-motoric frontal and temporal regions, whilst only the l-ALS pa-
tients showed further cortical and subcortical changes within the PMC 
along with the transition towards disease Phase II (Fig. 3). A higher 
bulbar symptom burden (lower bulbar ALSFRS-R subscore) was associ-
ated with right-temporal and inferio-frontal GM density decreases as 
well as FA decreases in inter-hemispheric and long association tracts 
(Fig. 4). 

Bulbar onset of symptoms in ALS is known to be a risk factor for 
shorter survival time and complications along with the disease course, as 
revealed in epidemiological cohort analyses (Calvo et al., 2017; 

Ganesalingam et al., 2009; Trojsi et al., 2017). With means of VBM, the 
direct comparison between b-ALS and l-ALS showed more severe density 
decreases in many GM areas of all cerebral lobes and upper hemispheres 
of the cerebellum. This in principle coincides with regions that have 
been described in other VBM analyses before for cognitively normal b- 
ALS patients (Bede et al., 2013; Kim et al., 2017). Other neuroimaging 
studies (e.g. measuring cortical thinning) per se also suggested that b- 
ALS patients are specifically characterized by an early and widespread 
involvement of cerebral GM (Schuster et al., 2013; van der Burgh et al., 
2020). In our study, especially cortical regions of the frontal and tem-
poral lobes were widely affected and consistently corresponded with 
adjacent WM density decreases. Also for WM, some studies reported the 
affection of frontal and temporal pathways before for b-ALS in com-
parison to l-ALS (Hartung et al., 2014; Kim et al., 2017). Our study 
shows, that altogether the location of GM and WM changes did highly 
correspond and were not remarkably different between l-ALS and b-ALS 
in comparison to healthy controls. However, we observed more pro-
nounced GM and WM atrophy in b-ALS in comparison to l-ALS in motor 
and extra-motor regions. 

Noteworthy, most parts of the upper limb and trunk segments of the 
homunculus were spared in the PMC for the GM contrasts, whereas the 
segments related to the tongue and face were particularly involved in b- 
ALS patients. It was described before in region of interest (ROI) based 
studies, that a selective vulnerability of the orofacial motor-cortex seg-
ments is detectable for b-ALS (Bede et al., 2013; Jin et al., 2019; Schuster 
et al., 2013). However, we were able to demonstrate this selective 
vulnerability of the PMC in b-ALS using a whole-brain-based approach. 
Consequently, a possible explanation for the more severe affection of 
extra-motor GM and WM regions for b-ALS may arise from the theory of 
corticofugal spread of ALS-related neuropathology, originating from the 
PMC (Braak et al., 2013; Eisen et al., 2017). In conclusion, in b-ALS 
patients a pronounced and early spread of ALS pathology, especially to 
frontal GM and WM regions, could be caused by the naturally higher 
grade of cortico-cortical integration of the orofacial motor-cortex re-
gions. Such projections are considered to functionally influence complex 
motor-performances of orofacial muscles, such as facial expressions or 
speech production (Greenlee et al., 2004; Morecraft et al., 2004; Tokuno 
et al., 1997). An increased vulnerability of the orofacial PMC, due to its 
high level of integration as neocortical structure, has been discussed in 
the context of ALS pathophysiology before (Devine et al., 2013; Eisen, 
2009). 

The notion that b-ALS is characterized by an earlier cortical and 
subcortical spread of pathology is further corroborated by our pseudo- 
longitudinal comparisons that suggest that this is a matter of the early 
disease Phase I and/or may occur within pre-symptomatic Phases of b- 
ALS. No expansion of further cortical involvement within the PMC has 
been observed in b-ALS along with the transition towards disease Phase 
II. On the contrary, l-ALS patients in Phase II have been characterized by 
significantly more density decreases in facial and upper limb parts of the 
PMC and adjacent WM. These effects have been more pronounced for 
the left hemisphere, which suggests a mirroring spread of pathology 
towards the primarily less affected side. In all contrasts of this study, 

Fig. 1. VBM group analyses of bulbar versus limb-onset ALS. The pictures show p-thresholded contrasts of VBM inter-group comparisons of GM (blue-green colorbar) 
and WM (red-yellow colorbar) overlaid on the MNI152_2009 template of MRIcroGL. Additionaly, regions of the motopopic organization of the PMC have been 
overlaid (derived from the Brainnetome Atlas, in violet and brown colors). A) B-ALS vs. healthy controls: GM VBM showed decreased density for b-ALS within 
bilateral frontal, temporal, parietal and occipital lobes as well as parts of the cerebellum. The WM contrasts showed also decreased density within associated fiber 
tracts of the bifrontal, bitemporal and biparietal lobes (TFCE; FWE corrected p < 0.001; nuisance co-variates: age, gender, TIV). B) L-ALS vs. healthy controls: GM as 
well as WM VBM showed density decreases within the same regions as for b-ALS vs. healthy controls, although as a tendency less widespread (TFCE; FWE corrected p 
< 0.001; nuisance co-variates: age, gender, TIV). C) B-ALS vs. l-ALS: b-ALS showed more density decreases in bilateral frontal, parietal, temporal and occipital lobes 
as well as WM decreases in bilateral frontal, medial-temporal and to a minor extend parietal WM. Within the PMC, GM regions representing orofacial body parts and 
distal parts of the lower limbs showed lower densities for b-ALS. For WM, such density decreases underlay orofacial and neighboring upper-limb representation 
regions of the PMC, all again more emphasized for the right site. (TFCE; FWE corrected p < 0.05; nuisance co-variates: age, gender, TIV). Abbreviations: ALS: 
Amyotrophic Lateral Sclerosis; b-ALS: bulbar-onset ALS; FWE: Family-Wise Error; GM: Grey Matter; l-ALS: limb-onset ALS; PMC: Primary Motor Cortex; TFCE: 
Threshold-Free Cluster Enhancement; TIV: Total Intracranial Volume; WM: White Matter. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.) 
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changes within the right hemisphere had been more evident, suggesting 
this the preferential side of pathology for this study cohort. 

The TBSS analyses showed also ALS-related structural changes 
within known core regions of ALS pathology corresponding to the WM 
atrophy observed in the VBM analyses. Only the FA contrast showed 
differences in the direct subgroup comparisons between b-ALS and l- 
ALS, localized within right-frontal long association fiber tracts, mainly 
the occipito-frontal fasciculus. Former studies of both ALS onset-types, 
also described a dominance of FA changes for b-ALS (Borsodi et al., 
2017; Cardenas-Blanco et al., 2014; Prell et al., 2013; van der Graaff 
et al., 2011). However, an advantage of the results described here is that 
we were consistently able to confirm the observations of case-control 
comparisons in direct subgroup analyses of b-ALS versus l-ALS. The 
FA changes evident in our b-ALS cohort underline the notion of an 
earlier and more severe affection of extra-motoric domains for this 
onset-type. This could be observed between b-ALS and l-ALS, despite 
equal disease Phases and aggressiveness of both subgroups. As such, 
these findings might indeed represent a neuroimaging correlate of a 
higher degree of cerebral pathology for b-ALS. Meanwhile, the l-ALS 
cohort is more represented by MD and RD changes, that are typically 
considered as a result of myelin changes (Song et al., 2002) and could be 
implicitly revealed within bilateral CSTs. The pseudo-longitudinal TBSS 
contrasts did not reveal any further changes in-between disease Phases I 
and II, which has been observed before (Steinbach et al., 2021). It could 
thus be suggested that changes within the major Fiber bundles, that are 
detectable with TBSS, are relatively stable in the ongoing disease, whilst 
the WM changes observed via VBM are possibly a correlate of extra- 
neuronal (e.g. glial) changes and/or affecting more diverse WM parts 
(e.g. subcortical). However, subtle changes may have been obfuscated 
due the usage of DTI sequences from a scanner with a relatively lower 
field strength (1.5 T) and only 30 diffusion directions applied. The MRIs 
used for this study were acquired on a scanner used in clinical routines, 
thus our results may have direct implications for diagnostic workups of 
patients, e.g. for regular stagings. Nevertheless, further studies using our 
approaches with 3 Tesla (or higher field strength) MRI data are 
necessary. 

The regression analyses also confirmed the association between a 
higher bulbar dysfunction and a higher degree of impaired structural 
integrity, as significant correlations with the bulbar subscore could be 
revealed (which underlines the consistency of our results again). With 
means of VBM, higher bulbar burden was associated with more GM 
density decreases, again concentrated within frontal and right-temporal 
regions. To the best of our knowledge a similar correlation was not re-
ported before, but Kim et al. showed correlations with the total ALSFRS- 
R almost solely for their b-ALS group, including bilateral frontal, left 
superior, and supramarginal gyri (Kim et al., 2017). We assume this 
could be driven by the lower bulbar subscore in this group. However, in 
our cohort the total ALSFRS-R did not correlate with VBM measures 
applying the same strict significance level. Notably, no significant 
regression results could be shown for any WM VBM contrast, neither 
with the total nor with any ALSFRS-R subscore, homologous former 
VBM studies that also failed to reveal direct associations with the total 
ALSFRS-R-score (Agosta et al., 2007; Kassubek et al., 2005; Rajagopalan 
and Pioro, 2014; Turner et al., 2007). 

However, with means of TBSS widespread correlations could be 
shown, likewise former studies for the total ALSFRS-R (Cirillo et al., 
2012; de Albuquerque et al., 2017; Prudlo et al., 2012; Sage et al., 2009; 
Trojsi et al., 2015). Here, our results again underline the notion that 
associations of scalar DTI values with the total ALSFRS-R score mostly 
rely on the degree of bulbar dysfunction, as co-localized patterns of 
associations have been revealed for both the total ALSFRS-R and the 
bulbar subscore. Thereby, the latter was most prominently reflected by 
widespread FA decreases, thus confirming our former subgroup ana-
lyses. Relations between the bulbar subscore and WM-DTI-changes have 
to the best of our knowledge not been described before. But Shellikeri 
et al. (2019) found associations of the speech dysdiadochokinese rate 
with FA and RD in orofacial parts of the right PMC. Also Roccatagliata 
et al. (2009) found reduced FA in the CST that correlated with a bulbar- 
burden-score. 

In summary, our results indicate that b-ALS is mainly characterized 
by an early and widespread cortical pathology, implicitly affecting and 
probably originating from the orofacial segments of the PMC. With the 
ongoing disease until disease Phase II, further loss of structural integrity 
occurs in extra-motor-domains, mainly within the frontal and temporal 
lobes. Thus, b-ALS patients with the same degree of disease covered and 
equal aggressiveness profiles show more structural frontotemporal 
changes in comparison to l-ALS patients. In contrast, l-ALS shows 
worsening of GM as well as WM pathology within primary motor- 
regions along with the transition towards disease Phase II. This sug-
gests that l-ALS patients have fewer cerebral structural integrity loss 
within the early course of the ALS disease, possibly due to a lower degree 
of neuronal network integration of the first pathologically affected 
regions. 

This study is not free of limitations. First of all, it represents mono-
centric data that cannot be generalized for all ALS patients. Moreover, a 
typical referral bias to tertiary ALS centers is known, where the ALS 
patients are more likely younger with a longer survival time and a 
smaller proportion of bulbar-onset, if compared to the geographical ALS 
population (Logroscino et al., 2018; Sorenson et al., 2007). Here, our b- 
ALS cohort had a significantly higher proportion of female patients (than 
in the l-ALS group), who were also older at symptom onset, which was 
reported from other studies of European ALS cohorts before (Calvo et al., 
2017; Kim et al., 2017). Also, the conducted selection of patients with at 
least two ALSFRS-R assessments may have led to the exclusion of pa-
tients with rather higher disease aggressiveness, who were thus more 
likely lost to follow-up. Encompassing genetic profiles were also not 
available for the current ALS cohort, but would be desirable to search for 
potential associations of our neuroimaging finding with for example 
presence of C9orf72 expansions. Although we applied neurocognitive 
screening assessments to exclude patients with cognitive performances 
below normal range, we cannot exclude minor impairment for the pa-
tients with ALS. Further studies are needed, in cohorts that underwent 
consistent and thorough neurocognitive testing, including healthy con-
trols. The subgroups of b-ALS and l-ALS had differing age and gender 
distributions; thus, all conducted analyses were accordingly corrected 
for these co-variates. Nevertheless, we propose that studying larger co-
horts would be necessary to conduct additional analyses with e.g. 
pairwise matched patients to fully explore the potentially interacting 

Fig. 2. TBSS group analyses of bulbar versus limb-onset ALS. The pictures show significant p-thresholded contrasts of TBSS inter-group comparisons for FA, AD, MD 
or RD respectively (red-yellow colorbar) overlaid on the averaged FA skeleton in representative axial slices (visualization with MRIcroGL). A-C) B-ALS vs. healthy 
controls: Revealed widespread FA decreases of b-ALS, most evident in the corpus callosum and adjacent corono radiata as well as long association tracts of frontal, 
parietal and temporal lobes. Increased RD was mainly co-localized with the decreased FA, whilst MD increases were more restricted. (TFCE; FWE corrected p < 0.001; 
nuisance co-variates: age, gender). D-F) B-ALS vs. healthy controls: The most significant changes were observed for increased MD, localized mainly in bifrontal WM 
including both CSTs, in some parts with overlapping RD increases. The FA contrast did only show a small cluster of decreased FA right subcortical of the precentral 
gyrus. (TFCE; FWE corrected p < 0.001; nuisance co-variates: age, gender). G) B-ALS vs. l-ALS: Showed only significant changes for FA. These decreases were located 
within the right-hemispehric WM, mainly the occipito-frontal fasciculus and the Forceps Minor. (TFCE; FWE corrected p < 0.05; nuisance co-variates: age, gender). 
Abbreviations: AD: Axial Diffusivity; b-ALS: bulbar-onset ALS; CST: Cortico-Spinal-Tract; FA: Fractional Anisotropy; FWE: Family-Wise Error; l-ALS: limb-onset ALS; 
MD: Mean Diffusivity; RD: Radial Diffusivity; TFCE: Threshold-Free Cluster Enhancement; WM: White Matter. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.) 
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Fig. 3. Pseudolongitudinal comparison of b-ALS/l-ALS patients in Phase I versus II. The pictures show p-thresholded contrasts of VBM inter-group comparisons of GM 
(blue-green colorbar) and WM (red-yellow colorbar) overlaid on the MNI152_2009 template of MRIcroGL. Additionally, regions of the motopopic organization of the 
PMC have been overlaid (derived from the Brainnetome Atlas, violet and brown colors). A) Phase I vs. Phase II for b-ALS patients: GM and WM density decreases were 
revealed in bilateral temporal and inferio-frontal lobes, whilst no relevant additional changes have been revealed in the PMC. (TFCE; FWE corrected p < 0.05; 
nuisance co-variates: age, gender, TIV). B) Phase I vs. Phase II for l-ALS patients: The frontal and temporal GM/WM density decreases presented less extensive than 
the changes observed for b-ALS patients. Here, relevant changes within the PMC were revealed, localized mainly in the left hemispheric motoric areas representing 
the upper limbs. Abbreviations: ALS: Amyotrophic Lateral Sclerosis; b-ALS: bulbar-onset ALS; FWE: Family-Wise Error; GM: Grey Matter; l-ALS: limb-onset ALS; PMC: 
Primary Motor Cortex; TFCE: Threshold-Free Cluster Enhancement; TIV: Total Intracranial Volume; WM: White Matter. (For interpretation of the references to colour 
in this figure legend, the reader is referred to the web version of this article.) 
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effects of participants’ demographics. 

5. Conclusions 

Our results show a higher degree of neurodegenerative burden in b- 
ALS that likely contributes to the known worse morbidity for this 
phenotypic subgroup of the ALS disease. This underlines the necessity of 
highly frequent advanced care planning of these patients in order to 
avoid early complications and to provide timely individualized therapy. 

We provide strong rationales to separate or correct for the type of 
disease onset in ALS studies, whilst also considering the Phase of indi-
vidual disease covered and disease aggressiveness profiles. 

Future, large-scale and probably multi-center studies are needed to 
incorporate more aspects of phenotypic presentation, such as laterality, 
patterns of regional spread or genetic heterogeneity. We recommend 
using the D50 model in order to provide quantification and compara-
bility of patients’ highly individualized disease course. 
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