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ARTICLE INFO ABSTRACT
Keywords: Objective: To investigate the progression of resting-state functional connectivity (rs-FC) changes in patients with
Amyotrophic lateral sclerosis amyotrophic lateral sclerosis (ALS) and their relationship with frontal cognitive alterations.
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Methods: This is a multicentre, observational and longitudinal study. At baseline and after six months, 25 ALS
patients underwent 3D T1-weighted MRI, resting-state functional MRI (rs-fMRI), and the computerized Test of
Attentional Performance (TAP). Using independent component analysis, rs-FC changes of brain networks
involving connections to frontal lobes and their relationship with baseline cognitive scores and cognitive changes
over time were assessed. With a seed-based approach, rs-FC longitudinal changes of the middle frontal gyrus
(MFG) were also explored.

Results: After six months, ALS patients showed an increased rs-FC of the left anterior cingulate, left middle frontal
gyrus (MFG) and left superior frontal gyrus within the frontostriatal network, and of the left MFG, left supra-
marginal gyrus and right angular gyrus within the left frontoparietal network. Within the frontostriatal network,
a worse baseline performance at TAP divided attention task was associated with an increased rs-FC over time in
the left MFG and a worse baseline performance at the category fluency index was related with increased rs-FC
over time in the left frontal superior gyrus. After six months, the seed-based rs-FC analysis of the MFG with
the whole brain showed decreased rs-FC of the right MFG with frontoparietal regions in patients compared to
controls.

Conclusions: Rs-FC changes in ALS patients progressed over time within the frontostriatal and the frontoparietal
networks and are related to frontal-executive dysfunction. The MFG seems a potential core region in the
framework of a frontoparietal functional breakdown, which is typical of frontotemporal lobar degeneration.
These findings offer new potential markers for monitoring extra-motor progression in ALS.

1. Introduction neurons. (Swinnen and Robberecht, 2014) At present, its multisystem
nature and clinical, pathological, and genetic overlap with fronto-

Amyotrophic lateral sclerosis (ALS) is the most common type of temporal lobar degeneration (FTLD) are firmly established. (Proudfoot
motor neuron disease, a fatal and heterogeneous neurodegenerative et al., 2018) Cognitive and behavioural disturbances in ALS have been
disorder characterized by progressive damage to upper and lower motor observed in about 50% of patients, (van Es et al., 2017) with executive
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functions, verbal fluency, and apathy as the most frequently affected
domains. (Goldstein and Abrahams, 2013) Being increasingly recog-
nized, these non-motor features in ALS have been shown to hold sig-
nificant prognostic implications. (Agosta et al., 2019).

In recent years, several neuroimaging techniques, such as magnetic
resonance imaging (MRI), have proved to be useful in the search of
biomarkers of ALS in vivo. Resting-state functional connectivity (rs-FC) is
offering a unique contribution for understanding the integrity of brain
networks related to motion, cognition and behavior in ALS. (Smith et al.,
2009) Cross-sectional rs-functional MRI (rs-fMRI) studies reported rs-FC
alterations within motor and extra-motor networks in ALS patients
relative to healthy controls. (Agosta et al., 2013; Mohammadi et al.,
2009)

Longitudinal studies are critical for understanding, monitoring and
timing the progression of neurodegenerative diseases. In ALS, these
studies are particularly relevant in order to identify novel biomarkers of
motor and cognitive decline and to better define the patient’s prognosis.
Up to date, only few studies have investigated rs-FC changes over time in
ALS. (Menke et al., 2018; Schulthess et al., 2016; Shen et al., 2018; Trojsi
et al., 2020) Most of them have used network-based approaches and
have commonly showed increased rs-FC within the sensorimotor
network after six months of follow-up. On the other hand, although
findings in extra-motor networks are heterogeneous, all studies evi-
denced altered rs-FC of the frontal regions. (Menke et al., 2018;
Schulthess et al., 2016; Shen et al., 2018; Trojsi et al., 2020) At present,
no studies have yet investigated the relationship between the progres-
sive rs-FC changes involving the connections to the frontal lobes and ALS
cognitive alterations over time. Specifically, it is not clear whether and
how the progression of brain frontal alterations are related to the
cognitive dysfunction in ALS, and therefore whether they reflect a sign
of disease progression or a mechanism of compensation.

It is common knowledge that cognitive assessment in ALS patients
requires a correction for motor speed. This adjustment has been excel-
lently achieved by the Edinburgh Cognitive and Behavioural ALS Screen
(ECAS), (Abrahams et al., 2014) a brief neuropsychological battery for
detecting cognitive and behavioural disturbances in ALS patients.
However, as a screening tool, ECAS may have the limitation of not
identifying subtle cognitive deficits in ALS patients. On this purpose,
other approaches, such as computer-based batteries, might allow for a
deeper investigation of ALS-typical altered cognitive functions and, at
the same time, accommodate for motor disability.

In this study, we collected and analyzed clinical, cognitive computer-
based, and fronto-connected network (those networks which hold
functional connections that reach the frontal lobes, such as frontostriatal
and frontoparietal networks) rs-fMRI data in ALS patients at baseline
and after six months. We also assessed the relationship of longitudinal
rs-FC alterations with baseline and longitudinal performance of patients
at a neuropsychological computer-based battery (the Test of Attentional
Performance-TAP), (Zimmermann and Fimm, 1992) which investigates
the whole spectrum of frontal involvement in ALS accounting for motor
impairment. We hypothesized that rs-FC changes could provide an
extra-motor brain marker for the study of ALS disease progression.

2. Material and methods
2.1. Participants

From a large sample of 255 MND cases, twenty-five patients with a
clinical diagnosis of probable or definite ALS according to the revised El
Escorial criteria (Brooks et al., 2000) with no significant respiratory
failure were selected from those attending two centres in Milan, Italy
(IRCCS San Raffaele Scientific Institute and IRCCS Istituto Auxologico
Italiano). We selected only patients with two visits (at baseline and six
months), each including a clinical evaluation, an MRI scan and a
computer-based battery assessing attention and executive functions. A
standard neuropsychological assessment covering all cognitive domains

Neurolmage: Clinical 28 (2020) 102509

was also obtained at study entry. Thirty-nine healthy controls, age-, sex-,
and education-matched with patients, were recruited among non-
consanguineous relatives and by word of mouth based on the
following criteria: normal neurological exam, mini mental state exami-
nation (MMSE) score > 28, and no family history of neurodegenerative
diseases. All healthy controls underwent the baseline visit, which
included the standard neuropsychological assessment and an MRI scan.
Ten healthy subjects performed also the same MRI protocol at six
months. All participants were excluded if they had significant medical
illnesses or substance abuse that could interfere with cognitive func-
tioning; any (other) major systemic, psychiatric, or neurological ill-
nesses; and (other) causes of focal or diffuse brain damage, including
cerebrovascular disease at conventional MRI scans. No participants were
excluded for motion-related artifacts in the MR images. Local ethical
standards committee on human experimentation approved the study
protocol and all participants provided written informed consent.

2.2. Clinical assessment

Disease severity in patients was assessed at baseline and after six
months using the ALS Functional Rating Scale-revised (ALSFRS-R, with a
maximum score of 48). (Cedarbaum et al., 1999) The rate of disease
progression was defined according to the following formula:
(48-ALSFRS-R score)/time between symptom onset and first visit.

2.3. Cognitive and behavioral assessment

At the two centers, neuropsychological assessments were performed
by experienced neuropsychologists, who were trained by the same se-
nior neuropsychologist and were unaware of the MRI results. Cognitive
evaluation consisted in the administration of: a comprehensive standard
neuropsychological battery (to patients and controls at study entry) in
order to define the potential presence of cognitive and/or behavioural
impairment according to Strong’s criteria, (Strong et al., 2017) and a
computer-based battery (to patients at baseline and after six months) as
cognitive outcome to monitor the cognitive progression over time.

In the standard battery, the following cognitive functions were
evaluated: global cognitive functioning with the mini mental state ex-
amination (MMSE); (Folstein et al., 1975) long and short term verbal
memory with the Rey Auditory Verbal Learning Test (Carlesimo et al.,
1996) and the digit span forward, (Orsini et al., 1987) respectively;
executive functions with the digit span backward, (Monaco et al., 2013)
the Cognitive Estimation Task (CET), (Della Sala et al., 2003) the Weigl’s
Sorting test, (Spinnler and Tognoni, 1987) the Wisconsin Card Sorting
Test (Laiacona et al., 2000) and the Raven’s colored progressive
matrices (CPM); (Basso et al., 1987) fluency with the phonemic and
semantic fluency tests (Novelli et al., 1986) and the relative fluency
indices (controlling for individual motor disabilities); (Abrahams et al.,
2000) language with the Italian battery for the assessment of aphasic
disorders; (Miceli et al., 1994) mood with the Beck Depression Inventory
(BDI); (Beck et al., 1961) and the presence of behavioral disturbances
with the Amyotrophic Lateral Sclerosis-Frontotemporal Dementia-
Questionnaire (ALS-FTD-Q) (Raaphorst et al., 2012) administered to
patients’ caregivers. Healthy controls underwent the entire assessment
except for the CET and the Weigl’s Sorting test, which were used in
patients to deeply investigate executive functions.

The computer-based assessment consisted in the administration of
six subtests of the TAP (alertness, divided attention, crossmodal inte-
gration, go/nogo, incompatibility and sustained attention). (Zimmer-
mann and Fimm, 1992) The TAP battery accounts for patients’ verbal
and/or physical impairment and allows the investigation of cognitive
abilities, such as attention and executive functions, requiring the
involvement of the frontal regions typically affected in ALS. The TAP
administration followed strictly standardized procedures. In order to
account for patients’ verbal and/or physical impairment, patients per-
formed each task with a response-box consisting in a single facilitator
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press-button for all sub-tests (with the only exception of the In-
compatibility sub-test which required two press-buttons), not either
requiring patient fine movements nor strength.

2.4. MRI acquisition

Using a 3.0 T scanner (Intera, Philips Medical Systems, Best, the
Netherlands), the following brain MRI sequences were obtained from all
participants at the same center (IRCCS San Raffaele Scientific Institute):
T2-weighted spin echo (repetition time [TR] = 3500 ms; echo time [TE]
= 85 ms; echo train length = 15; flip angle = 90 [degrees]; 22 contig-
uous, 5-mm-thick, axial slices; matrix size = 512 x 512; field of view
[FOV] =230 x 184 mmz); fluid-attenuated inversion recovery (TR = 11
s; TE = 120 ms; flip angle = 90 [degrees]; 22 contiguous, 5-mm-thick,
axial slices; matrix size = 512 x 512; FOV = 230 mm?); 3D T1-
weighted fast field echo (FFE) (TR = 25 ms; TE = 4.6 ms; flip angle =
30 [degrees]; 220 contiguous axial slices with voxel size = 0.89 x 0.89
x 0.8 mm, matrix size = 256 x 256, FOV = 230 x 182 mmz); and T2*-
weighted single-shot echo planar imaging sequence for rs-fMRI (TR =
3000 ms; TE = 35 ms; flip angle = 90; FOV = 240 x 240 mm (Proudfoot
et al., 2018); matrix size = 128 x 128; slice thickness = 4 mm; 200 sets
of 30 contiguous axial slices; acquisition time = 10 min). Before starting
the rs-fMRI scanning, the technician talked with the participants
through their earphones instructing them to remain motionless, to keep
their eyes closed, not to fall asleep, and not to think about anything in
particular. At the end of the rs-fMRI acquisition, the technician talked
again with the participants asking whether they remained awake during
the sequence.

2.5. MRI analysis

MRI analysis was performed at the Neuroimaging Research Unit,
IRCCS Scientific Institute San Raffaele, Milan, Italy.

Single-Subject
ICA-AROMA
(automatically remove
the bad signal; b)

Single-Subject
Connectivity

4D image creation with the ‘best fit’ of all subjects for each network (e)
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2.5.1. Resting-state fMRI preprocessing

Rs-fMRI data processing was carried out using the FMRIB software
library (FSLv5.0) as described previously. (Canu et al., 2020) The first
four volumes of the rs-fMRI data were removed to reach complete
magnet signal stabilization. The following FSL-standard preprocessing
pipeline was applied: (1) motion correction using MCFLIRT; (2) high-
pass temporal filtering (lower frequency: 0.01 Hz); (3) spatial smooth-
ing (Gaussian Kernel of FWHM 6 mm); (4) single-session independent
component analysis-based automatic removal of motion artifacts
(ICA_LAROMA) (Pruim et al., 2015) in order to identify those indepen-
dent components (ICs) representing motion-related artifacts.

Network-based functional connectivity: Independent component
analysis (for a brief overview of the method see Fig. 1).

Rs-fMRI data set (‘clean’ from motion-related ICs) were co-registered
to the participant’s 3D T1-weighted TFE image using affine boundary-
based registration as implemented in FLIRT (Greve and Fischl, 2009)
and subsequently transformed to the Montreal Neurological Institute
(MNI) 152 standard space with 4 mm isotropic resolution using non-
linear registration through FNIRT. (Andersson et al., 2007) Pre-
processed rs-fMRI data for each subject were temporally concatenated
across participants to create a single 4D data set. This rs-fMRI data set
was then decomposed into ICs with a free estimate of the number of
components using MELODIC (Multivariate Exploratory Linear Opti-
mized Decomposition into Independent Components). (Beckmann et al.,
2005) Among group-IC spatial maps (Fig. A.1), ICs of interest (frontos-
triatal, left and right frontoparietal networks) were selected by visual
inspection of neuroimaging experts based on previous literature. (Smith
et al., 2009) In order to identify the subject-specific temporal dynamics
and spatial maps associated with each group IC, a dual regression
analysis was applied. (Filippini et al., 2009) Finally, spatial maps of all
participants were collected into single 4D files for each original IC.

To assess rs-FC changes in ALS patients, delta rs-FC maps for each IC
(network) were obtained by subtracting baseline subject-specific spatial
maps (in MNI standard space) from follow-up maps.

Single-Subject
‘clean’ connectivity

Group-Level
Networks (d)

DMN

General linear models
for each network accounting for gray

matter modality (f)
2323

Subj1

Subj2

Subj3

Fig. 1. Schematic representation of the procedure for the network-based independent component (IC) analysis. In each single-subject connectivity map (a), inde-
pendent component (IC) analysis-based automatic removal of motion artifacts ICA_AROMA) was applied (b). Pre-processed ‘clean’ resting state functional MRI data
(c) were temporally concatenated across participants to create 4D group-level IC networks (d). A dual-regression procedure was performed and spatial maps of all
participants were collected into single 4D files for each original IC (e). Finally, functional connectivity was investigated within each IC according to a specific general
linear model. Here we provided the illustrative example of analysis at baseline (f): functional connectivity was compared between ALS patients and controls within
each IC using a general linear model which includes the group as independent factor and accounts for voxel-based grey matter density. Abbreviations: ALS =

amyotrophic lateral sclerosis; HC = healthy controls; GM = grey matter.
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Post-hoc seed-based resting-state functional connectivity (for a brief
overview of the method see Fig. 2).

Based on findings observed from the independent component ana-
lyses (i.e., an increased rs-FC of the MFG was present in ALS patients
after six months within the frontostriatal and the left frontoparietal
networks, and was related with the patients cognitive dysfunction at
baseline; see Results for details), we performed a seed-based analysis, as
previously described. (Canu et al., 2020) Two regions of interest were
selected: left and right MFG. These regions were defined in the MNI
space using the automated anatomical labelling atlas (AAL) in WFU
PickAtlas (toolbox of SPM12), moved to each subject native T1-
weighted space trough non-linear and affine registrations, and visually
inspected in the individual brains by neuroimaging expert researchers.
Seed-based rs-FC was then performed using a 2-step regression analysis
as implemented in the FMRIB software library (FSLv5). First, time series
of white matter (WM), cerebrospinal fluid, and whole brain volumes in
rs-fMRI native space were extracted from the preprocessed and denoised
data and their effects were regressed out using the FMRI Expert Analysis
Tool. ROI mean time-series were then calculated. The output of this step
is represented by subject-level maps of all positively and negatively
predicted voxels for each regressor. Subject-level maps were registered
to the MNI standard template to enter the statistical analysis.

For the longitudinal analysis in ALS patients, delta rs-FC maps for
each seed of interest were obtained by subtracting baseline subject-level
maps from follow-up maps.

2.6. Statistical analysis

2.6.1. Demographic, clinical and cognitive data.

To compare the baseline demographic characteristics and cognitive
performance between groups at baseline, T-test models and Pearson’s y2
test were performed for continuous and categorical variables, respec-
tively. The statistical analyses were performed with SPSS software
(version 24.0; IBM Corp., Armonk, NY, USA).

For the longitudinal analysis of cognitive (TAP) scores in ALS pa-
tients, we used general linear models (GLM) for repeated-measures in
SPSS accounting for changes in ALSFRS-R and time between scans.
Analyses were thresholded at p < 0.05 adjusted for multiple compari-
sons using Bonferroni’s correction. We finally investigated a potential
relationship between significant TAP changes over time and patients’
mood at baseline assessed with the Beck Depression Inventory (BDI)
using partial correlations accounted for ALSFRS-R changes and time
between scans.

Seed registration to
each subject space

L MFG

Single-subject
connectivity
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2.6.2. Network-based functional connectivity: Independent component
analysis.

We performed: a) between-group (patients vs controls) rs-FC com-
parisons within each rs-network of interest at baseline; b) in ALS patients
(within-group), analysis of each rs-network changes between baseline
and follow-up; and c) in patients, correlations between rs-FC changes
within each network of interest and measures of TAP, letter and category
verbal fluency indices, and CPM (baseline and changes over time). All
analyses were carried out using GLMs and nonparametric permutation
tests (5000 permutations), and were restricted within the spatial rs-
network of interest using binary masks obtained by thresholding the
corresponding Z map image (Z > 2.3). A family-wise error (FWE)
correction for multiple comparisons was performed, implementing the
threshold-free cluster enhancement using a significance threshold of p
< 0.05. Between-group comparisons at baseline a) were performed with
GLMs including 4D spatial maps of all participants as dependent variable
accounting for voxel-based gray matter (GM) density. Within-group
analyses b) in ALS patients were performed with GLMs including pa-
tients’ delta rs-FC maps as dependent variables and delta GM density
maps, ALSFRS-R changes, and time between scans as nuisance variables.
Finally, for correlations c), GLMs included delta rs-FC maps of patients
masked for significant (in b) findings as dependent variable, TAP scores
and standard neuropsychological scores (fluency indices and CPM) at
baseline and TAP and standard score changes over time as covariates of
interest, and delta GM density maps, ALSFRS-R changes, and time be-
tween scans as nuisance variables. In order to exclude the possibility that
our results could be driven by those patients with behavioral impair-
ment (N = 3) and with C9orf72 mutation (N = 2), all analyses were
performed also by excluding those patients.

2.6.3. Post-hoc seed-based resting-state functional connectivity.

Seed-based rs-FC was compared between patients (at baseline and at
follow-up) and healthy controls using GLM, which included rs-FC maps
as dependent variables. In ALS patients, changes over time were assessed
applying GLM using delta rs-FC maps as dependent variables accounting
for ALSFRS-R changes and time between scans. Corrections for multiple
comparisons were carried out at a cluster level using Gaussian random
field theory, z > 2.3; cluster significance: p < 0.05, corrected for mul-
tiple comparisons.

In order to confirm our results at follow-up, seed-based analyses were
repeated comparing ALS patients at month six with a sub-sample of 10
age-matched healthy controls who performed the same MRI protocol
both at baseline and follow-up (see Table B.1 for sociodemographic
features of ALS patients and healthy controls at baseline).

Group-level Group-
Connectivity in comparison
MNI space

HC ALS

Fig. 2. Schematic representation of the procedure for the seed-based resting state functional connectivity. Each seed of interest (in the figure an example is provided
for the left middle frontal gyrus) was defined in MNI space and moved to each subject native space. From each seed, mean time-series were extracted and subject-
level maps of all positively and negatively predicted voxels for each regressor were obtained. Subject-level maps were finally registered to the MNI standard template
and were ready for the statistical analysis. Here we provided the illustrative example of analysis at baseline: seed-based functional connectivity was investigated in
each patient group versus the matched group of controls using a general linear model which includes the group as independent factor. Abbreviations: ALS =
amyotrophic lateral sclerosis; HC = healthy controls; L = left; MFG = middle frontal gyrus.
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3. Results

At baseline, ALS patients and controls did not significantly differ in
age, sex and education (Table 1). Two patients were C9orf72 mutation
carriers. According to Strong’s criteria, (Strong et al., 2017) three pa-
tients were classified as behaviourally impaired and none held cognitive
abnormalities. The standard neuropsychological battery did not reveal
differences between groups, except for subtle mood alterations (evident
at the BDI) in ALS patients compared to controls (Table 1). However, no
patient showed clinical depression according to BDI neither to clinical
interview. After six months, patients showed a clinical progression of the
disease (ALSFRS-R at six months: 37.79 + 6.63; p < 0.01), and the
computer-based battery identified significant cognitive changes in the

Table 1
Sociodemographic, clinical and neuropsychological features of ALS patients and
healthy controls at baseline.

ALS HC P-
value

N 25 39

Sex, women 6 (25%) 19 (47.5%) 0.07

Age at MRI [years] 61.56 + 64.17 £ 7.44 0.29
10.79

Education [years] 10.96 + 3.92 12.28 + 4.15 0.21

Disease duration [months] 17.56 + - -
14.06

ALSFRS-R baseline, 0-48 42.36 + 4.02 - -

Disease Progression Rate 0.47 £+ 0.40 - -

Site of onset (limb/bulbar/limb + 21/3/1 - -

bulbar)

Visit time interval [months] 51+21 - -

Global cognition

MMSE 28.94 + 1.14 29.33 + 0.92 0.21

Memory

Digit span, forward 6.20 + 1.48 6.10 + 0.98 0.85

RAVLT, immediate 47.00 + 45.55 + 0.75
11.13 10.05

RAVLT, delayed 8.50 + 2.43 9.03 + 3.32 0.71

Spatial span, forward - 4.83 +£1.01 -

Executive function

CPM 32,50 +£2.88 31.11 +£3.19 0.34

Digit span, backward 5.00 +£1.23 4.40 £ 1.16 0.30

CET 13.00 + 4.42 - -

Weigl’s test 10.83 +2.71 - -

WCST, perseverative responses 5.50 £1.73 11.75 £ 7.27 0.13

Language

BADA (nouns) 30.00 £ 0.00 29.31 £+1.45 0.08

BADA (actions) 2750 £+0.83 27.25+1.77 0.75

Fluency

Phonemic fluency 33.05 + 38.21 + 8.54 0.11
12.63

Phonemic fluency, Index 6.28 + 3.54 4.82 +2.27 0.14

Semantic fluency 42.48 + 44.03 + 8.66 0.57
10.39

Semantic fluency, Index 3.89 + 1.09 3.93 + 1.08 0.85

Mood & Behavior

BDI 10.32 + 6.78 4.35 + 3.64 0.002*

ALS-FTD-Q 22.00 + - -
10.74

Values denote mean =+ standard deviations or numbers (percentages). Neuro-
psychological values are reported as raw scores. P-values refer to T-test models
and Pearson’s > test. *=significant differences between groups at p < 0.05.
Abbreviations: ALS = amyotrophic lateral sclerosis; ALS-FTD-Q = amyotrophic
lateral sclerosis-frontotemporal dementia-questionnaire; ALSFRS-R = ALS
Functional Rating Scale Revised; BADA = battery for the analysis of aphasic
deficits; BDI = Beck Depression Inventory; CET = cognitive estimation test; CPM
= coloured progressive matrices; HC = healthy controls; MMSE = mini-mental
state examination; MRI = Magnetic Resonance Imaging. RAVLT = Rey auditory
verbal learning test; WCST = Wisconsin card sorting test. Disease Progression
Rate has been obtained as following: (48-ALSFRS-R score)/time between
symptom onset and first visit. Fluency indices have been obtained as following:
time for generation condition - time for control condition (reading or writing
generated words)/total number of items generated.
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alertness (with and without cue) TAP subtests (Table 2). No significant
associations were observed between patients’ mood at baseline and TAP
significant changes over time (p > 0.05).

3.1. Network-based functional connectivity: Independent component
analysis.

At baseline, we did not observe differences between groups. Over six
months, ALS patients showed increased rs-FC in the bilateral supple-
mentary motor area, and left dorsal anterior cingulate cortex (ACC),
MEG, superior frontal and superior medial frontal gyri within the fron-
tostriatal network; and in the left MFG and supramarginal gyrus and
right angular gyrus within the left frontoparietal network (Fig. 3;
Table B.2).

Table 2

Cognitive performance of ALS patients at the Test of Attentional Performance
(TAP), fluency tests and coloured progressive matrices at baseline and at six
months of follow-up.

Outcome Value Baseline Month 6 P-
value
Alertness, no cue RT 344.00 + 383.96 + 0.01*
131.86 210.29
Alertness, no cue Omissions 0.00 £ 0.00 0.20 £+ 1.00 0.13
Alertness, no cue T-MDN 40.17 + 37.13 + 0.02*
11.54 10.76
Alertness with cue RT 312.32 + 349.48 + 0.01*
98.98 166.42
Alertness, with cue Omissions 0.00 + 0.00 0.04 + 0.20 0.35
Alertness with cue T-MDN 41.71 £ 39.13 + 0.06
11.99 11.53
Sustained attention ~ RT 715.64 + 718.55 + 0.84
120.89 141.13
Sustained attention  Errors 11.27 +9.89 12.32 + 0.64
16.98
Sustained attention ~ T-MDN 41.92 +7.84 41.50 + 8.70 0.79
Go/NoGo RT 643.35 + 665.00 + 0.15
103.20 115.74
Go/NoGo Errors 2.22 +3.94 1.39 £ 2.46 0.17
Go/NoGo T-MDN 45.09 + 42.68 + 0.16
13.14 15.19
Incompatibility RT 633.72 + 634.94 + 0.96
157.42 181.54
Incompatibility Errors 5.00 + 7.66 3.55 +5.38 0.19
Incompatibility T-MDN 42.44 + 41.83 + 0.76
11.80 12.93
Divided attention RT 562.40 + 568.52 + 0.74
87.18 127.67
Divided attention Omissions 0.56 + 1.12 0.32 + 0.85 0.46
Divided attention T-MDN 47.24 + 48.24 + 0.67
14.47 13.50
Crossmodal RT 518.73 + 514.59 + 0.87
119.30 135.36
Crossmodal Errors 2.14 £+ 4.04 1.18 £+ 2.06 0.21
Crossmodal T-MDN 44.50 + 7.07 46.50 + 0.52
10.41
Letter fluency, Index  Adjusted 6.28 + 3.54 8.43 +£10.69  0.40
score
Category fluency, Adjusted 3.89 + 1.09 4.37 + 2.01 0.32
Index score
CPM Correct 32.50 + 2.88 31.29 + 4.15 0.05
items

Values denote means (reaction times or accuracy) and T-value of the median (T-
MDN) + standard deviations. RT (reaction times) have been reported in terms of
seconds. Comparisons among the two time points were assessed using general
linear models for repeated-measures, corrected for changes at the ALS Func-
tional Rating Scale Revised (ALSFRS-R) and time between scans, adjusting for
multiple comparisons using Bonferroni’s correction. *=significant differences
between groups at p < 0.05. T is a standardized value with a mean of 50 and a
standard deviation of 10. Higher T values mean better performance. Abbrevia-
tions: CPM = coloured progressive matrices. Fluency indices have been obtained
as follows: time for generation condition - time for control condition (reading or
writing generated words)/total number of items generated.
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Fig. 3. Independent component analysis. Increased resting-state functional connectivity in ALS patients after six months accounting for changes at the ALS Func-
tional Rating Scale Revised (ALSFRS-R), time between scans and voxel-based grey matter density. Results are overlaid on the Montreal Neurological Institute (MNI)
standard brain in neurological convention and displayed at p < 0.05 Family-wise error corrected for multiple comparisons. X values denote x-MNI coordinates.
Colour bar represents p values.
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Fig. 4. Cognitive-fMRI correlations. In ALS patients, worse performance at baseline TAP divided attention subtest (A) related with increased functional connectivity
over time in the left middle frontal gyrus (MFG) within the frontostriatal network (B) (p < 0.001; R = -0.691 [C]), and worse performance at baseline category verbal
fluency index, cVfi (D) related with increased functional connectivity over time in the frontal superior gyrus within the frontostriatal network (E) (p < 0.001; R =
0.831 [F]). Results are overlaid on the Montreal Neurological Institute (MNI) standard brain and displayed at p < 0.05 Family-wise error corrected for multiple
comparisons. Delta gray matter density maps, changes at the ALS Functional Rating Scale Revised (ALSFRS-R) and time between scans were included as nuisance
variables. X values denotes x-MNI coordinates. Colour bar represents p values.
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In ALS patients, within the frontostriatal network, we observed that:
a worse performance at the TAP divided attention subtest (the T
normative value of the median) was related with increased rs-FC over
time in the left MFG (MNI coordinates, x = -34, y = 38; z = 32; Z =
0.959; p < 0.001; Pearson correlation coefficient, R = -0.691), and a
worse performance at the category fluency (index scores) at baseline
was related with increased rs-FC over time in the left frontal superior
gyrus (MNI coordinates, x = -18, y = 30; z = 44; Z = 0.999; p < 0.001; R
= 0.822) (Fig. 4). No other significant correlations were observed.

The analysis performed excluding 5 ALS patients with behavioral
imapirment and C9orf72 mutation confirmed the findings of the entire
sample (Figs. A.2 and A.3).

3.2. Post-hoc seed-based resting-state functional connectivity

At baseline, compared to controls, ALS patients showed increased rs-
FC between the left MFG and the right supramarginal gyrus, primary
somatosensory and primary motor cortices; and between the right MFG
and the bilateral primary visual and primary somatosensory cortices,
bilateral dorsal posterior cingulate cortex and lingual gyrus, left para-
hippocampal gyrus, left precunes, right supramarginal gyrus, right pri-
mary motor cortex, right ventral ACC, right fusiform and inferior
occipital gyri (Fig. 5A, Table B.3). At follow-up, we observed that
compared to controls, ALS patients presented reduced rs-FC between the
right MFG and the bilateral angular gyrus, left supramarginal gyrus, and
left inferior frontal gyrus (pars opercularis and triangularis) (Fig. 5B,
Table B.3). No rs-FC changes over time within ALS patients survived the
correction for multiple comparisons. The results of the analysis in which
we compared the 25 ALS patients with a sub-sample of 10 controls at the

Left MEG
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six month of follow-up confirmed a pattern of significant, although less
extended, decreased rs-FC between the right and left MFG and anterior
(mainly frontal) and posterior brain regions (Fig. A.4).

The analysis performed excluding 5 ALS patients with behavioral
imapirment and C9orf72 mutation confirmed the findings of the entire
sample (Figs. A.2 and A.3).

4. Discussion

In this study, three major findings emerge: 1) rs-FC alterations of the
frontostriatal and frontoparietal networks progressed in ALS patients
over six months; 2) such alterations are related to patients’ frontal-
executive low performance at baseline; 3) pivotal ‘frontal-executive’
regions, such as the MFG, are subject to a progressive frontoparietal
breakdown.

Over time, in ALS patients, we observed increased rs-FC in middle
and superior frontal gyri and ACC within the frontostriatal and left
frontoparietal networks, and a progressive reduced rs-FC between the
MFG and other frontal and parietal regions. Previous studies assessing
longitudinal rs-FC changes in ALS demonstrated a mixed picture of
decreased and increased rs-FC within motor and non-motor cortical
networks, (Menke et al., 2018; Schulthess et al., 2016; Shen et al., 2018;
Trojsi et al., 2020) together with a loss of integrity of WM connections
(Menke et al., 2018) and progressive disability. (Menke et al., 2018;
Schulthess et al., 2016) The ‘direction’ of rs-FC alterations seems to be
dependent on the period of observation, with longer follow-up having
higher chance of detecting decreased connectivity. (Menke et al., 2018;
Trojsi et al., 2020)

Additionally, the hypothesis of a cerebral disconnection in ALS when

Right MFG

opercularis

Primary motor

Supramarginal Primary

somatosensory

_ Right MFG
Parahippocampal

Pars triangularis

Angular

X=6; z=4

,;'wu
S

Ventral ant.

L cingulum

Dorsal post.

cingulum

Lingual Inferior occipital

Primary visual

Fig. 5. Seed-based functional connectivity analysis. Regions where ALS patients showed increased (cold colors) or reduced (warm colors) functional connectivity
with the left and right middle frontal gyrus (MFG) compared to healthy controls at baseline (A) and at follow-up (6 months) (B), accounting for changes at the ALS
Functional Rating Scale Revised (ALSFRS-R) and time between scans. Results are overlaid on the Montreal Neurological Institute (MNI) standard brain and displayed
at p < 0.05 Family-wise error corrected for multiple comparisons at a cluster level. X, y and z values denotes MNI coordinates. Colour bar represents Z values.
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increasing FC is present comes from several imaging studies which
combined structural and functional connectivity using standard and
connectome approaches. (Agosta et al., 2018) In line with neuropatho-
logical studies, these works demonstrated that local FC increased even
when structural connectivity with distant brain regions of a network is
disrupted. (Basaia et al., 2020) Although the observations of increased
FC in established ALS might reflect a compensatory plasticity,
(Mohammadi et al., 2009) a loss of local inhibitory neuronal circuits,
which then overlaps with the established concept of cortical excitability,
is becoming the most consistent hypothesis. (Douaud et al., 2011) In our
cohort of ALS, the correlations that we observed between increased FC
over time and low cognitive performances at baseline corroborate the
disconnection hypothesis.

The expanding involvement of frontal and parietal networks in the
progression of the disease is in keeping with pathological studies (Braak
et al., 2013; Brettschneider et al., 2013) and supports the notion of ALS
as part of the FTLD spectrum. (Burrell et al., 2016) Specifically, the
finding of altered rs-FC in the ACC during the disease course well reflects
a recent neuropathological study on TDP-43 which reported that agra-
nular/disgranular regions of the ACC became involved in advanced
pathological stages of sporadic ALS. (Braak and Del Tredici, 2018)
Pathological changes in this region have been identified also in cases of
frontotemporal dementia. (Seeley, 2008; Santillo et al., 2013) Beside
neuropathology, our data are also in line with a recent connectome
study, (Meier et al., 2020) which described a similar spatiotemporal
progression of WM damage in ALS by simulating the disease propagation
from the motor cortex using a network-based analysis.

In this study, we observed that the MFG plays a central role in the
complex pattern of rs-FC changes in ALS patients. Specifically, we
observed a progressive increased rs-FC of this region within both the
frontostriatal and the left frontoparietal network, its association with a
low performance at the TAP divided attention (dual task) subtest at
baseline, and a continuous de-coupling between the MFG and a set of
frontoparietal regions over time. MFG is known to have functional
connections with the lateral and medial parietal structures (i.e., supra-
marginal gyrus, angular gyrus and posterior cingulate cortex), medial
frontal cortices (i.e., ventral ACC), (Japee et al., 2015) and striatum. (Di
Martino et al., 2008) In healthy individuals, all these regions subtend
attentional and executive functions, and in particular working memory,
with MFG being one of the regions with high network centrality (in
terms of WM connectivity) and frontostriatal network having the unique
role of not only maintaining but also updating working memory infor-
mation (as represented by our dual task). (Ekman et al., 2016) The MFG
has been shown to be involved in ALS in previous studies using func-
tional imaging (Abrahams et al., 1996) (Abrahams et al., 2004) (Trojsi
et al., 2017) and other imaging modalities. (Alruwaili et al., 2018;
Verstraete et al., 2012) A study used a word-fluency paradigm (which
requires high-order executive functions including working memory)
during positron emission tomography and task-based fMRI. (Abrahams
et al.,, 1996) Authors found reduced metabolism and activation,
respectively, in both cognitively impaired and unimpaired ALS patients
compared to controls in a cluster including the MFG and dorsolateral
prefrontal cortices. (Abrahams et al., 1996) Furthermore, MFG rs-FC was
found altered within the salience and the left frontoparietal networks in
ALS patients who exhibited affective and cognitive theory of mind (a
complex frontal function) deficits after six months and was observed to
be related with patients’ disease duration. (Trojsi et al., 2017) A previ-
ous study (Pettit et al., 2013) also observed that abnormal dual-task
performance in ALS patients correlated with low fractional anisotropy
in the WM underneath the MFG, confirming the important role of this
region in executive dysfunctions typical of ALS patients.

The computer-test battery (TAP) (Zimmermann and Fimm, 1992)
revealed the progression of patients’ frontal dysfunctions, despite most
of our patients had normal cognition according to Strong’s criteria
(Strong et al., 2017) at study entry, suggesting that this is a valid tool to
monitor even subtle frontal changes in cognitively unimpaired patients.
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It would be important to compare the performance of TAP in measuring
cognitive changes over time with that of alternative versions of the
ECAS, whenever available in Italian. We observed increased reaction
times in patients’ alertness after six months. Alertness alterations in ALS
patients may be attributed to several factors other than a frontal path-
ological involvement, such as hypoxia due to respiratory failure, pro-
gressive physical impairment and abnormal mood. However, we paid
particular attention in reducing the impact of all these factors. Specif-
ically, we excluded patients with significant respiratory failure; the TAP
accounts for motor impairment and cognitive analyses were adjusted for
ALSFRS-R changes; and we verified and excluded the potential rela-
tionship between patients’ mood and alertness.

Some limitations of our study should be noted. The sample of pa-
tients is relatively small and this could have led to negative findings,
mainly in the correlation analysis. Second, we did not report longitu-
dinal data for healthy controls, for both imaging and cognitive features.
However, the sub-analysis that we performed with 10 healthy controls
who underwent the MRI scan also after six months, confirmed our
findings. Finally, the cognitive data of the present study have been
collected before the publication of the Italian version of the ECAS. Thus,
we cannot compare data obtained by using this ALS specific battery with
those observed with the TAP. Despite these shortcomings, this manu-
script has several strengths. The ALS sample has been cognitively well
defined using standard and computer-based batteries. Finally, we used
both network- and seed-based rs-FC, thus revealing comprehensive ALS
extra-motor brain alterations.

5. Conclusions

In conclusion, this study investigated the relationship between
cognitive and rs-fMRI longitudinal changes in ALS. In ALS, the increased
connectivity in frontal regions in relation with lower frontal-executive
performance at study entry suggests that it is likely not a mechanism
of compensation but rather a sign of disease progression, as previously
observed in patients with FTLD. (Farb et al., 2013) This is also revealed
by the reduced rs-FC between MFG and antero-posterior regions at
follow-up that could reflect the typical FTLD functional disconnection.
(Reyes et al., 2018) The combined information of cognitive and fMRI
alterations (and their relationship) can be useful in ALS to predict the
disease progression beyond the motor network, even in patients with not
frank cognitive impairment. We believe that these findings offer new
potential markers for monitoring the ALS evolution. Further studies are
needed to verify whether the information of cognitive and fMRI alter-
ations may be able to classify new ALS patients with a FTLD-like pro-
gression at the single subject level.
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