
r Human Brain Mapping 35:1351–1361 (2014) r

Structural Brain Network Imaging Shows
Expanding Disconnection of the Motor System in

Amyotrophic Lateral Sclerosis

Esther Verstraete,1 Jan H. Veldink,1 Leonard H. van den Berg,1

and Martijn P. van den Heuvel2*

1Department of Neurology, Rudolf Magnus Institute of Neuroscience,
University Medical Center Utrecht, Utrecht, The Netherlands

2Department of Psychiatry, Rudolf Magnus Institute of Neuroscience,
University Medical Center Utrecht, Utrecht, The Netherlands

r r

Abstract: Amyotrophic lateral sclerosis (ALS) is a severe neurodegenerative disease, which primarily
targets the motor system. The structural integrity of the motor network and the way it is embedded in
the overall brain network is essential for motor functioning. We studied the longitudinal effects of ALS
on the brain network using diffusion tensor imaging and questioned whether over time an increasing
number of connections become involved or whether there is progressive impairment of a limited num-
ber of connections. The brain network was reconstructed based on ‘‘whole brain’’ diffusion tensor
imaging data. We examined: (1) network integrity in 24 patients with ALS at baseline (T ¼ 1) and at a
more advanced stage of the disease (T ¼ 2; interval 5.5 months) compared with a group of healthy
controls and (2) progressive brain network impairment comparing patients at two time-points in a
paired-analysis. These analyses demonstrated an expanding subnetwork of affected brain connections
over time with a central role for the primary motor regions (P-values T ¼ 1 0.003; T ¼ 2 0.001). Loss of
structural connectivity mainly propagated to frontal and parietal brain regions at T ¼ 2 compared with
T ¼ 1. No progressive impairment of the initially affected (motor) connections could be detected. The
main finding of this study is an increasing loss of network structure in patients with ALS. In contrast
to the theory of ALS solely affecting a fixed set of primary motor connections, our findings show that
the network of impaired connectivity is expanding over time. These results are in support of disease
spread along structural brain connections. Hum Brain Mapp 35:1351–1361, 2014. VC 2013 Wiley Periodicals,

Inc.
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INTRODUCTION

Amyotrophic Lateral Sclerosis (ALS) is a severe neuro-
degenerative disease progressively affecting both upper
motor neurons in the motor cortex and lower motor neu-
rons in the brainstem and spinal cord, with a median sur-
vival time of as little as 3 years after onset of symptoms
[del Aguila et al., 2003; Hardiman et al., 2011]. Progressive
motor neuron loss results in declining motor function
involving more and more body regions and increasing
functional impairment over time. Based on clinical obser-
vations, it has been hypothesized that ALS is a focal pro-
cess spreading contiguously through the nervous system
[Ravits and La Spada, 2009; Ravits et al., 2007]. In vivo
insight into the pattern of disease spread within the
brain—and the motor system in particular—is crucial as it
could provide new therapeutic targets and novel disease
activity biomarkers to facilitate therapeutic development.

Recent imaging studies in ALS have revealed neurode-
generative effects in specific white matter motor tracts,
showing consistent involvement of bilateral corticospinal
tracts and corpus callosum [Agosta et al., 2010; Filippini
et al., 2010; Grosskreutz et al., 2008; Nair et al., 2010; Ver-
straete et al., 2010]. However, the degree of corticospinal
tract integrity correlates poorly with clinical markers and
progression over time has not been consistently demon-
strated [Blain et al., 2007; Mitsumoto et al., 2007; Senda
et al., 2011; van der Graaff et al., 2011]. These observations
cast doubt on whether progressive degeneration of these
main motor tracts is the leading cause of deteriorating
motor functions in ALS.

The brain should be regarded as an integrative complex
system, rather than a set of independently operating regions
[Sporns, 2006; Stam and Reijneveld, 2007; van den Heuvel
and Hulshoff Pol, 2010]. In this context, the structural integ-
rity of the motor network and the way it is embedded in the
overall brain network is essential for normal motor func-
tioning. It is, therefore, highly plausible that dysfunction of
the motor network underlies ALS, but the extent and evolu-
tion of dysfunction has not yet been elucidated [Rose et al.,
2012; Verstraete et al., 2011]. Using diffusion tensor imaging
(DTI) in a longitudinal setting, we investigated how disease
progression in ALS is reflected in the reconstructed struc-
tural brain network and questioned whether, over time, an
increasing number of connections become involved or
whether the same initially involved (motor) connections
become progressively impaired.

MATERIALS AND METHODS

Subjects

Twenty-four patients with sporadic ALS (22 males;
mean age/SD: 57.3/12.0 years) and 19 healthy controls (14
males; mean age/SD: 52.8/10.6 years) participated in this
longitudinal study (see Table I for full demographics and
clinical characteristics) [Verstraete et al., 2011]. Patients,

recruited from the outpatient clinic for motor neuron
diseases of the University Medical Center Utrecht and
Radboud University Medical Center, Nijmegen (The Neth-
erlands), were diagnosed with ALS according to the El
Escorial criteria. Subjects did not have a history of brain
injury, epilepsy, psychiatric illness, or neurodegenerative
diseases other than ALS. Clinical status of the patients was
evaluated using the revised ALS Functional Rating Scale
(ALSFRS-R). Rate of disease progression was defined as
the average decline in ALSFRS-R score per month since
onset of symptoms. After an average interval of 5.5
months, patients were examined again. Clinical status and
follow-up times are provided in Supporting Information
Table S1 online.

The Ethical Committee for research in humans of the
University Medical Center Utrecht approved study proto-
cols. All subjects provided informed written consent
according to the Declaration of Helsinki.

Image Acquisition

During each of the two sessions, participants underwent a
35-min scan using a 3 Tesla Philips Achieva Clinical scanner
at the University Medical Center Utrecht with a SENSE re-
ceiver head-coil. High resolution DTI was performed to recon-
struct the white matter tracts of the brain network. Within
each scanning session, 2 DTI sets, each consisting of 30
weighted diffusion scans and 5 unweighted B0 scans, were
acquired (DTI-MR using parallel imaging SENSE p-reduction
3; high angular gradient set of 30 different weighted direc-
tions, TR/TE ¼ 7035/68 ms, 2 � 2 � 2 mm, 75 slices, b ¼ 1000
s/mm2, second set with reversed k-space read-out). Then,
directly after the acquisition of the DTI scans, an anatomical
T1 weighted image (3D FFE using parallel imaging; TR/TE
10/4.6 ms; FOV 240 � 240 mm, 200 slices, 0.75 mm isotropic
voxel size) was obtained for anatomical reference.

Image Preprocessing

DTI preprocessing

DTI preprocessing included the following steps [van den
Heuvel and Sporns, 2011]. First of all, susceptibility distor-
tions, often reported in single-shot EPI DTI images, were
corrected for by computing a field distortion map based on
the two B ¼ 0 images, which were acquired with an oppo-
site k-space direction. This map was then applied to the
two sets of 30 weighted images [Andersson et al., 2003],
resulting in a single set of 30 corrected weighted directions.
Second, images were realigned with the corrected B ¼ 0
image, correcting for small head movements and eddy-cur-
rent distortions [Andersson and Skare, 2002]. Third, the dif-
fusion profile within each voxel was fitted a tensor (based
on robust estimation of tensors by outlier rejection or
RESTORE) [Chang et al., 2005] and the preferred diffusion
direction was determined as the principal eigenvector of
the eigenvalue decomposition of the fitted tensor. To
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provide information on the microstructural organization of
white matter, for each voxel the fractional anisotropy (FA)
was computed, a measure often used as a marker for white
matter integrity [Basser and Pierpaoli, 1996; Beaulieu and
Allen, 1994]. Fourthly, streamline tractography was applied
to reconstruct white matter tracts [Mori and van Zijl, 2002;
Mori et al., 1999]. Within each voxel, a single streamline
was initiated, which then followed the main diffusion direc-
tion from voxel to voxel, reconstructing a white matter
fiber. A streamline was terminated when the fiber track
reached a voxel with an FA value <0.1 (indicating low lev-
els of preferred diffusion), when the streamline made an
angle of more than 45�, or when the trajectory of the traced
fiber exceeded the brain mask. To assess the integrity of a
streamline, each reconstructed fiber tract was assigned the
FA values of the voxels crossed [Mandl et al., 2008; Van
den Heuvel et al., 2008, 2009a,b].

T1 preprocessing

T1 images were realigned with the corrected B ¼ 0
images [Andersson et al., 2003] to obtain spatial overlap
between the anatomical and DTI images. This registration
procedure was performed based on ‘‘mutual information’’
and manually verified for all datasets. T1 images were
used to select cortical and subcortical regions, resulting
from parcellating the brain into distinct regions, using the
well-validated Freesurfer suite (V4.5, http://surfer.nmr.
mgh.harvard.edu/). This analysis included the automatic
segmentation of gray and white matter tissue, followed by
a parcellation of the segmented gray matter mask into 68
distinct cortical regions (34 within each hemisphere), 14
subcortical regions (bilateral thalamus, hippocampus,
amygdala, accumbens, caudate, pallidum, and putamen)
and the brainstem.

Reconstruction of Structural Brain Networks

A graph is a mathematical description of a network,
consisting of a collection of nodes and a collection of con-

nections. The nodes were selected as the 83 segmented
regions; the connections were taken as the white matter
pathways that interlink the regions. For each dataset (both
patients and healthy controls), and for each time-point
(i.e., longitudinal measurement) an individual brain net-
work was reconstructed [van den Heuvel and Sporns,
2011; Verstraete et al., 2011]. This procedure included the
following steps. First of all, from the total collection of
reconstructed streamlines, those that touched both region i
and region j were selected. Second, from the resulting fiber
streamlines, the average FA values were computed as the
average of all points and all included streamlines. This
value was incorporated into cell c(i,j) in connectivity ma-
trix M. If no tracts were found between regions i and j, the
value of zero was assigned to matrix M, reflecting the non-
existence of a direct tract between regions i and j in the
brain network. This procedure was repeated for all regions
in the total collection of regions (V), resulting in a con-
nected, undirected, weighted graph G.

Statistical Analyses

To examine the status of the brain’s network during dif-
ferent stages of disease, Network Based Statistics (NBS)
was used [Verstraete et al., 2011; Zalesky et al., 2010]. NBS
is based on the idea of Statistical Parameter Mapping,
extending the notion that changes in connections that occur
together—by forming a connected component—are more
likely to indicate true network abnormality than effects
that occur in relative isolation (i.e., solitary connections).
Two types of analyses were performed: (1) examining the
status of the brain network during different stages of dis-
ease compared to healthy controls and (2) studying the
effect of disease progression on the brain networks of
patients (¼ within subject effect). These two analyses detect
different types of longitudinal connectivity changes. We
hypothesized four different scenarios: (1) progressive
degeneration within the initially impaired structural con-
nections (Fig. 1, scenario A) will be detected by the paired

TABLE I. Subject demographics and clinical characteristics

Healthy control
subjects (n ¼ 19)

ALS patients
(n ¼ 24)

Mean � SD (range) Mean � SD (range)

Age (years) 52.8 � 10.6 (33�70) 56.8 � 11.9 (38�74)
Male/Female 14/5 22/2
Site of onset [n (%)] Bulbar 2 (8%)

Upper limbs 15 (63%)
Lower limbs 7 (29%)

Diagnostic category [n (%)] Possible 2 (8%)
Probable-laboratory-supported 8 (33%)
Probable 12 (50%)
Definite 2 (8%)

Disease duration at baseline scan (months) 15.8 � 11.8 (3�59)
Longitudinal change in ALSFRS-R 4.3 � 4.0 (0�13)

SD, standard deviation.
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analysis (only positive results with Analysis 2); (2) degen-
erative changes over time show spatial spread (Fig. 1, sce-
nario B), this will be detected by Analysis 1 as these
changes will result in an expanding subnetwork of
impaired connections and leave negative results with Anal-
ysis 2; (3) both progressive impairment of initially impaired
structural connections, as well as expansion of the
impaired connectivity (positive results on both Analysis 1
and 2; Fig. 1, scenario A þ B); (4) longitudinal degeneration
involving brain regions distant to the initially impaired
subnetwork or multifocal degeneration (negative results on
both Analysis 1 and 2, Fig. 1, scenario C). The NBS analysis
is designed to detect changes within a network and there-
fore both Analysis 1 and 2 will be negative when structural
connections distant to the initial degenerative process
become impaired over time. Finally, if no longitudinal
changes occur, both analyses will turn out negative as well.
The two types of analyses included the following steps.

Analysis 1

To assess the longitudinal changes in the brain network,
the connectivity profiles of the 24 patients at baseline (T ¼
1) and at a more advanced stage of the disease (T ¼ 2)
were compared with the reconstructed brain networks of
healthy controls using NBS (Fig. 2). DTI data of the group
of 19 healthy controls was used to obtain a good stable
estimate of normal brain connectivity. First of all, for each
time-point, a difference matrix, D1, between controls and
the brain networks of patients was created by two-sample
t-testing across the two groups (controls vs. patients) for
all entries (i.e., connections) in M. Second, effects showing
a statistical difference larger than a set threshold of alpha
< 0.01 were set to 1, and otherwise to zero. Third, from
the resulting difference matrix, D1, the size(s) of the larg-
est component(s) of connections that formed an intercon-
nected subcluster of nodes was computed. Fourth,

Figure 1.

Potential longitudinal connectivity changes in ALS. This figure

shows four potential scenarios for longitudinal neurodegeneration

in ALS and the hypothesized results of the two types of analyses.

A: Progressive impairment within a subnetwork of initially

impaired structural connections and regions will be detected by

Analysis 2. Analysis 1 will not detect this type of progressive

degeneration. B: If the degenerative changes over time show spa-

tial spread within the brain, this will be detected by Analysis 1 as

this will result in an expanding subnetwork of impaired connec-

tions. (A þ B) The third scenario is a combination of both pro-

gressive impairment of initially impaired structural connections, as

well as expansion of the impaired connectivity (i.e., scenario A

and B combined). In this scenario, both analyses show positive

results. C: The fourth scenario is longitudinal degeneration involv-

ing distant structural connections to the initially impaired subnet-

work or multifocal degeneration. As the NBS analysis is designed

to detect changes within a network, both Analysis 1 and 2 will

show negative results when distant structural connections

become impaired over time. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]
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permutation testing, randomly mixing group assignment,
was performed to obtain a null-distribution of component
size, independent of group status (10,000 permutations;
Fig. 2). The component(s) of reduced connectivity
observed between patients and controls was assigned a P-
value (corrected for multiple comparisons) based on the
proportion of the null-distribution that showed a larger
component size than the observed subnetwork of impaired
connectivity. The NBS procedure is known to show good
control over type-I errors and to correct properly for mul-
tiple testing [Zalesky et al., 2010].

Analysis 2

The individual connectivity matrices (M) of the patients,
one for each time point, were compared with detect possi-
ble progressive changes in connectivity strength of connec-
tions between regions i and j over time (Fig. 2). First, a
progressive difference matrix, D2, was created by perform-
ing a paired sample t-test for each of the cells in M. Differ-

ences showing a statistical difference of alpha < 0.01 were
marked by 1 in D2 and otherwise zero. Second, from the
resulting matrix, D2, the largest connected component was
extracted, forming the subnetwork of progressively
involved structural brain connections. Third, following the
same procedure as in Analysis 1, a null-distribution of
component sizes that could occur by chance, rather than
related to time effects, was created using permutation (Fig.
2). For this procedure, each measurement was randomly
assigned to one of two pseudo time-points, effectively ran-
domizing T ¼ 1 and T ¼ 2 time-points across subjects. A
null-distribution of component size that could occur under
the null hypothesis was established by performing 10,000
permutations. Fourth, given the computed null-distribu-
tion, the size of component(s) observed in the original lon-
gitudinal difference matrix, D2 (reflecting longitudinal
changes in connectivity strength in ALS) were assigned a
P-value representing the proportion of the null-distribu-
tion that showed a larger component size than the size of
the observed sub-network [Zalesky et al., 2010].

Figure 2.

Overview of longitudinal connectome imaging methods. Cortical

and subcortical brain regions were selected by automatic parcel-

lation of the cerebrum. Using the DTI data, white matter tracts

of the brain were reconstructed. An individual brain network

was defined consisting of nodes (i.e., the parcellated brain

regions) and white matter connections between the nodes

resulting in a (FA-weighted) connectivity matrix M. Next, using

NBS, the connectivity matrices of ALS patients at T ¼ 1 and T ¼
2 were compared with healthy controls (Analysis 1). Using t-sta-

tistics each connection was tested resulting in a binary difference

matrix (D1); connections with a statistical difference larger than

a set threshold of alpha < 0.01 were set to 1, and otherwise to

zero. The size of the (largest) connected component in the differ-

ence matrix was computed, revealing a subnetwork of affected

connectivity in patients. Permutation testing was used to define

the p-value of this component based on the computed null-distri-

bution of (largest) connected component sizes as can occur

under the null-hypothesis (no difference between patients and

controls). An identical analysis was performed comparing brain

connectivity at T ¼ 1 and T ¼ 2 in patients (Analysis 2). [Color

figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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Network integrity and clinical characteristics

To study the relation between clinical markers (ALSFRS-
R and progression rate) and network integrity, we corre-
lated the cumulative FA of all the structural connections
included in the NBS network with clinical markers using
Pearson’s correlation testing.

RESULTS

Analysis 1: Structural Brain Networks in Patients

at Two Time-Points Compared with Healthy

Controls

Using ‘‘whole-brain’’ DTI data we reconstructed the
structural brain networks of patients (at different time
points) and healthy controls. Network impairment at base-
line (T ¼ 1) was assessed and compared with the affected
subnetwork at a more advanced stage of the disease (T ¼
2). The methods applied are schematically displayed in
Figure 2.

Figure 3 shows the subnetwork of affected connectivity
in ALS (as compared with the brain networks of healthy
controls) at the two measured time points T ¼ 1 and T ¼
2. The affected network (NBS-corrected P ¼ 0.003, 10,000
permutations) at T ¼ 1 consisted of 18 regions and 19
affected connections. The following regions were included:
cortical motor (precentral gyrus and paracentral lobule left
and right), subcortical (thalamic nucleus right; pallidum
left; hippocampus left; caudate right), frontal (caudal mid-
dle frontal left and right; superior frontal left), parietal
(precuneus left and right; posterior cingulate gyrus right;
inferior parietal left; postcentral left), temporal (supramar-
ginal left), and the brainstem (the impaired connections
are specified in Supporting Information Table S2).

The affected network at T ¼ 2 (after on average 5.5
months) revealed a more extensive network of 38 affected
structural connections and 33 regions (NBS-corrected P ¼
0.001, 10,000 permutations). The impaired subnetwork at T
¼ 2 consisted of the following regions: cortical motor (pre-
central gyrus and paracentral lobule left and right), sub-
cortical (thalamic nuclei and pallidum left and right;
putamen right; caudate nucleus left), frontal (superior
frontal gyrus, caudal middle frontal, rostral middle frontal
and parstriangularis left and right; parsorbitalis right; par-
sopercularis right), parietal (superior parietal and postcen-
tral left and right; precuneus right; posterior cingulate
right; inferior parietal left), temporal (supramarginal left;
middle temporal right; superior temporal right; temporal
pole right), insula right, and the brainstem (the impaired
connections are specified in Supporting Information Table
S3).

The cortical regions included in the affected network at
T ¼ 1 and T ¼ 2 are displayed in Figure 4. Comparing the
regions involved in the network at T ¼ 2 with those
involved at T ¼ 1, reveals that it is mainly the connections
with frontal and parietal brain regions, which are newly

affected as disease progresses, indicating spatial spread of
disease along motor-related structural connections of the
brain’s network (Fig. 5).

Analysis 2: Longitudinal Structural Brain

Network Changes in Patients with ALS

To study the progressiveness of degenerative effects
within structural connections, we compared the brain net-
works of the group of 24 patients at T ¼ 1 and T ¼ 2 using
paired-NBS (Fig. 2). This analysis did not reveal a subnet-
work of progressively affected connections and regions,
indicating that the initially affected motor network is not
progressively affected in ALS (Fig. 1). A post-hoc analysis
comparing individual structural connections at T ¼ 1 and
T ¼ 2, rather than focusing on degenerative changes occur-
ring in a network, showed a number of connections with a
significantly lower FA at T ¼ 2 compared with T ¼ 1. The
majority (67%) of these newly affected connections was
linked to the impaired network found at T ¼ 1 (analysis
1). This finding is consistent with the spatial spread of de-
generative effects as suggested by the results in analysis 1.
No significant correlation was found between the integrity
of the NBS network (at both T ¼ 1 and T ¼ 2) and clinical
markers.

DISCUSSION

The main finding of this study is an expanding loss of
network structure in patients with ALS. Previous studies
have suggested reduced motor network integrity in
patients with ALS [Rose et al., 2012; Verstraete et al.,
2011]. Our findings now show that the network of
impaired connectivity is expanding over time, involving
more and more connections and regions (as shown by
Analysis 1), rather than progressively affecting a fixed set
of impaired connections (as shown by Analysis 2; Fig. 1).
Therefore, these results suggest spread of disease follow-
ing the connectivity architecture of the brain network.

The observation of progressive brain network impair-
ment in ALS puts previous findings in a new perspective.
Longitudinal DTI studies using a voxel-wise comparison
in a similar number of patients demonstrated widespread
FA reduction over time [Senda et al., 2011; van der Graaff
et al., 2011] as well as progressive loss of global FA [Sage
et al., 2007]. These widespread effects may be part of an
expanding network of affected white matter connections,
resulting in disintegration of the motor network as is illus-
trated by scenario B in Figure 1. Previous longitudinal
imaging studies in ALS, examining specific white matter
tracts, revealed no progressive degeneration of corticospi-
nal tracts, the primary efferent motor fiber pathways from
the motor cortex to the spinal cord [Agosta et al., 2009;
Blain et al., 2007; Mitsumoto et al., 2007]. This supports
our findings that the limited number of initially involved
white matter tracts are not progressively affected (Analysis
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2). In addition, connectivity measures seem to be more
sensitive to the degenerative changes occurring over time
in ALS compared with cortical atrophy patterns. Cortical
thinning in motor regions has been demonstrated but has
not shown to be progressive or spreading over time [Ver-

straete et al., 2012]. We performed a post-hoc analysis
studying longitudinal cortical thickness changes in this
cohort as previously described [Verstraete et al., 2012].
Extending our current study, we compared cortical thick-
ness measures between all cortical regions in patients at

Figure 3.

The reconstructed brain network and the affected structural

connections in ALS at two time points. A: The affected connec-

tions and interconnecting nodes are displayed comparing

patients at T ¼ 1 and T ¼ 2 with the group of healthy controls.

The size of the nodes is determined by their degree (number of

structural connections). Nodes and connections were colored

red if they were part of the affected subnetwork. The affected

subnetwork at T ¼ 2 included more structural connections,

extending mainly to frontal and parietal brain regions. B: This

figure shows all regions arranged on a ring. The red colored

nodes and connections are part of the affected subnetwork,

showing an increasing number of affected connections and

regions at T ¼ 2 compared with T ¼ 1. L: left hemisphere; R:

right hemisphere; sub L: left subcortical regions; sub R: right

subcortical regions. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]
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baseline (T ¼ 1) with controls and patients at follow-up
(T ¼ 2) with controls. In addition, we performed a paired
analysis between baseline measures in patients and follow-
up (T ¼ 1 vs. T ¼ 2). We found significant cortical thin-
ning of the precentral gyrus in patients with ALS as dem-
onstrated previously [Verstraete et al., 2012]. Using an
explorative (uncorrected) P-value of 0.05, we found several
more regions showing cortical thinning at baseline in ALS,
however, the number of (potentially) affected regions did
not increase over time. In line with this finding, the paired
analysis revealed no significantly progressive cortical thin-
ning. Summarizing, the degenerative effects observed in
the corticospinal tracts and cortical motor regions appear
to be an early sign of the degenerative process in ALS.
However, our data suggest that clinical deterioration over
time might result from increasing disconnection of the
motor system as a whole.

Disease spread in ALS has been a topic of interest for
some time now. Clinical observations have given rise to
the hypothesis that there might be a focal onset with sub-
sequent spread to other body regions [Ravits and La

Spada, 2009; Ravits et al., 2007]. In support of this hypoth-
esis, we now provide in vivo, imaging-based evidence for
spatial spread of disease following the architecture of the
brain network. A similar type of spread has been pro-
posed for other neurodegenerative diseases involving pro-
tein aggregates, including Alzheimer’s disease [Eisele
et al., 2010; Jucker and Walker, 2011]. Recent imaging
studies in subtypes of dementia have shown that neurode-
generative diseases target specific neural networks [Seeley
et al., 2009], and brain regions with high functional and
structural connectedness to ‘‘epicenters’’ for disease (i.e.,
primarily affected regions) have a greater disease-related
vulnerability [Raj et al., 2012; Zhou et al., 2012]. It is nota-
ble that the brain regions, included in the impaired sub-
network we found, show great overlap with the activation
patterns observed with functional MRI during motor tasks
[Poujois et al., 2012]. The view that ALS potentially has a
focal onset with subsequent spread along brain connec-
tions might open the way for development of new treat-
ment strategies.

We were not able to perform a subgroup analysis on
bulbar versus spinal site of onset due to the underrepre-
sentation of bulbar onset patients in this longitudinal
cohort. In addition, we did not include elaborate neuro-
psychological testing to assess possible cognitive decline,
however, none of the patients in our study actually ful-
filled the clinical criteria of frontotemporal dementia
[Neary et al., 1998]. In future studies, it would be of great
interest to examine a possible link between ALS-related
cognitive impairment and the extent of brain network
impairment, as suggested by reports on a direct link
between brain connectivity and cognitive performance
[Bassett et al., 2010; van den Heuvel et al., 2009a,b]. Also,
analysis of specific differences in the extent or spread of
degeneration in (presymptomatic) carriers of the intronic
repeat expansion in C9orf72, compared with other patients
with ALS and their cognitive profile, would be of great
value [DeJesus-Hernandez et al., 2011].

DTI measurement of structural brain network integrity
is influenced by multiple factors including crossing fibers,
fiber reorganization, increased membrane permeability,
destruction of intracellular compartments, and glial altera-
tions [Acosta-Cabronero et al., 2010]. Specifically, crossing
fibers might introduce important bias as univocal informa-
tion on the diffusion direction can lead to low FA values
and premature termination of a fiber streamline. As a
result, the streamline count might be reduced and some
key fiber pathways may be missed at all. In addition, if
the crossing fibers are part of the degenerative process this
might cause a paradoxical increase in FA of the tract stud-
ied. Such an increase in FA was not observed in our study.
Alternative methods have been suggested, including prob-
abilistic fiber tracking [Behrens et al., 2003]. However,
probabilistic fiber tracking complicates the measurement
of FA values along a tract, which was our main topic of
investigation. In addition to false negatives, streamline
tractography may sometimes lead to detection of false

Figure 4.

Cortical regions included in the affected sub-network at T ¼ 1

and T ¼ 2. The regions are colored based on the number of

affected connections. The blue circles indicate the newly affected

cortical regions at T ¼ 2 compared with T ¼ 1 (A: superior fron-

tal right; B: postcentral and superior parietal right; C: rostral mid-

dle frontal, pars orbitalis, pars triangularis, and pars opercularis

right; D: temporal pole, superior, and middle temporal right, insula

right [not visible]; E: rostral middle frontal and pars triangularis

left; and F: superior parietal left). [Color figure can be viewed in

the online issue, which is available at wileyonlinelibrary.com.]
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positive streamlines. To prevent inclusion of false positive
tracts in the NBS analysis, connections were included only
if they were present in more than half of the individuals
in the groups compared. Second, the examined structural
brain network comprised 83 segmented brain regions.
Future work examining connectome abnormalities in ALS
using a higher resolution of the brain’s network may result
in a more finely grained representation of the motor con-
nections. In addition, it would have been appropriate to
include the cerebellum as a node of the structural brain
network as this structure is part of the motor network and
has been suggested to be involved in ALS [Keil et al.,
2012]. Third, it is important to note that only few of the
transcallosal motor connections were deemed affected in
the NBS-analysis while the corpus callosum has been con-
sistently found involved in ALS [Filippini et al., 2010].
This apparent discrepancy is likely related to the stringent
settings of the connectome imaging protocol, limiting the
number of corpus callosum streamlines found across
healthy controls and ALS patients, making it hard for
white matter changes to survive the set NBS threshold. In
addition, crossing fibers—specifically from the corona radi-
ata—might have impeded the streamline tractography for
the callosal motor connections. However, specifically
examining the corpus callosum in a post hoc analysis did
show significant—but not progressive—involvement of the
motor related corpus callosum tracts, which is in line with
previous studies (P < 0.05 at T ¼ 2) [Filippini et al., 2010;
Verstraete et al., 2010]. Fourth, NBS-analyses, by definition,

are not sensitive to (multi) focal changes within the brain
network as illustrated by scenario C (Fig. 1). It is impor-
tant to note that newly degenerative connections at the
borders of a network will not result in positive results
from Analysis 2 since they do not form a connected com-
ponent together. Fifth, following the procedures of previ-
ous longitudinal studies in ALS [Senda et al., 2011; van
der Graaff et al., 2011], we did not perform routine longi-
tudinal measures in healthy controls, as aging effects in
this short time period are unlikely. To provide insight into
possible scanner effects, a subset (n ¼ 7) was evaluated af-
ter an average of 7 months, performing an analysis identi-
cal to that used in the group of patients. No significant
network changes were found in controls, which is in line
with recent studies showing a high reproducibility of con-
nectome imaging [Cammoun et al., 2012]. For the future, it
is important to reproduce our findings in a larger cohort
of longitudinally assessed patients with ALS, as will be
facilitated by currently emerging international collabora-
tion [Turner et al., 2011].

The observations in this study, which examines longitu-
dinal spread of ALS within the nervous system, suggest
increasing loss of motor network connectivity, consisting
of spatial spread along the architecture of the brain’s net-
work. The idea that ALS is a progressive disease of the
brain network, potentially with a focal onset in primary
motor regions, is important in helping to understand the
progressive nature of the disorder and providing new
leads for the future development of therapeutic targets.

Figure 5.

Longitudinal reduction of structural connectivity in ALS. The dif-

ferences are shown (diff, third panel of figure) between the

affected subnetworks at T ¼ 1 and T ¼ 2. Connections affected

at T ¼ 1 (and T ¼ 2) are colored orange and newly affected

connections at T ¼ 2 are colored red. The newly involved corti-

cal regions are indicated (A: superior frontal right; B: postcen-

tral and superior parietal right; C: rostral middle frontal, pars

orbitalis, pars triangularis, and pars opercularis right; D: tempo-

ral pole, superior and middle temporal right, insula right; E: ros-

tral middle frontal and pars triangularis left; and F: superior

parietal left). This figure marks the spatial spread of disease,

resulting in expanding motor network disintegration. [Color fig-

ure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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