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Abstract: Amyotrophic lateral sclerosis (ALS) is a fatal neurodegenerative disease, characterized by
progressive loss of motor function. While the pathogenesis of ALS remains largely unknown, imaging
studies of the brain should lead to more insight into structural and functional disease effects on the
brain network, which may provide valuable information on the underlying disease process. This study
investigates the correlation between changes in structural connectivity (SC) and functional connectivity
(FC) of the brain network in ALS. Structural reconstructions of the brain network, derived from diffu-
sion weighted imaging (DWI), were obtained from 64 patients and 27 healthy controls. Functional
interactions between brain regions were derived from resting-state fMRI. Our results show that (i) the
most structurally affected connections considerably overlap with the most functionally impaired con-
nections, (ii) direct connections of the motor cortex are both structurally and functionally more affected
than connections at greater topological distance from the motor cortex, and (iii) there is a strong posi-
tive correlation between changes in SC and FC averaged per brain region (r=0.44, P <0.0001). Our
findings indicate that structural and functional network degeneration in ALS is coupled, suggesting
the pathogenic process affects both SC and FC of the brain, with the most prominent effects in SC.
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INTRODUCTION

Amyotrophic lateral sclerosis (ALS) is a severe neurode-
generative disease characterized by progressive degenera-
tion of both upper and lower motor neurons. With a
median survival of 3 years after onset of symptoms [del
Aguila et al., 2003; Hardiman et al., 2011], patients experi-
ence deteriorating motor function and eventually fatal
respiratory failure. While a multitude of structural and
functional imaging studies have reported disease effects in
the brain, only a few have directly related structural to
functional effects. No consensus has been reached yet on
the interplay between structural and functional changes
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TABLE I. Subject demographics and clinical characteristics

Healthy control subjects (1 = 27)
Mean * SD (range)

Patients (n = 64)
Mean *+ SD (range)

Age (years)
Male/Female
Site of onset [1 (%)]

19/8

Diagnostic category [1 (%)]

Disease duration at scan date (months)
ALSFRS-R

Progression rate

57.7 = 11.6 (35-78)

56.9 +12.0 (24-79)

48/16

Bulbar 9 (14)
Cervical 35 (55)
Thoracic 0 (0)

Lumbosacral 17 (27)
Spinal 3 (5)

Definite ALS 8 (13)
Probable ALS 32 (50)
Probable ALS Lab Supported 17 (27)
Possible ALS 7 (11)

16.5+ 8.0 (4-103)
40 + 3.5 (30-47)

0.64 = 0.43 (0.06-1.70)

SD, standard deviation; ALSFRS-R, revised ALS functional rating scale; Progression rate, (48-ALSFRS-R)/(disease duration in months).

observed in ALS. A better understanding of the coupling
between structural and functional disease effects in the
brain on a macroscopic level may provide tools to extend
our knowledge of the underlying disease process. In addi-
tion, for future application of imaging markers in the diag-
nostic phase or to monitor disease evolution it is of
relevance to know how these measures relate to each other.

The brain is an integrative complex system, rather than
a collection of independently operating regions [Sporns,
2006; Stam and Reijneveld, 2007; van den Heuvel and
Hulshoff Pol, 2010]. Hence, disease effects of neuropsychi-
atric and neurological disorders can be found in altered
brain connectivity [Seeley et al., 2009; Zalesky et al., 2010].
Although structural connectivity (SC) has been shown to
underlie, to some extent, functional communication
between segregated brain regions [Collin et al., 2013; Hag-
mann et al., 2008; van den Heuvel et al., 2013], our under-
standing of the relationship between changes in SC and
functional connectivity (FC) in ALS remains sparse. Struc-
tural impairment of white matter tracts belonging to the
motor system has been consistently found [Prudlo et al.,
2012; Rose et al., 2012; Verstraete et al., 2010]. Previous
findings of FC abnormalities, also mostly related to the
motor system, however, are inconsistent. Reports of
enhanced sensorimotor network connectivity [Agosta
et al., 2011; Douaud et al.,, 2011], reduced premotor FC
[Mohammadi et al., 2009] or a combination of increased
and decreased FC [Zhou et al., 2013], leave the relation
between changes in SC and FC an open question.

In the present study, both SC and FC changes were
assessed based on diffusion weighted imaging (DWI) and
resting-state functional MRI (rs-fMRI). Combining SC and
FC in a cross-modal design, this study aims to elucidate
the relation between SC and FC abnormalities in ALS

patients from a network perspective, thereby providing
more insight into how the pathogenic process affects the
brain network.

MATERIALS AND METHODS
Patients

Sixty-four patients with sporadic or familial ALS (m/f:
48/16; mean age/SD: 56.9/12.0 years) and 27 healthy con-
trols (m/f: 19/8; mean age/SD: 57.7/11.6 years) partici-
pated in this combined structural and FC study (see Table I
for full demographics and clinical characteristics). Patients
diagnosed with ALS according to the El Escorial criteria
[Brooks et al., 2000] were recruited from the outpatient clinic
for motor neuron diseases of the University Medical Center
Utrecht. Subjects did not have a history of brain injury, epi-
lepsy, psychiatric illness, or neurodegenerative diseases
other than ALS. The Ethical Committee for research into
humans of the University Medical Center Utrecht approved
study protocols. All subjects provided informed written
consent according to the Declaration of Helsinki.

Image Acquisition and Preprocessing

Imaging consisted of an anatomical T1-weighted image,
DWI and rs-fMRI. All imaging data were acquired on a 3
Tesla Philips Achieva Medical Scanner with a SENSE
receiver head-coil. A high-resolution T1-weighted image was
acquired for anatomical reference using the following param-
eters: 3D FFE using parallel imaging; TR/TE =10/4.6 ms,
flip-angle 8°, slice orientation: sagittal, 0.75 X 0.75 X 0.8 mm
voxelsize, FOV =160X%X240X240 mm, reconstruction
matrix =200 X 320 X 320 covering the whole brain.
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Cortical and subcortical brain regions were selected by
parcellating the cerebrum and the brain stem into distinct,
anatomically separated brain regions on the basis of the
T1-weighted image, using the well-validated Freesurfer
suite (V4.5, http://surfer.nmr.mgh.harvard.edu/). This
included the automatic segmentation of gray and white
matter tissue, followed by parcellation of the segmented
gray matter mask into distinct brain regions, based on a
normalized template, parcellating the brain into a number
of brain regions, including left and right caudate nucleus,
globus pallidum, nucleus accumbens, thalamus, amygdala,
hippocampus, brain stem, and 68 cortical brain regions. In
total, 83 distinct brain regions were parcellated [Fischl
et al., 1999, 2004].

DWI was performed to reconstruct the white matter tracts
collectively forming the structural brain network. From all
subjects 2 sets of 30 weighted diffusion scans and 5
unweighted BO scans each, were acquired as follows: DWI-
MR using parallel imaging SENSE p-reduction 3; high angu-
lar gradient set of 30 different weighted directions, TR/
TE=7035/68 ms, 2X2X2 mm voxel size, 75 slices,
b =1000 s/mm?, second set with reversed k-space read-out.

DWI preprocessing included corrections for susceptibility
and eddy-current distortions, as was previously described
by Verstraete et al. [2011]. The diffusion profile in each voxel
of the resulting image was fitted a tensor, using a robust fit
method based on M-estimators [Chang et al., 2005]. From
the fitted tensors, the fractional anisotropy (FA) and pre-
ferred diffusion direction, corresponding to the tensor’s
principal eigenvector, were derived for each voxel.

White matter tracts were reconstructed using Fiber
Assignment by Continuous Tracking (FACT) [Mori and
van Zijl, 2002; Mori et al., 1999, 2002]. In each white voxel
of the brain mask white matter fibers were tracked, initi-
ated by 8 seeds, going from voxel to voxel following the
main diffusion direction in each traversed voxel. Stopping
conditions for fiber tracking were: a voxel was reached
with an FA value lower than 0.1, the trajectory of the trace
fiber exceeded the brain mask or the streamline made a
turn of more than 45°. Furthermore, only streamlines lon-
ger than 30 mm were considered for analysis.

Brain networks were mathematically described as graphs.
A graph consists of a collection of nodes and a collection of
connections linking these nodes. Here, the nodes were taken
as the 83 segmented brain regions and the connections repre-
sented the white matter pathways interlinking the regions.
For each dataset of both patients and healthy controls, an indi-
vidual brain network was reconstructed [van den Heuvel and
Sporns, 2011; Verstraete et al., 2011]. Individual brain net-
works were reconstructed as follows: first, from the total col-
lection of reconstructed streamlines, those that touched both
region i and region j were selected. Then, from the selected
fiber streamlines, the average FA values were computed as
the average over all points and all included streamlines. This
value was incorporated into cell ¢(ij) in the SC matrix. If no
tracts were found between regions i and j, the corresponding

cell of the SC matrix was assigned a value of zero, reflecting
the nonexistence of a direct tract between regions i and j in
the brain network. To avoid potential spurious fibers, connec-
tions were considered to be present if made up of more than
one streamline. This procedure was repeated for all regions
that make up the collection of nodes to obtain an undirected,
weighted graph describing the brain network’s structure.

Resting-state blood oxygen level-dependent (BOLD) signals
were recorded for a duration of 8 min. Acquisition parameters:
3D PRESTOSENSE p/s-reduction 2/2, TR/TE=22/32 ms
using shifted echo, slice orientation: sagittal, flip-angle 10°,
dynamic scan time 0.5 s, voxel-size 4 X4 X 3.9 mm, FOV =
160 X 256 X 224 mm, reconstruction matrix =40 X 64 X 57
(covering whole brain). A short volume acquisition was used
to allow for a comprehensive sample mitigating aliasing of
biorhythms in the frequency domain up to 1 Hz, effectively
minimizing the contribution of respiratory and cardiac oscilla-
tions (0.3 and >0.8 Hz, respectively) into the resting-state
lower frequencies of interest (0.01-0.1 Hz) [Cordes et al., 2001].
Preprocessing of the rs-fMRI data was performed with the
SPM8 software package (http://www filion.ucl.ac.uk) and
consisted of four steps. First, correcting for possible small head
movements, functional time-series were realigned. Second, to
ensure overlap with the cortical parcellation maps, the times-
eries were coregistered with the T1-weighted image. Third,
global mean signal, signal of ventricles, the average time-series
of white matter voxels, and six motion parameters (resulting
from the realignment process) were regressed out of the time-
series of each voxel to minimize effects of global signal drifts
and potential movement. Fourth and last, resting-state time-
series were bandpass filtered to select the resting-state fre-
quencies of interest (0.01-0.08 Hz).

FC between brain regions was assessed on the basis of
correlation analysis. A mean resting-state fMRI time-series
was obtained by averaging over the time-series of all vox-
els contained in brain region i. Likewise, a mean resting-
state fMRI time-series was obtained for region j. The
Pearson correlation coefficient between these mean time-
series, indicating the level of FC between region i and j,
was entered into cell c(i,j) of the FC matrix. Negative cor-
relation coefficients, reflecting functionally distinct brain
regions [Chai et al., 2012; Fox et al., 2005], were set to zero
to mark these brain regions as unconnected. An undir-
ected, weighted graph describing the brain network’s func-
tional layout was obtained by computing correlations
between all 83 brain regions.

Statistical Analyses

Statistical analyses of altered SC and FC were carried
out on the basis of structural and functional group matri-
ces, containing the means of corresponding nonzero
entries in individual matrices of all members of the group,
i.e. patients or healthy controls. Direct connections were
obtained by requiring connections to be defined in both
the SC and the FC matrix. A mask was created to ensure
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Healthy controls
(n = 27)

Structural connectivity

Functional connectivity

Patients
(n = 64)

Difference

b

Figure I.
(a) Determination of changes in structural and functional connectivity in patients compared with
healthy controls using difference matrices, i.e., the difference between the average connectivity
matrix in healthy controls and the average connectivity matrix in patients. (b) Selection of con-
nections between rings of nodes surrounding the motor cortex. [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.com.]

the same set of connections was compared between
patients and healthy control subjects. The group mask was
constructed using intersection criteria: connections had to
be present in at least 50% of the patients and, as an addi-
tional requirement the connections had to be present in a
minimum of 50% of the control subjects. A total of 460
connections remained for analysis, corresponding to a
sparsity of 13.5% (460/(83*82/2)).

Overlap Between Changes in Structural and
Functional Connectivity

Affected structural and functional connections were exam-
ined using the definition of a difference matrix. The differ-
ence matrices for SC and FC were obtained by subtracting
the patients” group matrix from the healthy controls” group
matrix (Fig. 1a). The connections were ordered by their
impairment to select the most impaired structural and func-
tional connections. Between these structural and functional
connections, the overlap was determined as the number of
overlapping elements, tested for statistical significance
against the distribution of overlaps based on 10,000 runs of
two random selections. Overlaps were determined for selec-
tions ranging from the top 1% to the top 30% most impaired

connections. The upper bound was chosen to be 30% to
ensure the selected connections were clearly impaired.

Changes in Connectivity as a Function of
Topological Distance from the Motor Cortex

The motor cortex is known to play a central role in the
affected structural brain network in ALS patients. To com-
pare its involvement in FC to its role in SC, the nodes sur-
rounding the left and right motor cortex (defined as the
precentral gyrus and the paracentral lobule) were assigned
a ring according to their topological distance (i.e., smallest
number of steps) from the motor cortex in the healthy con-
trols” structural group matrix. In both hemispheres
(including the brain stem), two rings of nodes surrounding
the motor cortex were thus defined. Accordingly, two sets
of connections were distinguished: connections between
the motor cortex and the first ring nodes (first ring connec-
tions) and connections between the first and second ring
nodes (second ring connections). For the first and second
ring connections the differences in SC and FC were
extracted from the difference matrices, as illustrated by
Figure 1b. The average changes in SC and FC of first and
second ring connections reflect the SC and FC impairment
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Py tOP 10% most structurally impaired connection

s top 10% most functionally impaired connection

left rostral inferior cingulate

left superior frontal
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left posterior cingulate

left paracentral

left isthmus cingulate

left superior parietal

left precuneus

left cuneus.

structural connectivity
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L )
right lateral orbitofrontal
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right fusiform
right lingual

right latteral occipital

functional connectivity

Figure 2.
Connectomic representation of the brain network in which the top 10% most impaired SC con-
nections (left) and the top 10% most impaired FC connections (right) as well as the overlapping
connections are colored. The locations of homologous nodes, based on anatomy, have been sym-
metrized. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.

com.]

profile as a function of topological distance from the motor
cortex. Group SC and FC changes found in first ring con-
nections were compared to changes in the second ring
connections using a two-sample t-test, to examine whether
connectivity impairment differed in connections close to or
distant from the motor cortex. Paired f-tests were carried
out per ring on SC and FC between healthy controls and
patients, to check whether the average connectivity differ-
ences were significant.

Correlation Between SC and FC Differences

The association between SC and FC differences was
examined on the whole brain level, not bounded by the
subnetwork surrounding the motor cortex as in the previ-
ous analysis, by investigating the correlation between dif-
ferences in SC and FC based on all connections. The mean
difference in SC and the mean difference in FC between
patients and healthy controls were computed for each
node’s direct connections. The relationship between node-
wise SC and FC differences was determined by means of
correlation analysis.

RESULTS

Overlap Between Changes in Structural and
Functional Connectivity

The observed overlap between the top 10% most
impaired structural and functional connections, Figure 2, is
significantly larger than expected for random connections
(P =0.003). Of the 46 top 10% most impaired connections,
the 10 connections that overlapped, mainly involving the
motor cortex, are tabulated in Table II. A significantly larger
overlap is also seen in the top 20-30% most impaired struc-
tural and functional connections (P < 0.03). Figure 3 shows
the overlaps between changes in SC and FC for selections
ranging from the top 1% to the top 30%, along with the
overlaps between two sets of randomly chosen connections.

Changes in Connectivity as a Function of
Topological Distance from the Motor Cortex

Changes in SC and FC in first and second ring connec-
tions surrounding the right motor cortex are presented
graphically in Figure 4. Figure 5 summarizes the effects in
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TABLE Il. Tabulation of overlapping connections among
the 10% most impaired structural connections and the
10% most impaired functional connections

Overlapping connections

Left precentral
Left paracentral

@———@ Lcft superior parietal
@——4@) Right posterior cingulate

Right precentral @@ Right paracentral

Right paracentral @———@ L:ft posterior cingulate
Right precentral @——@ Right thalamus proper
Right paracentral @@ Right thalamus proper

Right paracentral

@——@ Right posterior cingulate
Left superior frontal @———@ Right posterior cingulate
Right superior frontal  (e————) Left posterior cingulate
Right lateral orbitofrontal (e——) Right amygdala

SC and FC per ring. Results of the left hemisphere are simi-
lar and are displayed in Supporting Information Figures S1
and S2. On average, structural impairment of first ring con-
nections amounts to a decrease in FA of 2.0X102
(P=2.9x10"° and in the second ring this decrease is less
than half as large as in the first ring: 0.8X1072
(P=1.8%10"7). The average FC impairment observed in
first ring connections is a reduction in BOLD correlation
coefficient of 3.7 X 10™* (P = 5.5 X 10 %), indicating there is
less or less efficient functional communication of the motor
cortex with its directly connected brain regions. The second
ring connections were found to be functionally unaffected
in patients (P =0.42). Table III lists all nodes along with
their ring classification. The first ring connections are
affected significantly more than those belonging to the sec-
ond ring, both structurally (P = 3.7 X 10~°) and functionally
(P =1.8x10"?), suggesting SC and FC impairment are not
independent but linked to one another.

In addition, correlations between first ring SC and FC
impairment and the clinical metrics ALSFRS-R score and
progression rate were explored. Individual average first
ring SC impairment of the right motor cortex was found
to be negatively correlated with ALSFRS-R score
(r=-0.29, P=0.02), Figure 6. No significant correlations
were found between ALSFRS-R scores and second ring SC
or FC impairments, Figure S3 Supporting Information.

Correlation Between SC and FC Differences

The scatter plot of Figure 7 shows the connectivity
changes averaged per node. A significant positive correla-
tion was observed between differences in SC and FC of r =
044 (P=3.6%10"5), indicating a significant association
between disease-related changes in SC and FC in ALS. The
paracentral and precentral gyri, forming the motor cortex,
stand out as being the most structurally impaired and at
the same time the most functionally impaired nodes.

The whole brain edge-wise correlation, comparing SC
and FC differences of individual connections, was found
to be less strong (r =0.14, P <0.0001), Figure S4a Support-
ing Information.

DISCUSSION

The main finding of this study integrating DWI and rs-
fMRI data is the positive correlation between changes in
SC and FC in ALS, indicating that differences in white
matter integrity and effects of FC go hand in hand. More-
over, direct connections between the motor cortex and
other brain regions show the largest structural and func-
tional impairments in patients with ALS.

Analysis of SC-FC overlap revealed a significantly larger
overlap than expected by chance between the strongest SC
and FC impairments, suggesting that disease-related
reductions in SC and FC are not independent, but are
rather coupled, possibly sharing the same pathological ori-
gin. Examining the influence of the topological distance
from the motor cortex on the SC and FC deteriorations
showed that SC and FC impairments are significantly
larger at shorter topological distance from the motor cor-
tex. This is in keeping with previous SC studies that have
consistently found a central role for the motor cortex in
brain network impairment [Cirillo et al., 2012; Verstraete
et al., 2011, 2013]. The association between SC and FC
impairments is demonstrated most straightforwardly by
the observed significant association between node-wise SC

— overlap between most affected structural and functional connections
45 | = overlap between randemly selected connections (95% confidence interval)

a0 L

0 /

Overlapping connections / selected connections [%]
:

0 L 1 I I I ]
5 10 15 20 25 30

Selected connections / total no. of connections [%)]

Figure 3.

Observed overlap between the most impaired structural and
the most impaired functional connections in patients (blue).
Overlaps were determined for selections (x-axis) ranging from
the top 1% to the top 30%, corresponding to the most impaired
5-138 of a total of 460 connections. The average overlaps, along
with 95% confidence intervals, found between randomly selected
connections are displayed for comparison (green). The observed
overlap for the top 10% most impaired structural and functional
connections are higher than expected for random connections
(P=10.003). [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]
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Nodes connected to the right motor cortex are displayed in
rings with a radius proportional to the topological distance from
the right motor cortex. Connections in red or green corre-
spond to structural or functional connections for which, respec-
tively, reduced FA or FC was measured. (I) and (2) mark the
first and second ring of nodes surrounding the motor cortex.

and FC changes (Fig. 7). Among individual connections,
no clear association between SC and FC impairments was
observed, see Figure 2 and Supporting Information Figure
S4a. Our findings for the first time show that on a connec-
tion level there is no clear linear relationship between the
extent of structural and functional impairment, whereas in
terms of brain regions SC and FC impairment do show lin-
ear coupling. Interestingly, a study modeling the impact of
lesions in the human brain [Alstott et al., 2009], reported
widespread changes in FC, especially for lesions along the
cortical midline, while the effects of lesions in the primary
sensory or motor regions remained more localized.
Although more research is necessary to establish the link
between structural and FC aberrations, these simulated
effects are in support of our empirical findings of overlap-

The anatomical distribution of the cortical first and second ring
nodes is shown in the medial and lateral brain images. First and
second ring nodes are listed in Table Ill, starting from (I) and
(2) going round clockwise. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]

ping SC and FC impairments concentrated in the motor
network (Table II).

Only a few other studies have directly investigated the
relation between changes in structural and functional brain
connectivity. Agosta et al. examined FA changes in the corti-
cospinal tract (CST) as a measure for structural damage to
the sensorimotor network (SMN) [Agosta et al., 2011],
revealing that patients with CST damage showed the strong-
est reductions in FC, findings with which our results are in
strong agreement. Douaud et al. correlated changes in SC
with FC and, as opposed to our findings, reported enhanced
FC for structurally impaired connections [Douaud et al.,
2011]. In addition to FC impairments, our results also show
significantly enhanced FC, most markedly in the direct con-
nections of the left caudate nucleus (Fig. 7), but not in
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Figure 5.

FA and FC differences in patients at increasing topological distance from the right motor cortex.
(*) Denotes significant differences between healthy controls and patients, (**) indicates impair-
ment of the first and second ring differ significantly.

structurally affected brain regions. Future research should
investigate the biological underpinnings for observed
enhancements as well as impairments of FC in ALS.

The observed correlation between changes in SC and FC
in ALS patients indicates that structural and functional
effects are not independent, suggestive of a common under-
lying mechanism. The functionally unaffected, but structur-
ally impaired second ring connections give reason to
speculate that FC effects follow the reduced structural integ-
rity of the brain network and arise not before the damage to
white matter pathways has reached a certain extent. These
findings are also in line with the observation in other neuro-
degenerative diseases that significant structural loss has
occurred before clinical signs or dysfunctioning manifest
[Dickerson and Wolk, 2012; Wu et al., 2011]. The correlation
between disability (i.e., ALSFRS-R scores) and first ring SC
changes and the absence of correlations between FC changes
and disability might be another indication that structural
damage has more clinical significance. Our results suggest
that, of the measures explored here, first ring SC changes
may hold potential as a biomarker. A longitudinal study
comparing the spread of SC impairment to that of FC
impairment at different time points may help to further
unravel the relation between SC and FC changes. In case
reduced SC is followed by impaired FC, a functional parallel
of the expanding loss of motor network structure [Verstraete
et al., 2013] might be observed at later stages of the disease.

One of the limitations of our study is that only direct func-
tional connections were included for analysis. As the aim of
this study was to determine the relation between SC and FC
impairments, it seems justified to just include direct connec-
tions so that a change in SC and FC could be computed for
every connection. In addition, in our study a group threshold
of 50% was chosen. A post hoc analysis in which results were
examined for thresholds ranging from 30 to 70% [de Reus and

van den Heuvel, 2013], did not change the nature of our find-
ings, implying the analyses are robust against group threshold
selection. Another methodological consideration is that in dif-
fusion tensor imaging (DTI) diffusion profiles are fitted a

TABLE Ill. Ring classification of cortical and sub-cortical
nodes surrounding the right motor cortex

First ring nodes Second ring nodes

Medial orbitofrontal
Rostral anterior cingulate

Inferior parietal
Superior frontal

Postcentral Posterior cingulated

Superior parietal Caudal anterior cingulate

Pallidum® Frontal pole

Brain stem® Lateral occipital

Hippocampus® Fusiform

Thalamus proper® Pericalcarine

Caudal middle frontal Cuneus

Putamen® Precuneus

Insula Isthmus cingulated

Superior temporal Lingual

Parsopercularis Caudate®

Supramarginal Entorhinal
Parahippocampal
Amygdala”

Inferior temporal

Accumbens area”

Temporal pole

Rostral middle frontal

Lateral orbitofrontal

Parsorbitalis

Parstriangularis

Transverse temporal

Posterior banks of superior temporal
Middle temporal

*Subcortical brain region.
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Figure 6.
Scatter plot of ALSFRS-R scores versus first ring SC impairments of the left (a) and right (b)
motor cortices. (¥) denotes statistical significance of the correlation (P = 0.02). [Color figure can
be viewed in the online issue, which is available at wileyonlinelibrary.com.]

single tensor, which cannot describe a diffusion profile corre-
sponding to crossing fibers and is known to yield inaccurate
FA values in such voxels [Johansen-Berg and Rushworth,
2009; Jbabdi and Johansen-berg, 2011; Pullens et al., 2010]. As a
result, SC effects, notably in white matter tracts between fron-
tal and posterior regions crossing each other at the level of the
corona radiata, may not be picked up. While alternative meth-
ods, such as probabilistic or multitensor approaches, may bet-
ter detect these fibers, deterministic fiber tracking measuring
connection strengths instead of probabilities, is more appro-
priate for the use of weighted networks. Therefore, for the
type of analyses performed in the current study, DTI fiber
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Figure 7.

Scatter plot of changes in FA and FC in patients averaged over
each node’s direct connections fitted by a line with a positive
gradient, indicating a positive correlation between changes in FA
and FC. Positive connectivity changes denote impairments and
negative connectivity changes mark enhancements. The color
scheme to distinguish between motor cortex, first ring and sec-
ond ring nodes (Table Ill) corresponds with that of Figure 4.
[Color figure can be viewed in the online issue, which is avail-
able at wileyonlinelibrary.com.]

tracking was the preferred method. Furthermore, findings of
FC effects should be carefully assessed in light of the signifi-
cant between-subject variation in rs-fMRI connectivity data
[Chou, 2012]. Future studies based on larger cohorts of
patients and healthy controls, e.g., the combined effort of the
Neuroimaging Symposium in ALS (NISALS) collaborators
[Turner et al., 2011], will have to confirm the FC effects
brought forward in this study.

CONCLUSION

The present findings demonstrate a clear link between
changes in SC and FC in ALS, suggesting the pathogenic
process affects both structural and FC of the brain. The
observed coupling between SC and FC effects provides
reason to explore possible causality. A better understand-
ing of the structure-function relation may provide new
insights that direct the focus in biomarker development
towards structural or functional measures.
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