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Introduction
Amyotrophic lateral sclerosis (ALS) is the most 
frequent adult onset motor neuron disease, 
simultaneously affecting upper motor neurons 
and lower motor neurons in the brain and spinal 
cord; the neurodegenerative syndrome shares 
pathobiological features with frontotemporal 
dementia (FTD) so that up to 15% of patients 
fulfil criteria of both diseases.1 In 5–10% of ALS 
patients, a positive family history for ALS can be 
detected (familial ALS, fALS),2 and there is 
increasing evidence that the autosomal dominant 

inheritance of a hexanucleotide expansion in the 
first intron of the C9orf72 gene is the most com-
mon cause of fALS in people of Northern 
European ancestry and is also a major contribu-
tor to frontotemporal pathology in ALS.3–5 The 
most comprehensive neuroanatomical character-
ization of the C9orf72 genotype has been pro-
vided by detailed postmortem histopathology 
studies, but the search for in vivo biomarkers of 
disease onset and progression in C9orf72 repeat 
expansion carriers has also yielded promising 
candidates with a focus on neuroimaging.6 By 
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Abstract
Background: C9orf72 hexanucleotide repeat expansions are associated with widespread 
cerebral alterations, including white matter alterations. However, there is lack of information 
on changes in commissure fibres. Diffusion tensor imaging (DTI) can identify amyotrophic 
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I to V were identified and correlated with clinical data.
Results: The analysis of white matter integrity demonstrated regional FA reductions for tracts 
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were correlated with clinical parameters.
Conclusion: The tract-of-interest-based analysis showed a microstructural callosal 
involvement pattern in C9orf72-associated ALS that included the motor segment III together 
with frontal callosal connections, as an imaging signature of the C9orf72-associated overlap of 
motor neuron disease and frontotemporal pathology.
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use of diffusion tensor imaging (DTI), the quan-
tification of the diffusion properties, typically 
described as fractional anisotropy (FA), has been 
used to evaluate the neuronal fibre integrity, 
directional coherence and tissue microstructure 
in the brain. Previous data-driven DTI studies in 
patients with C9orf72 expansion in cross-sec-
tional and longitudinal design demonstrated 
alterations in motor tracts6–8; in addition, further 
white matter areas and several white matter tracts 
were found to be affected,9 for example, in the 
frontal white matter.8,10 A recent study demon-
strated in vivo histopathological staging specifi-
cally in C9orf72-associated ALS by application of 
a tract of interest (TOI)-based DTI analysis 
technique.8,11,12

Corpus callosum (CC) degeneration is a recog-
nised feature of ALS and has been consistently 
highlighted by post mortem studies and demon-
strated repeatedly in vivo by computational neu-
roimaging as part of the widespread white matter 
changes in ALS.13–19 A recent study demonstrated 
in vivo histopathological staging specifically in 
C9orf72-associated ALS by application of a TOI-
based DTI analysis technique.8,11,12 It has been 
demonstrated that genotype-specific changes in 
C9orf72 associated ALS can be observed in com-
missure fibres including the anterior CC.20 
Pathology of callosal damage in ALS by an ex vivo 
7T MRI study showed increased microglial cells 
in the body of the CC, especially in cases with 
C9orf72 mutations, and increased reactive astro-
cytes throughout the CC.21 Obviously, the fibre 
changes were not distributed equally along the 
callosal structure but had a distinct pattern along 
the CC in ALS.22 According to fibre tractography 
studies,23 the CC can be subdivided into five dif-
ferent structural areas: I–V. How ALS-associated 
fibre changes of the CC follow these structural 
areas and whether the CC affectation pattern is 
distinctly different between genotypes is unclear. 
Of special interest are those patients carrying 
C9orf72 mutations as these are expected to be 
associated with the most severe microstructural 
alterations and thus the most widespread white 
matter alterations.24

In the current study, the TOI-based analysis of 
DTI data was applied to the five different CC 
areas according to Hofer and Frahm in ALS 
patients with C9orf72 expansion, in order to 
investigate in vivo the specific callosal alteration 
pattern. 23

Materials and methods

Subjects and patient characteristics
A total of 25 ALS patients with confirmed C9orf72 
expansion mutations were included. Clinically they 
met the revised El Escorial diagnostic criteria.25 
Four of the C9orf72 expansion carriers fulfilled the 
criteria for ALS-FTD of the behavioural type 
(bvFTD) according to Rascovsky criteria.2 Details 
of demographics, clinical data including the revised 
ALS functional rating scale (ALS-FRS-R),26 slope 
of ALS-FRS-R as an indicator for disease progres-
sion, upper motor neuron (UMN) burden score,27 
site of onset, and disease duration are summarized 
in Table 1.

ALS patients with C9orf72 expansions were com-
pared first, with a group of 25 age- and gender-
matched controls and second, with a group of 25 
sporadic ALS patients who had no family history of 
motor neuron disease (MND) and had been  
tested negative for the major genes related to ALS  
(Table 1). Gross brain pathology, including vascu-
lar brain alterations, could be excluded by conven-
tional MRI including fluid attenuated inversion 
recovery sequences. All control individuals lacked a 
family history of neuromuscular disease and had no 
history of neurological, psychiatric or other major 
medical illnesses and were recruited from among 
spouses of patients and by word of mouth.

All participants provided written informed con-
sent for the study protocol according to institu-
tional guidelines which had been approved by the 
Ethics Committee of Ulm University, Germany 
(No. 19/12).

Genetic analysis
DNA was extracted from whole EDTA-containing 
venous blood samples as previously described. 
Analysis of the C9orf72 repeat length was per-
formed by fragment length analysis and repeat-
primed PCR (RP-PCR) using previously published 
primers.29 Since PCR-based methods cannot deter-
mine the size of larger expanded repeat-alleles, 
samples with a sawtooth pattern in the RP-PCR 
were further analysed using Southern blot.3

Magnetic resonance imaging acquisition
Magnetic resonance imaging (MRI) scans were 
obtained on a 1.5 Tesla Magnetom Symphony 
scanner (Siemens Medical, Erlangen, Germany). 
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The DTI study protocol consisted of 52 volumes 
(64 slices, 128 × 128 pixels, slice thickness 
2.8 mm, pixel size 2.0 mm × 2.0 mm), represent-
ing 48 gradient directions (b = 1000 s/mm2) and 
four scans with b = 0; TE and TR were 95 ms and 
8000 ms, respectively.

Data analysis
DTI data were analysed with the software Tensor 
Imaging and Fibre Tracking (TIFT).30 The 

algorithms used in this study have been described 
previously in detail.11,12,31 In short, stereotaxic 
normalization to the Montreal Neurological 
Institute (MNI) space was performed iteratively 
by combined linear and non-linear registration 
using study-specific templates.32 From the stere-
otaxically normalized DTI data sets of all sub-
jects, individual FA maps were calculated 
quantitatively. A Gaussian filter of 8 mm full 
width at half maximum was applied for smooth-
ing of the individual FA maps in order to reduce 

Table 1. Subject characteristics including disease duration, site of onset, ALS-FRS-R, disease progression rate (slope of ALS-
FRS-R), UMN burden score,27 and cognitive profile measured by the ECAS.28.

Gender 
(m/f)

Age 
(years)

Disease duration 
(months median)

Site of onset 
bulbar/
spinal

ALS-
FRS-R 
median

ALS-FRS-R 
slope median

UMN 
burden 
score

ECAS 
total 
score

C9orf72-
associated 
ALS

17/8 63 ± 11 
(range 
35–79)

12, range 3–37 10/15 41 
(range 
27–48)

−13/year 
range (−1 to 
−31)/year

7 ± 6 
range 
(2–14)

30 ± 8

Sporadic 
ALS

14/11 64 ± 11 
(range 
31–83)

11, range 5–28 7/18 43 
(range 
30–48)

−8/year 
range (−1 to 
−28)/year

7 ± 4 
range 
(2–14)

Not 
available

Controls 18/7 63 ± 16 
(range 
26–80)

– – – – – –

p Kruskal–
Wallis 
0.62

Kruskal–
Wallis 0.81

t test 0.98 – t test 
0.80

t test 0.64 t test 0.16  

ALS, amyotrophic lateral sclerosis ; ALS-FRS-R, revised ALS functional rating scale; ECAS, Edinburgh cognitive and behavioral ALS screen; f, 
female; m, male; UMN, upper motor neuron.

Table 2. Association analysis of TFAS-based FA values of tracts of CC areas I–V with the clinical parameters (disease duration, ALS-
FRS-R and UMN burden score).

Clinical parameter CC area I 
tracts

CC area II 
tracts

CC area III 
tracts

CC area IV 
tracts

CC area V 
tracts

C9orf72-
associated ALS

Disease duration −0.21 −0.09 −0.51* −0.14 −0.11

ALS-FRS-R −0.04 0.12 0.40* −0.19 −0.02

UMN burden score −0.02 −0.43* −0.61* 0.00 −0.10

Sporadic ALS Disease duration 0.25 0.09 −0.01 0.07 0.27

ALS-FRS-R 0.23 0.39 0.43* 0.20 0.14

UMN burden score −0.36 −0.56* −0.52* −0.38 −0.31

*Significant correlation.
ALS, amyotrophic lateral sclerosis ; ALS-FRS-R, revised ALS functional rating scale; CC, corpus callosum; FA, fractional anisotropy; TFAS, 
tractwise fractional anisotropy statistics; UMN, upper motor neuron.
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residual individual morphological differences 
after stereotaxic normalization.33 Finally, data 
were corrected for the covariate age. Examples for 
stereotaxic CC matching are presented in 
Supplemental Figure S1.

From the MNI normalized data of 25 controls, an 
averaged data set was calculated; this data set was 
used for fibre tracking. That way, common FT 
masks could be applied to the individual FA maps. 
To this end, a conventional streamline tracking 
was used with a vector product threshold of 0.9 
and an FA threshold of 0.2.34,35 Subsequently, the 
CC could be subdivided into five areas23: area I 
tracts are callosal fibres comprising bundles pro-
jecting into the prefrontal lobe, area II tracts are 
callosal fibres projecting to frontal areas including 
premotor and supplementary motor cortices, 
area III fibres project to the primary motor corti-
ces, area IV fibres project to primary sensory corti-
ces, and area V fibres project to parietal lobe, 
occipital lobe and temporal lobe. Defined tracts 
originating in CC areas I–V according to this 
scheme were identified with the TOI approach.17 
Figure 1 shows the separate tracts, calculated from 
the averaged template (MNI normalized data of 25 
controls), with starting seeds for fibre tracking 
depicted in the median sagittal slice (Supplemental 
Figure S1). The seed areas were set according to 
the Hofer and Frahm scheme with respect to an 
FA threshold of 0.2.23 This seed placement has 
been performed in callosal areas I-V with FT seed 
points restricted to the CC (Supplemental Figure 
S1). Supplemental Figure S2 shows fibre 

tracking-based end points of tracts originating in 
the callosal areas I–V. Tract-wise fractional anisot-
ropy statistics (TFAS) were performed by statisti-
cally comparing the FA values in each tract 
between the two groups (Student’s t test),34,36 not 
considering FA-values below 0.2, since cortical 
grey matter shows FA values up to 0.2.35

A correlation analysis between individual tract-
based FA-values and clinical and cognitive scores 
was performed with Pearson correlation. A 
threshold of p < 0.05 (two-tailed) was used for 
statistical interference.

Results

Structural changes in C9orf72 fALS patients
The analysis of the regional FA differences in the 
CC-associated tracts by use of TFAS showed sig-
nificant differences in the averaged FA values 
between the C9orf72 fALS patients and the con-
trols, as demonstrated in Figure 2. The differ-
ences were significant in the tracts of callosal 
areas II and III, while no significant alterations 
were detected in the tracts of callosal areas I, IV 
and V (Bonferroni-corrected for multiple com-
parisons). TFAS demonstrated significant differ-
ences in the averaged FA values between the 
sporadic ALS patients and the controls in the 
tracts of callosal area III, but not in the tracts of 
callosal area II (Figure 2). No significant altera-
tions between C9orf72 fALS patients and sporadic 
ALS patients could be detected. Results for mean 

Figure 1. Tracts of the different segments of the CC with starting seeds for fibre tracking in callosal areas I–V 
of the median sagittal slice. The fibre tracts were calculated from the averaged data set from 25 controls. Tract 
volumes are given in mm3, calculated from the number of contributing voxels.
CC, corpus callosum.

https://journals.sagepub.com/home/taj


H-P Müller, D Lulé et al.

journals.sagepub.com/home/taj 5

FA values and corresponding p values are sum-
marized in Supplemental Table S1.

For the C9orf72 group, significant associations 
with ALS-FRS-R, UMN burden score and dis-
ease duration, respectively, were observed for the 
tracts of callosal area III, while no significant cor-
relations resulted from the analysis of the tracts of 
the remaining callosal areas including area II. For 
the sporadic ALS group, significant associations 
with ALS-FRS-R and UMN burden score were 
also observed solely for the tracts of callosal 
area III. The results are summarized in Table 2. 
No associations were observed for site of onset 
and disease progression rate.

Level analysis of callosal tracts originating in 
areas II and III
To provide a more comprehensive profile of the 
callosal tracts for CC areas II and III it was inves-
tigated whether there is higher abnormality at an 
extra-callosal level or at the level of the CC; to 
this end, regions were specified along the callosal 
tracts, separating into CC and extra-CC 
(Supplemental Figure S3, Supplemental Table 
S2). TFAS showed significant differences for the 
C9orf72 patients, related mostly to extra-callosal 
parts, both for tracts of areas II and III. For the 
sporadic ALS patients, significant differences 
from controls could be shown for callosal tracts of 
area III.

Association of structural and cognitive changes
FA values for the tracts of callosal areas I–V were 
correlated to the executive function score of the 
Edinburgh cognitive and behavioral ALS screen 
(ECAS).28 For the C9orf72 patients, a positive 
association was observed for tracts of callosal 
areas I (p = 0.02, R2 = 0.55) and II (p = 0.06, 
R2 = 0.46) to executive function, whereas tracts 
of callosal areas III, IV and V showed no 
association.

Discussion
The search for biomarkers in ALS with C9orf72 
repeat expansion has yielded promising candi-
dates in the neuroimaging domain, including  
thalamic atrophy, global loss of functional con-
nectivity, global volume loss (ventricular atrophy, 
subcortical atrophy), diffuse cortical thinning and 
loss of white matter integrity.9,37,38 Recently, a 
hypothesis-driven DTI study showed a sequential 
corticoefferent spreading pattern in ALS with 
C9orf72 expansions according to the principles of 
the proposed neuropathological staging concept 
of ALS, which is based on cerebral TDP43 pathol-
ogy.8 Given that data-driven DTI studies had 
demonstrated reduced integrity of frontal white 
matter and association tracts,6 the current study 
addressed the unresolved question of whether, 
and to what extent, there is a DTI-based associa-
tion fibre in the CC signature of C9orf72 repeat 
expansion.

Figure 2. TFAS at the group level for C9orf72 fALS patients compared with controls. TFAS demonstrated 
significant regional FA reductions in tracts of callosal areas II and III in C9orf72 fALS patients compared with 
matched controls and FA reductions in tracts of callosal area III in sporadic ALS patients. Error bars are SEM.
*p < 0.05, **p < 0.001 (Bonferroni-corrected).
ALS, amyotrophic lateral sclerosis; FA, fractional anisotropy; fALS, familial ALS; SEM, standard error of the mean; TFAS, 
tractwise fractional anisotropy statistics.
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To this end, a hypothesis-guided TOI-based 
approach was applied to MRI data of patients 
with C9orf72 repeat expansion-associated ALS. 
This technique specifically addressed the callosal 
white matter fibres that fan out into the white 
matter of both hemispheres, that is, the radiation 
of the CC; here, the homotopic commissural con-
nections that interconnect the frontal lobes pass 
in the anterior half of the CC, while the others 
pass in the posterior half.39 In order to reflect the 
DTI approach, the topological classification was 
performed following the scheme of Hofer and 
Frahm,23 which was also derived from a DTI-
based tract-tracing algorithm.

The results demonstrated, both for the C9orf72 
group and the sporadic ALS group that was 
included as a control sample, a predominant 
involvement of tracts of callosal area III, which 
also showed significant correlations with the clini-
cal presentation (ALS-FRS-R, UMN burden 
score and disease duration, respectively), that is, 
involvement of the motor cortex; note that, in 
contrast to patients with sporadic ALS, tracts of 
callosal area II showed significant FA reductions 
only in C9orf72 patients. This finding indicates a 
more marked frontal involvement in familial 
C9orf72 patients than in sporadic ALS patients. 
Area II contains fibres projecting to frontal regions 
(including premotor and supplementary motor 
cortical areas), while area III comprises fibres pro-
jecting into the primary motor cortices. It has 
already been reported for sporadic ALS that the 
involvement of the CC is a consistent feature in 
MRI.22,40,41 More specifically, CC area III, that is, 
the motor segment,23 has been reported to dem-
onstrate high T2 signal and regional atrophy at 
individual levels in routine structural MRI in 
MND,42 and has been discussed as an imaging 
marker in ALS.14,15 The current data are in agree-
ment with previous studies,15,43 which showed 
associations of the callosal motor area with UMN 
burden score. In a recent T1w MRI-based tex-
ture analysis, the subtype (sporadic) primary lat-
eral sclerosis (PLS) was associated with focused 
regional CC atrophy and texture alterations lim-
ited to the motor-related callosal area III.44 The 
tracts of the callosal area III showed significant 
FA reductions in C9orf72 patients as well as in 
sporadic ALS patients. In the light of the cortico-
efferent spread of pathology from the motor cor-
tices in ALS, a separate analysis of the superior 
cortex-adjacent and the CC-adjacent parts of the 
tracts demonstrated more marked involvement 

(lower FA) of the former than the latter areas, 
indicating indirect support of the corticoefferent 
model both for C9orf72 patients and sporadic 
ALS patients. These findings are generally in 
agreement with previous DTI studies in ALS,45 
but remain to be confirmed in a future study with 
higher subject numbers.

The current DTI study thus supports the segmen-
tal involvement of tracts originating from the CC 
in C9orf72 fALS. The anatomical involvement of 
the cerebral structures in C9orf72 repeat expan-
sion-associated ALS corresponds to the TDP43 
propagation pattern, as reported in the original 
description.46 Accordingly, it can be mapped by 
the TOI-based approach in vivo.8 The specific 
involvement of the fibres interconnecting the 
motor cortices is another element of the fingerprint 
of cerebral white matter alterations in fALS 
patients with C9orf72 expansion. These data are in 
accordance with the results of previous data-driven 
DTI studies,6 which showed a widespread reduc-
tion of white matter integrity in this patient sub-
group. The involvement of area II – which could 
not be demonstrated in the sporadic ALS group – 
is of specific interest, indicating that fronto-tempo-
ral involvement as a part of the spectrum of 
C9orf72-associated disorders might be reflected by 
a reduction in FA in tracts originating from more 
frontal CC parts, which represent fibres homotopi-
cally interconnecting the bilateral frontal cortices.

These findings await confirmation in larger 
groups of C9orf72-positive patients with clinical 
presentation of frontal deficits. The concept is 
further supported by the association of executive 
dysfunction and changes in frontal callosal areas I 
and II. Executive dysfunction is the most promi-
nent cognitive change in behavioral variant FTD 
patients and ALS,47,48 and executive functions are 
processed in dorsal frontal hemispheres that are 
interconnected by frontal callosal areas I and II. 
White matter alterations in fibres of dorsal frontal 
areas have been shown to be altered in association 
to executive dysfunction.49 We hereby present 
evidence that changes in frontal fibres can also be 
shown on the callosal level. Accordingly, it can be 
assumed that the pattern of FA changes in frontal 
parts of the CC in the four FTD patients resem-
bles a correlate of executive dysfunction also in 
motor type ALS patients. It also underlines previ-
ous findings of white matter alterations in frontal 
areas that are seen in patients with executive dys-
function at early pathological stages of ALS.50
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This study was not without limitations. There 
was no neuropathological confirmation of the 
neuroimaging results by autopsy. Future studies 
should include longitudinal data to investigate the 
possibility of tracking disease propagation, as pre-
viously demonstrated for staging schemes of spo-
radic ALS patients.17,50,51

In summary, the results of this study in C9orf72-
fALS demonstrate a segmental CC involvement 
with predominance of callosal tracts II and III 
where the correlation to the clinical presentation 
(ALS-FRS-R, UMN burden score and disease 
duration) is dominated by callosal tract III altera-
tions, that is, involvement of the motor cortex. 
This specific characterisation of commissural 
white matter tracts adds novel insights to an 
established facet of ALS pathology.19 From the 
clinical perspective, the involvement of the CC, 
and especially the callosal tracts of area II, might 
be utilized as a promising candidate imaging 
marker for cerebral white matter abnormalities in 
C9orf72 fALS patients,9 which also addresses the 
C9orf72-associated overlap of motor neuron dis-
ease and frontotemporal pathology. These find-
ings may be of clinical relevance for future clinical 
trials, for example, persons known to carry the 
C9orf72 expansion could receive DTI-based 
analyses at a presymptomatic stage to determine 
the time point in the disease course when the in 
vivo detection of the segmental CC alterations is 
possible.
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