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A B S T R A C T

Background and aims: Considering the great heterogeneity of amyotrophic lateral sclerosis (ALS), the identifi-
cation of accurate prognostic predictors is fundamental for both the clinical practice and the design of treatment
trials. This study aimed to explore the progression of clinical and structural brain changes in patients with ALS,
and to assess magnetic resonance imaging (MRI) measures of brain damage as predictors of subsequent func-
tional decline.
Methods: 50 ALS patients underwent clinical evaluations and 3 T MRI scans at regular intervals for a maximum
of 2 years (total MRI scans = 164). MRI measures of cortical thickness, as well as diffusion tensor (DT) metrics of
microstructural damage along white matter (WM) tracts were obtained. Voxel-wise regression models and
longitudinal mixed-effects models were used to test the relationship between clinical decline and baseline and
longitudinal MRI features.
Results: The rate of decline of the ALS Functional Rating Scale revised (ALSFRS-r) was significantly associated
with the rate of fractional anisotropy (FA) decrease in the body of the corpus callosum (CC). Corticospinal tract
(CST) and CC-body alterations had a faster progression in patients with higher baseline ALSFRS-r scores and
greater CC-body disruption at baseline. Lower FA of the cerebral peduncle was associated with faster subsequent
clinical progression.
Conclusions: In this longitudinal study, we identified a significant association between measures of WM damage
of the motor tracts and functional decline in ALS patients. Our data suggest that a multiparametric approach
including DT MRI measures of brain damage would provide an optimal method for an accurate stratification of
ALS patients into prognostic classes.

1. Introduction

Amyotrophic lateral sclerosis (ALS) is a rapidly progressive, fatal
neurodegenerative condition causing prominent motor impairment
(Calvo et al., 2017). Considering the great heterogeneity of ALS clinical
course, the identification of accurate biomarkers of progression and
prognostic predictors is important for both the clinical practice and the
design of treatment trials (Kiernan et al., 2011). Advanced magnetic

resonance imaging (MRI) has recently emerged as a promising candi-
date to allow an objective assessment of central nervous system (CNS)
damage in ALS patients in vivo, showing the progressive involvement of
both motor and extra-motor networks (Agosta et al., 2018). However,
relatively few longitudinal MRI studies have been published (Agosta
et al., 2009; Bede and Hardiman, 2018; de Albuquerque et al., 2017;
Kassubek et al., 2018; Keil et al., 2012; Kwan et al., 2012; Menke et al.,
2018; van der Graaff et al., 2011), mirroring the difficulties in enrolling
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enough patients who could undergo an appropriate number of follow-
up scans. Moreover, only few of these studies included a multi-
parametric approach (Bede and Hardiman, 2018; de Albuquerque et al.,
2017; Menke et al., 2018), and results regarding the pattern and the
respective degree of grey matter (GM) and white matter (WM) degen-
eration over time are inconsistent. Finally, the relationship between
structural alterations and the co-occurrent and subsequent evolution of
functional impairment is far from being clarified (Menke et al., 2017).

The aim of the present study was to determine which measures of
GM cortical thickness and WM diffusivity provided by structural and
diffusion tensor (DT) MRI were most sensitive to the progression of
neurodegeneration and clinical impairment in a cohort of non-de-
mented ALS patients who were enrolled soon after their diagnosis and
followed-up at a regular interval for up to 2 years. We also assessed the
potential use of these metrics as predictors of subsequent functional
decline.

2. Methods

2.1. Participants and study design

Fifty patients with sporadic possible (n = 10), probable laboratory-
supported (n = 22), probable (n = 9) or definite (n = 9) ALS according
to El Escorial revised criteria (Brooks et al., 2000) were prospectively
recruited at two tertiary referral ALS clinics in Milan between October
2009 and October 2015 within the framework of a longitudinal project,
including only individuals within the first year after clinical diagnosis
(Table 1). Patients received a comprehensive evaluation including
clinical and MRI assessments at study entry and every 3 months for the
first year; clinical evaluations were also performed every 6 months for
the subsequent year. All patients underwent at least two MRI scans at
the scheduled timepoints (Fig. 1, average number of scans = 3.28 ±
1.55). A significant proportion developed respiratory problems that did
not allow the acquisition of further MRI data, and several patients could
not undergo clinical follow-up visits, due to severe motor disability. In
these latter cases, the development of clinical milestones of progression
was assessed by phone interview to caregivers. At baseline, a screening
cognitive assessment including Mini Mental State Examination (Folstein
et al., 1975) and fluency tests (Novelli et al., 1986) was obtained from

all patients, who were non-demented according to frontotemporal de-
mentia criteria (Rascovsky et al., 2011) at any timepoint. When ne-
cessary, Rascovsky criteria (Rascovsky et al., 2011) were applied ret-
rospectively, based on patients’ charts. The main demographic, clinical
and cognitive features of included ALS patients are shown in Table 1.
Forty-seven age- and sex-matched healthy controls were recruited by
word of mouth, based on the following criteria: normal neurological
assessment; MMSE score ≥ 28; no family history of neurodegenerative
diseases. Healthy controls performed clinical, cognitive and MRI as-
sessments at baseline. Exclusion criteria for all subjects were: medical
illnesses or substance abuse that could interfere with cognitive func-
tioning; any (other) major systemic, psychiatric, or neurological dis-
eases; other causes of brain damage, including lacunae and extensive
cerebrovascular disorders at MRI.

The study was approved by the institutional ethics committees of
the IRCCS San Raffaele Scientific Institute and IRCCS Istituto
Auxologico Italiano in Milan and all participants (or their caregivers)
provided written informed consent prior to study inclusion.

2.2. Clinical evaluation

At study entry and each follow-up visit, an experienced neurologist
blinded to MRI results performed clinical assessments, recording site of
disease onset and disease duration at presentation. Disease severity was
assessed using the ALS Functional Rating Scale-revised (ALSFRS-r)
(Cedarbaum et al., 1999). The baseline rate of disease progression was
defined according to the following formula: (48–ALSFRS-r score)/time
between symptom onset and first visit. Muscular strength was assessed
by manual muscle testing based on the Medical Research Council
(MRC) scale, and clinical upper motor neuron (UMN) involvement was
graded by totaling the number of pathological UMN signs on ex-
amination (Turner et al., 2004). Events of mortality (i.e., death or
tracheostomy) were recorded either at the moment of clinical evalua-
tions or by phone interview to caregivers until March 30, 2019.

2.3. MRI acquisition

Baseline and follow-up brain MRI scans were acquired on the same
3 T Philips Medical System Intera machine. The following brain MRI

Table 1
Demographic, clinical and cognitive characteristics at study entry in ALS patients and healthy controls (HC).

ALS (n = 50) HC (n = 47) p

Sex, males (%) 35 (70%) 28 (60%) 0.30
Age at baseline (years) 59.8 ± 11.5 60.8 ± 8.1 0.66
Disease duration at baseline (months) 16.2 ± 10.3 – –
ALSFRS-r at baseline [0–48] 41.5 ± 5.1 – –
ALSFRS-r progression rate (decrease/month) 0.5 ± 0.4 – –
Site of symptom onset (limb/bulbar) 40/10 – –
El Escorial diagnosis at baseline
(possible/probable lab-supported/probable/definite) 10/22/9/9 – –
El Escorial diagnosis at last visit
(possible/probable lab-supported/probable/definite) 0/4/28/18 – –
Total MRC sum score [0–120] 108.0 ± 11.2 – –
UMN score [0–16] 9.2 ± 4.6 – –
MMSE (% of correct/administrable items) 96.7 ± 3.2 – –
Phonemic fluency [normal range > 17] (Novelli et al., 1986) 29.7 ± 9.4 – –
Index PF 6.5 ± 2.9
Semantic fluency [normal range > 25] (Novelli et al., 1986) 39.2 ± 9.2 – –
Index SF 5.2 ± 3.6
Deceased or tracheotomized at censoring (%) 41 (82%) – –
Survival from onset (months) 46.2 ± 18.1 – –
Survival from baseline visit (months) 30.6 ± 15.8 – –

Values are reported as mean ± standard deviation or absolute and percentage frequency (%) for continuous and categorical variables,
respectively. Differences between ALS patients and healthy controls were assessed using Mann-Whitney (for age), or Fisher test (for sex).
Abbreviations: ALS = amyotrophic lateral sclerosis; ALSFRS-r = ALS functional rating scale, revised version; HC = healthy controls; MMSE = Mini
Mental State Examination; MRC = Medical Research Council scale for muscular strength; PF = phonemic fluency; SF = semantic fluency;
UMN = upper motor neuron.
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sequences were obtained from all subjects: T2-weighted spin echo (SE)
(repetition time [TR] = 3500 ms; echo time [TE] = 85 ms; echo train
length = 15; flip angle = 90°; 22 contiguous, 5-mm-thick, axial slices;
matrix size = 512 × 512; field of view [FOV] = 230 × 184 mm2);
fluid-attenuated inversion recovery (TR = 11 s; TE = 120 ms; flip
angle = 90°; 22 contiguous, 5-mm-thick, axial slices; matrix
size = 512 × 512; FOV = 230 mm2); 3D T1-weighted fast field echo
(FFE) (TR = 25 ms, TE = 4.6 ms, flip angle = 30°, 220 contiguous
axial slices with voxel size = 0.89 × 0.89 × 0.8 mm, matrix
size = 256 × 256, FOV = 230 × 182 mm2); and pulsed-gradient SE
echo planar with sensitivity encoding (acceleration factor = 2.5,
TR = 8986 ms, TE = 80 ms, 55 contiguous, 2.5 mm-thick axial slices,
number of acquisitions = 2; acquisition matrix 96 × 96, with an in-
plane pixel size of 1.89 × 1.89 mm and a FOV = 240 mm2) diffusion
gradients applied in 32 non-collinear directions using a gradient
scheme which is standard on this system (gradient over-plus) and op-
timized to reduce echo time as much as possible. The b factor used was
1000 s/mm2. Fat saturation was performed to avoid chemical shift ar-
tifacts. All slices were positioned to run parallel to a line that joins the
most inferoanterior and inferoposterior parts of the corpus callosum.

2.4. MRI analysis

2.4.1. Cortical thickness measurement
Cortical reconstruction and estimation of cortical thickness were

performed on the 3D T1-weighted images using the FreeSurfer image
analysis suite, version 5.3 (http://surfer.nmr.mgh.harvard.edu/) (Fischl
and Dale, 2000). After registration to Talairach space and intensity
normalization, the process involved an automatic skull stripping, which
removes extra-cerebral structures, cerebellum and brainstem, by using
a hybrid method combining watershed algorithms and deformable
surface models. Images were carefully checked for skull stripping er-
rors. Then, images were segmented into GM, WM, and cerebrospinal

fluid (CSF), cerebral hemispheres were separated, and subcortical
structures divided from cortical components. The WM/GM boundary
was tessellated and the surface was deformed following intensity gra-
dients to optimally place WM/GM and GM/CSF borders, thus obtaining
the WM and pial surfaces (Dale et al., 1999). Afterwards, surface in-
flation and registration to a spherical atlas were performed (Dale et al.,
1999). Finally, cortical thickness was estimated as the average shortest
distance between the WM boundary and the pial surface.

To evaluate longitudinal cortical changes in ALS patients, the serial
3D T1-weighted images of each subject were processed with the
Freesurfer longitudinal stream (Reuter et al., 2012). Specifically, an
unbiased within-subject template space and image was created from the
available scans using a robust, inverse consistent registration. Several
processing steps (including skull stripping, Talairach transforms, atlas
registration, as well as spherical surface maps) were then initialized on
the available scans, with common information from the within-subject
template. This allowed to create surface maps of all the available
timepoints (Reuter et al., 2012). Individual surface maps were regis-
tered to a common average surface and then smoothed using a Gaussian
kernel of 10 mm full width half-maximum.

2.4.2. Diffusion tensor (DT) MRI analysis
DT MRI analysis was performed using the FMRIB software library

(FSL) tools (http://www.fmrib.ox.ac.uk/fsl/fdt/index.html) and the
JIM software (Xinapse Systems, Northants, UK, http://www.xinapse.
com), as previously described (Agosta et al., 2013, 2014). The diffusion-
weighted data underwent a careful quality check for head motion and
were subsequently skull-stripped using the Brain Extraction Tool im-
plemented in FSL. Using FMRIB’s Linear Image Registration Tool
(FLIRT), the two diffusion-weighted scans were coregistered by ap-
plying the rigid transformation needed to correct for position between
the two b0 images (T2-weighted, but not diffusion-weighted). The ro-
tation component was also applied to diffusion-weighted directions.

Fig. 1. Flow-chart describing design of the study and follow-up of ALS patients.
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Eddy currents correction was performed using the JIM software
(Horsfield, 1999). The DT was estimated on a voxel-by-voxel basis using
DTIfit provided by the FMRIB Diffusion Toolbox. Maps of fractional
anisotropy (FA), mean diffusivity (MD), axial diffusivity (axD) and ra-
dial diffusivity (radD) were obtained.

First, a whole-brain DT MRI analysis was performed using tract-
based spatial statistics (TBSS) version 1.2 (http://www.fmrib.ox.ac.uk/
fsl/tbss/index.html). FA volumes of all timepoints acquired from all
subjects were aligned to a target image using the following procedure:
(i) the FA template in standard space (provided by FSL) was selected as
the target image, (ii) the nonlinear transformation that mapped each
subject’s FA to the target image was computed using the FMRIB’s
Nonlinear Image Registration Tool, and (iii) the same transformation
was used to align each subject’s FA to the standard space. A mean FA
image was then created by averaging the aligned individual FA images
and thinned to create a FA skeleton representing WM tracts common to
all subjects. The FA skeleton was thresholded at a value of 0.2 to ex-
clude voxels with low FA values, which are likely to include GM or CSF.
Individual FA, MD, axD and radD data were projected onto this
common skeleton. For the longitudinal analysis, skeletonised maps of
each DT-derived metric of all available timepoints obtained from each
ALS patient were fitted to a linear model using the Fitter tool in JIM7
(Horsfield, 1999) (www.xinapse.com): the model included a constant
value, and time from baseline was set as independent variable; the
obtained slope was retained for the statistical analysis.

Subsequently, based on the results of the whole-brain analysis, a
region-of-interest (ROI) analysis was performed to assess the degen-
eration of motor WM tracts in greater detail. Masks of the body of the
corpus callosum (CC-body) and four sub-regions of the corticospinal
tract (CST) – i.e., the bulbo-pontine CST, cerebral peduncle, posterior
limb of the internal capsule, and superior corona radiata – were ob-
tained from the Johns Hopkins University (JHU) white-matter tracto-
graphy atlas (Hua et al., 2008) and transformed onto the aligned,
skeletonized TBSS data, in order to extract mean DT MRI metrics for
each selected ROI at all timepoints. For CST data, the mean values of
corresponding ROIs of the two hemispheres were averaged to obtain a
single value.

2.5. Statistical analysis

2.5.1. Baseline MRI data
A cross-sectional vertex-by-vertex analysis using FreeSurfer, version

5.3 (http://surfer.nmr.mgh.harvard.edu/), was performed to assess
differences of cortical thickness between ALS patients and healthy
controls at baseline, adjusting for age and sex. The t-statistic was
thresholded at p < 0.05, FDR-corrected for multiple comparisons.

DT MRI voxel-wise statistics were performed to compare FA, MD,
axD and radD data between ALS patients and controls using a permu-
tation-based inference tool for nonparametric statistical thresholding
(“randomize”, permutations = 5000) in FSL (https://fsl.fmrib.ox.ac.
uk/fsl/fslwiki/Randomise/), adjusting for age and sex. Statistical maps
were thresholded at p < 0.05, family-wise error (FWE) corrected for
multiple comparisons at the cluster level using the threshold-free
cluster enhancement option.

DT MRI parameters of the selected WM ROIs at baseline were
compared between ALS patients and healthy controls using a
Multivariate Analysis of Covariance (MANCOVA) test followed by post-
hoc pairwise comparisons, adjusting for sex and age and applying
Bonferroni correction for multiple comparisons. SPSS Statistics 22.0
was used.

2.5.2. Longitudinal MRI data
Longitudinal changes of cortical thickness occurring in ALS patients

were assessed using Linear Mixed Effects Models in FreeSurfer v5.3
(Bernal-Rusiel et al., 2013) adjusting for age, sex, and ALSFRS-r score at
baseline as fixed-effects covariates (without variable selection).

Random effects were defined on the intercept. The t-statistic was
thresholded at p < 0.05, FDR-corrected.

One-sample t-tests using the “randomize” voxel-wise statistical tool
in FSL (permutations = 5000) were performed to assess the evolution
of FA, MD, axD and radD slopes, adjusting for age, sex and baseline
ALSFRS-r score. Statistical maps were thresholded at p < 0.05, FWE-
corrected.

Mixed effects models were used to model the evolution over time
(from baseline) of mean DT MRI metrics within each selected WM ROI.
For each DT MRI measure, both a linear (LME) and a nonlinear mixed-
effects (NLME) model were estimated to investigate which could better
fit the longitudinal trend. Final models were obtained with a backward
procedure of variable selection on the fixed-effects covariates. The best
model (among the two final ones) was chosen as the one with the lowest
Akaike Information Criteria (AIC). Outliers which have been observed
for both starting models were excluded from the analysis of that MRI
parameter. Due to the shape of the trajectories, the NLME model was
defined as either a decreasing or an increasing exponential function
with horizontal left asymptote. In case of the decreasing trend (used for
FA), the equation of the model (Model 1) was:

= +MRImeasure Asym time xdec(1 exp( 10 ln(0.1))),

while in case of an increasing function (used for diffusivity mea-
sures) this was (Model 2):

= + +MRImeasure Asym time xinc(1 exp( 10 ln(0.1))),

where Asym was the horizontal left asymptote (representing the
“starting value”), while xdec10 or xinc10 describe the time to a 10%
decrease or increase for MRI measure, respectively, with respect to the
asymptote. In both LME and NLME models, we assessed the effect of
fixed-effects covariates (sex, age at onset, ALSFRS-r score at baseline
and the value of the selected MRI parameter at baseline) on the change
of each MRI parameter over time (i.e., the slope in the LME model or
the 10% increase/decrease relative to the horizontal left asymptote in
the NLME model) was influenced by sex, age at onset, ALSFRS-r score at
baseline and the value of the selected MRI parameter at baseline.
Moreover, we evaluated whether the starting value of the MRI measure
(i.e., the intercept in the LME model and the asymptote in the NLME
model) was affected by sex, age at baseline and ALSFRS-r score at
baseline. The random effects were set on the parameter representing the
starting value (namely, the intercept for the LME model and the in-
tercept of the asymptote in the NLME model), in order to account for
the heterogeneity of values of the MRI measure among patients at
baseline. For all DT MRI measures the best model resulted to be the
appropriate NLME model (see Appendix). This analysis was performed
using the nlme R package with R version 3.5.0 (http://www.R-project.
org/).

2.5.3. Clinico-anatomical correlations
In ALS patients, voxel-wise regression models were run to test the

association between the rate of decline of ALSFRS-r and the slopes of DT
MRI measures within the WM skeleton obtained from TBSS, using the
“randomize” voxel-wise statistical tool in FSL (permutations = 5000).
Statistical maps were thresholded at p < 0.05, FWE-corrected.

In addition, a nonlinear mixed-effects model with a logistic shape
was used to test the relationship between sex, age at onset and the value
of FA of each selected WM ROIs at baseline and the subsequent rate of
ALSFRS-r decline, using the following equation:

=
+

ALSFRS r score Asym
1 exp xmid time

scale

where Asym represented the left horizontal asymptote (i.e., the
“starting value” of ALSFRS-r), while the right horizontal asymptote
(i.e., the “final value”) was set to 0, as the value of ALSFRS-r at the
eventual time-point corresponding to the occurrence of tracheostomy/
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death was imputed as equivalent to this score; xmid represented the
follow-up time (time) at which the ALSFRS-r score was midway between
the asymptotes (thus indicating of a faster/slower progression rate);
whereas scale was a scaling factor, which was set equal for all patients.
We assessed whether the progression of the ALSFRS-r score over time
(i.e., xmid) depended on the following fixed-effects covariates: sex, age
at onset and the value of FA of the selected WM ROIs at baseline. The
random effects were set on the intercept of xmid in order to account for
the heterogeneity among patients in the rate of disease progression. We
also evaluated whether the starting value of the ALSFRS-r score (Asym)
depended on the following fixed-effects covariates: sex, age at baseline
and disease duration at baseline. The final model was obtained by using
a backward selection procedure on the fixed-effects covariates. The
observations which were outliers for the starting model were elimi-
nated from the analysis. This analysis was performed using the nlme R
package with R version 3.5.0 (http://www.R-project.org/).

2.6. Sample size calculation

A minimum sample size was calculated for assessing a change at
6 months of either FA values of the bulbo-spinal CST (for this analysis,
considered as representative for the whole CST) or ALSFRS-r, using data
from the literature for identifying the target differences (Bede and
Hardiman, 2018; Cardenas-Blanco et al., 2016; Kassubek et al., 2018).
A sample of 28 patients was calculated as sufficient for showing a mean
difference of bulbo-spinal CST FA values between 6 months and the
baseline of −0.004 with standard deviation (SD) of 0.007, by con-
sidering 80% power and 5% significant level. By assuming a (con-
servative) moderate correlation between ALSFRS-r values at baseline
and at 6 months (i.e., between 0.5 and 0.7), a sample size between 15
and 23 was computed as sufficient for showing a decrease from 40
(with SD = 5) to 36 (with SD = 7), by considering 80% power and 5%
significant level. For comparison, Fig. 1 reports the numbers of avail-
able timepoints of the present cohort.

3. Results

3.1. Clinical evaluation

Table 1 reports the main demographic, clinical and cognitive data of
participants. Forty-one ALS patients (i.e., 82%) met the survival end-
point (i.e., death or tracheostomy) at the time of censoring. All patients
with a diagnosis of possible ALS at baseline had converted to a higher
level of diagnostic certainty by the end of the available follow-up.

3.2. Baseline MRI findings

Cortical thickness. In ALS patients, no significant cortical thinning
was detected relative to healthy controls at baseline.

WM voxel-wise analysis. On the baseline TBSS analysis, ALS patients
showed extensively decreased FA relative to controls along the CST,
bilaterally, and in the CC-body (Fig. 2-a, p < 0.05 FWE-corrected).
Decreased FA was also found in the superior longitudinal fasciculi and
frontal subcortical WM, bilaterally. No significant alterations of MD,
axD, or radD were found.

WM ROI analysis. At baseline, the DT-derived measures showing
significant alterations at a regional level in ALS patients were the mean
FA values of CC-body (p = 0.008) and all CST ROIs (p = 0.008 for
bulbo-pontine, p < 0.001 for other subregions), as well as MD values
of the upper CST (superior corona radiata, p = 0.008; PLIC, p = 0.048)
(Table 2). Other diffusivity metrics did not differ significantly from
healthy controls.

3.3. Longitudinal MRI changes

Cortical thickness. In ALS patients, no significant cortical thinning
over the 1-year MRI follow-up was detected.

WM voxel-wise analysis. A significant evolution of microstructural
WM damage was found, in terms of decreased FA and increased MD,
axD and radD (Fig. 2-b, p < 0.05 FWE-corrected). MD and radD,
which did not show significant alterations at baseline, increased over
time not only along the CSTs and the CC-body, but also in the genu of
the CC, bilateral superior longitudinal fasciculi and anterior corona
radiata, and left inferior longitudinal fasciculus. FA decreased sig-
nificantly in the same areas, except for the CSTs. The longitudinal in-
crease of axD involved only a restricted area including the genu of the
CC, the PLIC and the superior-anterior corona radiata of the right
hemisphere.

WM ROI analysis. The evolution over time of mean FA, MD and radD
values within each selected ROI (i.e., body-CC and 4 CST subregions)
was modelled using both a linear and a nonlinear mixed-effects (NLME)
model. For all DT MRI measures, the best model resulted to be the
nonlinear one. Fig. 3, Supplementary Fig. 1 and Supplementary Fig. 2
show the progression of such values for each subject over time, together
with the corresponding estimated model. Considering the modest size
and localization of axD increase in the voxel-wise analysis, we did not
model the longitudinal evolution of this measure within the ROIs. The
estimated models are reported in the Appendix. Damage to the CC-body
and CST subregions consistently showed faster progression in ALS pa-
tients with higher ALSFRS-r at baseline (FA of the CC-body, MD of the
bulbo-pontine CST, FA/MD/radD of the cerebral peduncle and PLIC).
Greater WM damage at baseline was also associated with faster sub-
sequent decline of FA/MD/radD of the CC-body, and FA of the PLIC,
although an opposite association was found for radD of the PLIC. Fe-
male sex was mostly associated with faster WM deterioration (MD of
the CC-body, FA/radD of the bulbo-pontine CST, FA of the PLIC, FA/
MD/radD of the superior corona radiata), although male patients
showed faster progression of radD of the PLIC. Younger age at onset was
associated with faster decline of FA/MD/radD of the CC-body, FA of the
cerebral peduncle, and MD/radD of the PLIC, whereas an opposite as-
sociation was shown for FA of the bulbo-pontine CST and MD of the
superior corona radiata.

3.4. Relationship between structural brain changes and clinical progression
in ALS patients

Voxel-wise regression models showed a significant association be-
tween the slopes of ALSFRS-r progression and FA decrease within WM
fibers of the CC-body (Fig. 2-c).

The progression of the ALSFRS-r score over time, as assessed using
the NLME model, was found to occur faster in ALS patients with lower
baseline FA of the cerebral peduncle (p = 0.047), indicating this DT
MRI measure as a predictor of more rapid subsequent functional de-
cline. The starting value of ALSFRS-r showed, as expected, an inverse
association with disease duration (p = 0.049; Fig. 4, Table 3). Other
demographic (i.e., age at onset, sex) and MRI measures were not sig-
nificantly related with ALSFRS-r progression over time.

4. Discussion

In this longitudinal study, a whole-brain voxel-wise approach with
no a priori assumptions was adopted to identify which MRI measures
were the most sensitive to early and progressive brain damage in ALS
patients enrolled within one year from clinical diagnosis, who showed
consequently mild disease severity at baseline (mean ALSFRS-
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r = 41.5 ± 5.1). We found consistent alterations of MRI measures of
WM microstructural integrity that were mostly restricted to the CC-
body and CST at baseline and later progressed to involve widespread
anterior frontal, temporal and parietal tracts over a one-year follow-up
time in ALS patients. DT MRI metrics showed progressive worsening
over time that was influenced by several demographic, clinical and MRI
features. FA decrease in the CC-body was found to correlate with the
progression of ALSFRS-r, whereas baseline FA values of the cerebral
peduncle predicted a more rapid subsequent clinical course. By

contrast, no significant cortical thinning was detected either at baseline
or over time.

Results from previous longitudinal MRI studies in ALS are con-
flicting as regards the relative impact of pathology progression over
cortical GM and WM disruption. In fact, some have suggested a key role
of GM atrophy over time (Bede and Hardiman, 2018; Kwan et al., 2012;
Menke et al., 2018), whereas others found no significant longitudinal
cortical changes (de Albuquerque et al., 2017; Schuster et al., 2014;
Verstraete et al., 2014). Progression of WM damage demonstrated by

Fig. 2. Results of white matter (WM) voxel-wise analysis: A) cross-sectional results of TBSS analysis comparing ALS patients with healthy controls at baseline; B)
regions of significant decrease/increase of DT MRI metrics over time, as measured in terms of slopes of FA (red), MD (blue), axD (orange), or radD (violet) change;
and C) regions of significant correlation between ALSFRS-r and FA decline over follow-up time. All results are superimposed on the WM skeleton of TBSS (light green)
and on the Montreal Neurological Institute (MNI) template, thresholded at p < 0.05 FWE-corrected, and adjusted for age and sex. Results displayed in B) and C) are
also adjusted for baseline ALSFRS-r values. Abbreviations: ALS = amyotrophic lateral sclerosis; ALSFRS-r = ALS Functional Rating Scale, revised version, axD = axial
diffusivity; CST = corticospinal tract; DT = diffusion tensor; MD = mean diffusivity; radD = radial diffusivity; TBSS = Tract-based Spatial Statistics; WM = white matter.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Table 2
Mean DT MRI measures of the selected WM regions of interest (ROIs) in ALS
patients and healthy controls (HC).

Variable HC ALS patients p

FA CC-body 0.684 ± 0.04 0.664 ± 0.037 0.008
FA Bulbo-pontine CST 0.618 ± 0.035 0.599 ± 0.033 0.008
FA Cerebral peduncle 0.712 ± 0.023 0.69 ± 0.025 <0.001
FA Posterior internal capsule 0.69 ± 0.024 0.671 ± 0.025 <0.001
FA Superior corona radiata 0.49 ± 0.028 0.471 ± 0.022 <0.001
MD CC-body 0.84 ± 0.059 0.847 ± 0.057 0.600
MD Bulbo-pontine CST 0.685 ± 0.042 0.695 ± 0.03 0.212
MD Cerebral peduncle 0.718 ± 0.031 0.722 ± 0.032 0.639
MD Posterior internal capsule 0.704 ± 0.022 0.714 ± 0.024 0.048
MD Superior corona radiata 0.719 ± 0.028 0.736 ± 0.030 0.008
axD CC-body 1.641 ± 0.067 1.618 ± 0.067 0.06
axD Bulbo-pontine CST 1.21 ± 0.067 1.204 ± 0.067 0.553
axD Cerebral peduncle 1.425 ± 0.071 1.406 ± 0.055 0.082
axD Posterior internal capsule 1.374 ± 0.055 1.366 ± 0.044 0.293
axD Superior corona radiata 1.143 ± 0.047 1.151 ± 0.048 0.542
radD CC-body 0.449 ± 0.083 0.461 ± 0.063 0.428
radD Bulbo-pontine CST 0.432 ± 0.083 0.44 ± 0.03 0.610
radD Cerebral peduncle 0.367 ± 0.058 0.38 ± 0.031 0.206
radD Posterior internal capsule 0.377 ± 0.059 0.389 ± 0.027 0.255
radD Superior corona radiata 0.518 ± 0.08 0.529 ± 0.027 0.484

Values are reported as mean ± standard deviation. Differences between ALS
patients and healthy controls were assessed using a Multivariate Analysis of
Covariance (MANCOVA) test, adjusting for sex and age and applying Bonferroni
correction. Abbreviations: ALS = amyotrophic lateral sclerosis; axD = axial dif-
fusivity; CC = corpus callosum; CST = corticospinal tract; FA = fractional ani-
sotropy; MD = mean diffusivity; HC = healthy controls; radD = radial diffusivity.
Bold is for significant values

Fig. 3. Regions of interest (ROIs) selected from the Johns Hopkins University (JHU) white-matter tractography atlas, superimposed on the Montreal Neurological
Institute (MNI) template (in the top left corner), and plots showing the longitudinal evolution of FA for each selected ROI over follow-up time from baseline, together
with the corresponding nonlinear mixed-effects model. Individual FA values are represented in grey for male patients and in orange for female patients, whereas the
curves represent the estimated models by varying the values of some covariates in the model. When not specified, the covariates were set equal to the median value.
Abbreviations: CC = corpus callosum; CST = corticospinal tract; DT = diffusion tensor; FA = fractional anisotropy; ROI = region of interest; WM = white matter. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 4. Nonlinear mixed-effects model describing the ALSFRS-r evolution over
follow-up time from baseline. Individual scores are represented in grey for male
patients and in orange for female patients, whereas the curves represent the
estimated model by varying the baseline FA of the cerebral peduncle.
Abbreviations: ALSFRS-r = ALS Functional Rating Scale, revised version;
CST = corticospinal tract; FA = fractional anisotropy; Q2 = median. (For inter-
pretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)
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DT MRI has been reported more consistently (Bede and Hardiman,
2018; de Albuquerque et al., 2017; Kassubek et al., 2018; Keil et al.,
2012; Menke et al., 2018; Steinbach et al., 2015), although a minority
of studies could not detect such longitudinal evolution (Agosta et al.,
2009; Kwan et al., 2012), and some variability regarding the entity and
the pattern of such progression likely derive from the heterogeneous
disease course and great variability across studies in sample sizes,
follow-up intervals and functional impairment at baseline.

In our study, no cross-sectional or longitudinal cortical thinning was
detected at a statistical threshold corrected for multiple comparisons,
after adjusting for age and sex. The lack of GM alterations in ALS pa-
tients even at baseline contrasts with previous results from our (Spinelli
et al., 2016) and other research groups (Kwan et al., 2012; Verstraete
et al., 2010), but is likely due to the shorter disease duration and milder
disability of the present sample, as well as to the use of different sta-
tistical approaches. By contrast, the identification of the known sig-
nature of FA decrease relative to healthy controls at baseline, encom-
passing the CST in its entirety and the motor callosal fibers (i.e., the CC-
body), was expected and consistent with previous reports from several
research groups (Agosta et al., 2014; Bede and Hardiman, 2018;
Kassubek et al., 2018; Schuster et al., 2016) and a recent large multi-
center study pooling DT MRI data of ALS patients from eight sites
(Muller et al., 2016). The cross-sectional, ROI-based analysis confirmed
such difference when averaged values within each motor tract ROI (i.e.,
four CST subregions and CC-body) were considered. In particular, FA
was the earliest DT-derived measure to be altered, whereas diffusivity
metrics were relatively spared at baseline, with the exception of MD of
the superior corona radiata and PLIC. This is in keeping with previous
studies showing most widespread baseline alterations of FA in ALS
cohorts (Agosta et al., 2014; Bede and Hardiman, 2018; de Albuquerque
et al., 2017), possibly consistent with early axonal degeneration. On the
other hand, a longitudinal analysis that considered all available time-
points within a one-year follow-up demonstrated progression of FA, MD
and radD alterations in widespread WM regions, involving not only
motor tracts, but also extra-motor fronto-temporo-parietal WM. This is
in line with the pattern described by previous reports (Bede and
Hardiman, 2018; Menke et al., 2018) and mirrors the pathological
staging described by Brettschneider et al. (Brettschneider et al., 2013),
although a strict correspondence is difficult to draw, as this staging is
based on TDP-43 depositions in the cortical GM. When our longitudinal
analysis focused on the ROIs of the motor tracts, FA decrease and MD/
radD increase in ALS patients showed a non-linear evolution over time
with a complex dependence on demographic, clinical and MRI features,
as further discussed below. Taken together, our results suggest that
advanced structural MRI techniques assessing WM integrity might have
greater sensitivity to early damage and subsequent evolution of ALS
pathology, compared with those evaluating GM.

The longitudinal analysis of WM alterations within the selected
ROIs has provided some intriguing suggestions regarding the pattern
and timing of DT MRI alterations in ALS patients. Particularly, the as-
sociation of a more rapid WM disruption within these regions with
higher baseline ALSFRS-r values and, for the CC-body, greater baseline
MRI alterations suggests, on the one hand, that WM microstructural
rearrangements occur early in ALS disease course, even before the de-
velopment of a severe functional impairment; on the other hand, that
once WM degeneration of the callosal fibers has started, this does not
tend towards reaching a plateau, but rather to a greater rate of dete-
rioration, at least in the early phases covered by the 1-year timeframe of
the present MRI study. The relationship of WM longitudinal damage
with other demographic features (i.e., sex and age) is more difficult to
interpret, as our results showed diverging consequences of the same
factors across different WM subregions (although female sex was most
consistently associated with faster WM disruption). The complex in-
fluence of these factors over DT MRI metrics has been explored only
recently in different contexts (i.e., healthy aging and pathological
conditions, including ALS) (Bede et al., 2014; O'Dwyer et al., 2012;
Rathee et al., 2016). In the present study, given the absence of long-
itudinal data of healthy controls, it is impossible to discriminate be-
tween the “normal” influence of demographic features over WM in-
tegrity and their interaction with disease status, although demographic
factors have been indicated as fundamental prognostic factors (Calvo
et al., 2017; Chio et al., 2020) and previous neuroimaging evidence
suggests significant sexual dimorphism in the evolution of ALS pa-
thology (Bede et al., 2014).

This study has also identified significant associations between
measures of WM damage of the motor tracts and functional decline in
ALS patients. FA decrease of the CC-body correlated with the decline of
ALSFRS-r (Fig. 2-c), suggesting that functional decline in ALS might at
least partially derive from an interhemispheric disconnection between
contralateral motor networks. This is in line with previous studies
showing a significant association between WM motor tract degenera-
tion and worsening disability (Kassubek et al., 2018; Keil et al., 2012;
Menke et al., 2018), and supports these measures as possible additional
quantitative outcomes – more specifically related to CNS damage
compared with ALSFRS-r – when following disease evolution. More-
over, we demonstrated that decreased FA of the cerebral peduncle is an
independent predictor of a faster subsequent ALSFRS-r decline (Fig. 4,
Table 3). The cerebral peduncle has already been indicated as a key
region to discriminate ALS patients from controls based on DT MRI,
even more than other CST subregions (Schuster et al., 2016). Moreover,
the process of tract reconstruction in the cerebral peduncle might be
less affected by the presence of crossing fibers, when compared to other
CST subregions (Mandelli et al., 2014), possibly making this measure
more closely related to the underlying WM pathology. Therefore, it is
not surprising that greater damage to this region might also have a
prognostic, as well as diagnostic role in ALS. This finding integrates
previous studies specifically assessing DT MRI measures of the CST for a
prediction of survival (Agosta et al., 2019; Schuster et al., 2017; van der
Burgh et al., 2017), and strongly suggests that a multimodal approach
including such measures would provide an optimal method for an ac-
curate prognostic stratification of ALS patients.

Compared with previous studies adopting a similar multiparametric
MRI approach (Bede and Hardiman, 2018; de Albuquerque et al., 2017;
Menke et al., 2018), we were able to enroll a well-sized sample of pa-
tients who underwent at least 2 MRI scans over the follow up,
strengthening our claim that the lack of significant GM alterations is not
due to an insufficient sample. A limitation of this longitudinal study is
the relatively high attrition rate, as only 18/50 patients could undergo
the last, 12-month MRI scan. However, this was expected given the
aggressive course of ALS; moreover, the specific statistical design that
we used was meant to take into account missing values and differences
in follow-up time. Another limitation was the unavailability of long-
itudinal data of healthy controls, although this did not affect the main

Table 3
Nonlinear mixed-effects model analyzing the longitudinal evolution of ALSFRS-
r from baseline in ALS patients.

Parameter Coefficient SE p value

xmid (i.e., 50% decrease of ALSFRS-r)
Intercept −43.833 28.454 0.013
Baseline FA of Cerebral peduncle 83.085 41.435 0.047
Asym (i.e., starting value of ALSFRS-r)
Intercept 44.200 0.803 < 0.001
Disease duration at baseline −0.078 0.039 0.049
Scale 3.098 0.224 < 0.001

Positive values of the estimated coefficients, in the submodel of the parameter
xmid, indicate that 50% decrease of ALSFRS-r is reached later as the corre-
sponding variable increases; whereas, in the submodel of the parameter Asym,
positive values indicate that the starting value of ALSFRS-r is higher as the
corresponding variable increases. Abbreviations: ALS = amyotrophic lateral
sclerosis; ALSFRS-r = ALS Functional Rating Scale, revised version;
CST = corticospinal tract; FA = fractional anisotropy; SE = standard error.
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focus of our study, which was on identifying the structural MRI al-
terations that were most sensitive to ALS clinical progression and could
contribute to predict a faster functional deterioration.

Despite these limitations, our data allow to conclude that DT MRI
metrics are sensitive to brain damage in the first stages of ALS and can
provide useful information to monitor disease progression and aid in
the prognostic stratification of patients. Larger samples will be needed
to further explore these suggestions in specific subpopulations (e.g.,
according to site of onset, different cognitive status, etc.).
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