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SUMMARY
Aims: The thalamus is a major relay station that modulates input from many cortical areas
and a filter for sensory input and is involved in the pathophysiology of amyotrophic lateral
sclerosis (ALS). However, it still remains unclear whether all thalamocortical networks are
affected or whether there is selective vulnerability. In this study, we aimed to study the
selective vulnerability of different thalamocortical structural connections in ALS and to test
the hypothesis of a specific impairment in motor-related thalamocortical connectivity.
Methods: Diffusion tensor imaging (DTI) tractography was used to identify thalamocortical
structural pathways in 38 individuals with ALS and 35 gender/age-matched control subjects. Thalami of both groups were parcellated into subregions based on local patterns of
thalamocortical connectivity. DTI measures of these distinct thalamocortical connections
were derived and compared between groups. Results: The analysis of probabilistic tractography showed that the structural connectivity between bilateral pre/primary motor cortices
and associated thalamic subregions was specifically impaired in patients with ALS, while
the other thalamocortical connections remained relatively intact. In addition, fractional anisotropy values of the impaired thalamocortical motor pathway were inversely correlated
with the disease duration. Conclusion: Our findings provide direct evidence for selective
impairment of the thalamocortical structural connectivity in ALS.

doi: 10.1111/cns.12658
The first two authors contributed equally to
this work.

Introduction
Amyotrophic lateral sclerosis (ALS) is a neurodegenerative disease
characterized by progressive upper and lower motor neuron
degeneration [1]. Although motor cortex impairment is the hallmark feature of ALS, there is increasing evidence indicating the
involvement of widespread extramotor brain areas [2–5]. Particularly, as a major relay station in the brain that modulates input
from many cortical areas and a filter for sensory input [6], the
involvement of the thalamus in ALS has been reported by a number of studies using diffusion MRI [7,8], MR spectroscopy [9],
fMRI [10], CT perfusion [11], and PET [12,13].
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The thalamus and cerebral cortex are connected via topographically organized white matter tracks with parallel pathways, linking distinct cortical areas to specific thalamic nuclei [14,15].
However, while numerous studies have reported thalamic abnormalities in ALS, it still remains unclear whether all thalamocortical networks are affected equally in ALS, or whether there is
selective impairment.
Until recently, in vivo examination of individual thalamocortical
networks has been challenging. Conventional fMRI requires multiple fine-tuned cognitive paradigms to reliably activate distinct
cortical areas and their associated thalamic counterparts [16]. Fortunately, recent development of connectivity analysis with
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diffusion tensor imaging (DTI) has enabled us to approach this
challenge with probabilistic tractography and connectivity-based
segmentation [17–19]. In this analysis, it is possible to separate
regions of differing specialization of the human cortex by utilizing
underlying white matter pathways [20].
In this work, we used tractography-based thalamus parcellation
to identify different thalamic subregions [19,21] and to further
elucidate possible differentially affected thalamocortical networks
in ALS. Based on existing knowledge about ALS, we hypothesized
that motor-related thalamocortical connectivity would be affected
in ALS.
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thalamus. For this purpose, an independent sample was needed
for an unbiased parcellation of the thalamus. This independent
sample was obtained from the Human Connectome Project (HCP;
www.humanconnectomeproject.org), an open-access repository
of healthy human brain datasets [30]. Subjects of HCP were
scanned with a customized 3T Siemens scanner (Connectome
Skyra) using a single-shot, single refocusing spin-echo, echo-planar imaging sequence. Eighty subjects (32 males/48 females; aged:
22–36 years) from the HCP dataset of “WU-Minn” (The Washington University and University of Minnesota) were used in this
study. The detailed imaging protocol could be found at https://
www.humanconnectome.org/documentation/Q1/imaging-protocols.
html.

Materials and Methods
Participants

Data Preprocessing

Thirty-eight individuals (25 males/13 females) with a diagnosis of
sporadic probable, or definite ALS, according to the revised El Escorial criteria [22], were recruited from the Department of Neurology
at Southwest Hospital in Chongqing, China. Clinical status of the
participants was assessed by the ALS Functional Rating ScaleRevised (ALSFRS-R) [23] within 12 h after the MRI scan. Disease
duration was calculated from symptom onset to the scan date in
months, and the rate of disease progression was defined as follows:
(48 – ALSFRS-R score)/(disease duration) [24–26]. None of the
patients included in this study received any specific treatment.
Exclusion criteria were as follows: (1) family history of motor neuron diseases, (2) clinical diagnosis of frontotemporal dementia [27],
(3) the presence of other major systemic, psychiatric, or neurological illnesses, and (4) cognitive impairment (score < 26), as determined by the Montreal Cognitive Assessment [28].
Thirty-five healthy controls (21 males/14 females) with no previous history of neurological or psychiatric diseases and with normal brain MRI scans were recruited from the local community. All
the participants were right-handed according to the Edinburgh
Inventory [29].
This study was approved by the Medical Research Ethics Committee of Southwest Hospital, and written informed consent was
obtained from all the participants.

Our DTI data were preprocessed using the FMRIB’s Diffusion
Toolbox included in the FMRIB’s Software Library (FSL, http://
www.fmrib.ox.ac.uk/fsl) [31,32]. The preprocessing steps for DTI
data included correction of eddy current distortion, brain extraction, diffusion tensor fitting, and estimation of diffusion orientation distribution functions. DTI data of the independent HCP
sample were obtained and preprocessed using HCP’s diffusion preprocessing pipeline [33,34].

Data Acquisition
MRI data were obtained from a 3T scanner of Siemens Tim Trio
(Siemens, Erlangen, Germany) with an eight-channel head coil.
The DTI data were acquired in two identical scans using a singleshot twice refocused spin-echo diffusion echo-planar imaging
sequence with the following parameters: repetition time
(TR) = 10,000 ms, echo time (TE) = 92 ms, 64 diffusion directions with b = 1000 s/mm2 and an additional volume with
b = 0 s/mm2, matrix = 128 9 124, field of view = 256 9 248
mm2, 75 axial slices with 2 mm in thickness and without gap.
High-resolution sagittal structural images were acquired using a
3D magnetization-prepared rapid gradient echo sequence using
the following parameters: TR = 1900 ms, TE = 2.52 ms, inversion
time = 900 ms, flip angle (FA) = 9°, matrix = 256 9 256, thickness = 1.0 mm, no gap, voxel size = 1 9 1 9 1 mm3.
The present DTI analysis of structural connectivity involved
probabilistic fiber tracking through different subregions of the
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Masks of Thalamus and Cerebral Cortex
The DTI-based fiber tracking involved 3D masks in both thalamus
and cerebral cortex. The mask of the thalamus was extracted from
the Harvard-Oxford subcortical structural atlas in the MNI space
(http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/Atlases) and voxels located in
ventricles or white matter regions were removed (Figure 1A). In
the cortex, seven masks were adopted from a previous study
[19,35] in each hemisphere including bilateral (1) prefrontal cortex (PFC), (2) premotor cortex (PMC), (3) primary motor cortex
(M1), (4) somatosensory cortex (SC), (5) parietal cortex (PC), (6)
occipital cortex (OC), and (7) temporal cortex (TC).

Thalamus Parcellation Based on HCP Data
Probabilistic tractography was used to delineate white matter
pathways from the thalamus to the cerebral cortex. The algorithm
accommodated crossing fibers in each voxel [21] by sending 5000
tracks from each voxel in the thalamus to the seven ipsilateral cortical regions. As a result, a probabilistic map of connections for
each of the seven cortical targets was generated. Then, thalamus
voxels of each participant were classified based on their strongest
cortical connectivity (winner-take-all) into seven subregions [19].
After transforming individual parcellations into the MNI space,
the algorithm of “Simultaneous Truth and Performance Level”
(STAPLE) was applied to fuse individual segmentations [36]. The
STAPLE approach was used to combine manual tracings of the
same subject from multiple raters and to estimate the hidden
“ground truth” consensus from a probabilistic model.
After fusing segmentation results across individuals in the HCP
sample, the merged result (Figure 1B) was transformed from the
MNI space back into the individual diffusion space for subsequent
analyses of different thalamocortical connections.

ª 2016 John Wiley & Sons Ltd
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Figure 1 (A) Seed and target region-of-interests used for tractography. Thalami were generated from each participant’s T1 image. Targets for
tractography were the prefrontal, premotor, motor, somatosensory, parietal, occipital, and temporal cortices. (B) Structural connectivity-based
parcellated thalami and their subregions obtained using tractography in transverse, coronal, and sagittal view.

Thalamocortical Tractography in the Recruited
Sample
Here, probabilistic tractography was performed between each
thalamic subregion and its ipsilateral counterpart in the cortex.
The thalamus and cortex regions mutually served as seed and
target in two symmetric tractography ran so that the direction
effect was removed. After 5000 samples sent from each seed
voxel, the maps of streamline counts between each seed and
target pair were normalized by the total number of samples
(5000) multiplied with the voxel number in the seed mask and
thresholded at 5, 10, and 25% [18]. These thresholded and
binarized masks were further evaluated on across-subject reproducibility, and the most reproducible one was subsequently utilized as tract-based region-of-interests from which DTI
measures (FA, axial diffusivity (AD, diffusion parallel to the
axon fibers), radial diffusivity (RD, diffusivity perpendicular to
the axonal fibers, and mean diffusivity (MD, a mean of all
three eigenvalues of the diffusion tensor) were extracted for
group comparison.

DTI Measures
DTI measures of FA, MD, AD, and RD were extracted from the 5%
binarized (most reproducible, see results below) probability maps
of structural connectivity. All DTI measures were compared
between groups with independent (two) sample t-tests using
MATLAB Release 2012b (The MathWorks, Inc., Natick, MA,
USA).

Results
Demographic and Clinical Data
The demographic and clinical characteristics of the present sample
are summarized in Table 1. All individuals with ALS exhibited
clinical signs of upper and lower motor neuron involvement.
Seven individuals with ALS were classified as “bulbar onset,”
thirty as “limb onset,” and one as “both bulbar and limb onsets.”
Independent sample t-test for age and two samples Kolmogorov–
Table 1 Demographic data of the participants

Reproducibility of Thresholded Track Pathways
The reproducibility of thresholded track pathways was defined by
spatial overlap across individuals and quantified by the Overlap
By Pairs (OBP) [37]. If a group includes m pairs of images, with m
representing different subjects and A/B corresponding to the
mask, the following formula can be obtained:
P
ðAm \ Bm Þ
OBP ¼ Pm
m ðAm [ Bm Þ

ª 2016 John Wiley & Sons Ltd

Age (years)
Male:female
El Escorial criteria
(probable/definite)
Limb/bulbar/both onset
Disease duration (months)
ALSFRS-R
Disease progression rate

Patient

Control

P value

48.5  9.37
25/13
24/14

48.8  11.3
21/14
–

0.89
0.73
–

30/7/1
21.3  18.0
31.2  6.57
1.35  1.26

–
–
–
–

–
–
–
–
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Figure 2 Spatial overlap rates of bilateral thalamocortical structural connectivity from each thalamic subregion to its corresponding cortex in patients
and controls at the probabilistic thresholds of 5, 10, and 25%. Spatial overlap was highest at a threshold of 5%.

Figure 3 Probabilistic tractography maps between left/right thalamic subregions and ipsilateral specific cortex regions were presented at a threshold of
5% in patients with ALS and healthy controls.
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Table 2 Statistical analysis for 5% connection results (FA, MD, AD, RD)
FA

MD (9104 mm2/s)

AD (9103 cm2/s)

RD (9104 cm2/s)

Connection

Group

Mean

SD

Mean

SD

Mean

SD

Mean

SD

L-Thalamus-PFC

Control
Patient
Control
Patient
Control
Patient
Control
Patient
Control
Patient
Control
Patient
Control
Patient
Control
Patient
Control
Patient
Control
Patient
Control
Patient
Control
Patient
Control
Patient
Control
Patient

0.320
0.314
0.376
0.364a
0.371
0.362b
0.350
0.347
0.342
0.341
0.324
0.323
0.311
0.306
0.319
0.313
0.375
0.365c
0.371
0.362d
0.346
0.343
0.341
0.340
0.326
0.322
0.311
0.304

0.0142
0.0165
0.0155
0.0178
0.0152
0.0194
0.0160
0.0181
0.0161
0.0166
0.0153
0.0172
0.0164
0.0180
0.0158
0.0164
0.0153
0.0190
0.0144
0.0174
0.0157
0.0183
0.0137
0.0182
0.0119
0.0161
0.0132
0.0174

9.60
9.63
9.08
9.19
9.11
9.17
9.33
9.31
9.23
9.20
9.05
9.16
9.45
9.52
9.56
9.63
9.02
9.17
9.04
9.13
9.32
9.31
9.20
9.18
9.02
9.15
9.30
9.41

0.560
0.700
0.414
0.609
0.440
0.642
0.519
0.688
0.532
0.653
0.429
0.619
0.501
0.630
0.580
0.700
0.410
0.630
0.421
0.651
0.483
0.719
0.457
0.631
0.339
0.602
0.429
0.565

1.25
1.25
1.25
1.25
1.25
1.25
1.25
1.25
1.24
1.23
1.20
1.21
1.23
1.23
1.24
1.25
1.24
1.25
1.24
1.24
1.25
1.24
1.23
1.23
1.20
1.21
1.21
1.22

0.058
0.072
0.044
0.063
0.046
0.071
0.055
0.078
0.056
0.072
0.044
0.064
0.048
0.064
0.055
0.067
0.042
0.068
0.045
0.071
0.505
0.080
0.050
0.071
0.039
0.062
0.045
0.052

8.16
8.23
7.38
7.54
7.44
7.54
7.75
7.73
7.67
7.64
7.57
7.68
8.04
8.13
8.13
8.24
7.34
7.52
7.38
7.50
7.76
7.76
7.65
7.63
7.53
7.68
7.89
8.04

0.564
0.699
0.426
0.594
0.448
0.623
0.524
0.660
0.536
0.630
0.439
0.619
0.521
0.635
0.602
0.638
0.428
0.621
0.429
0.634
0.489
0.691
0.450
0.606
0.327
0.601
0.432
0.574

L-Thalamus-PMC
L-Thalamus-M1
L-Thalamus-SC
L-Thalamus-PC
L-Thalamus-OC
L-Thalamus-TC
R-Thalamus-PFC
R-Thalamus-PMC
R-Thalamus-M1
R-Thalamus-SC
R-Thalamus-PC
R-Thalamus-OC
R-Thalamus-TC

The bold values indicate that there are statistical differences between groups.
t = 3.05, P = 0.003. bt = 2.34, P = 0.02. ct = 2.52, P = 0.01. dt = 2.24, P = 0.03.

a

Smirnov test for gender were performed and showed nonsignificant group difference on both variables.

Imaging and Clinical Measures Correlation
Analyses

Group Differences in Thalamocortical
Connectivity

To investigate potential correlations between the imaging metrics
and clinical variables, Pearson’s correlations were calculated. As
shown in Figure 4, significant negative correlations were noted
between the FA of bilateral thalamocortical connections in premotor (left: P = 0.002; right: P = 0.03; Figure 4A) and motor (left:
P = 0.004; right: P < 0.001; Figure 4B) pathways. There were no
other significant associations between imaging findings and clinical data.

Connectivity-based thalamus parcellation in the HCP sample is
shown in Figure 1B.
In Figure 2, measures of spatial overlap for binarized probability
maps are compared at thresholds of 5, 10, and 25%. The acrosssubject overlap was highest at the threshold of 5%.
In Figure 3, probabilistic tractography maps are compared
between groups at the threshold of 5% for the seven thalamocortical pathways.
Group comparisons of DTI measures (FA, MD, AD, and RD) of
the seven thalamocortical connections at a threshold of 5% are
detailed in Table 2 (the results at thresholds of 10 and 25% are
shown in the Tables S1 and S2, respectively). At the threshold of
5%, FA values of the bilateral premotor (left thalamus-PMC,
t = 3.05, P = 0.003; right thalamus-PMC, t = 2.52, P = 0.01) and
motor (left thalamus-M1, t = 2.34, P = 0.02; right thalamus-M1,
t = 2.24, P = 0.03) pathways were significantly decreased in the
ALS group.
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Discussion
In vivo neuroimaging [8,9,12,38] and postmortem neuropathological studies [3,39,40] have both confirmed thalamic involvement
in ALS. Extending from these previous studies, the present study
capitalized on tractography-based thalamus parcellation and probabilistic tractography to examine differential impairment of thalamocortical structural connectivity. We found that the structural
connectivity of thalamocortical pathways associated with PMC
and M1 was both impaired in ALS, while the other thalamocortical connections remained relatively intact. In addition, FA values
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(A)

(B)

Figure 4 (A) Correlation analyses revealed a significant inverse correlation between the FA of the tract connecting the thalamus and bilateral motor
cortices (left, r = 0.453, P = 0.004; right, r = 0.540, P < 0.001) and the disease duration. (B) Correlation analyses revealed a significant inverse
correlation between the FA of the tract connecting the thalamus and bilateral M1 cortices (left, r = 0.453, P = 0.004; right, r = 0.540, P < 0.001) and
the disease duration.

of the impaired thalamocortical structural connectivity were
inversely correlated with the disease duration.

cortical impairments progress from the primary motor cortex to
the premotor cortex.

Differential Vulnerability of Thalamocortical
Structural Connectivity

Relationship of Neuroimaging and Clinical
Measures

The present data suggest that the thalamocortical motor connectivity is prominently affected in ALS. Given the apparent motor
disabilities in individuals with ALS, these findings are perhaps not
surprising. However, previous neuroimaging studies have not
directly examined potential selective impairment in different thalamocortical connections. Our results indicate that structural networks linking the cortex to the thalamus are differentially affected
in ALS. This finding is consistent with the four-stage neuropathological model proposed by Braak et al. [41,42], which suggests
that the involvement of the thalamus sequentially starts in the
ventrolateral posterior thalamic nucleus, progresses to the ventral
anterior thalamic nucleus and the mediodorsal thalamic nucleus,
and eventually covers the whole thalamus. Correspondingly,

We revealed strong inverse correlations between ALS duration
and FA decrement in motor-related thalamocortical pathways.
These findings may be valuable for assessing the progression of
ALS and could be considered as an in vivo imaging biomarker [43].
They also suggest that further studies using more specific motor
function evaluation may be helpful in screening whether motor
dysfunction is related to distinct patterns of thalamocortical structural connectivity alterations.
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Limitation
The main limitation of the current study is the lack of a detailed evaluation of the motor status in individuals with ALS, which prevented
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us from examining the association between imaging measures and
clinical symptoms, weakening the interpretation of our results.
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