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Abstract

Background and Objectives

A significant overlap between amyotrophic lateral sclerosis (ALS) and behavioral variant of
frontotemporal dementia (bvFTD) has been observed at clinical, genetic, and pathologic levels.
Within this continuum of presentations, the presence of mild cognitive or behavioral symptoms
in patients with ALS has been consistently reported, although it is unclear whether this is to be
considered a distinct phenotype or rather a natural evolution of ALS. Here, we used mathe-
matical modeling of MRI connectomic data to decipher common and divergent neural cor-
relates across the ALS—frontotemporal dementia (FTD) spectrum.

Methods

We included 83 patients with ALS, 35 patients with bvFTD, and 61 healthy controls, who
underwent clinical, cognitive, and MRI assessments. Patients with ALS were classified
according to the revised Strong criteria into 54 ALS with only motor deficits (ALS-cn), 21 ALS
with cognitive or behavioral involvement (ALS-ci/bi), and 8 ALS with bvFTD (ALS-FTD).
First, we assessed the functional and structural connectivity patterns across the ALS-FTD
spectrum. Second, we investigated whether and where MRI connectivity alterations of patients
with ALS with any degree of cognitive impairment (i.e., ALS-ci/bi and ALS-FTD) resembled
more the pattern of damage of one (ALS-cn) or the other end (bvFTD) of the spectrum,
moving from group-level to single-subject analysis.

Results

As compared with controls, extensive structural and functional disruption of the frontotemporal
and parietal networks characterized bvFTD (bvFTD-like pattern), while a more focal structural
damage within the sensorimotor-basal ganglia areas characterized ALS-cn (ALS-cn-like pattern).
ALS-ci/bi patients demonstrated an ALS-cn-like pattern of structural damage, diverging from ALS-
cn with similar motor impairment for the presence of enhanced functional connectivity within
sensorimotor areas and decreased functional connectivity within the bvFTD-like pattern. On the
other hand, patients with ALS-FTD resembled both structurally and functionally the bvFTD-like
pattern of damage with, in addition, the structural ALS-cn-like damage in the motor areas.

Discussion

Our findings suggest a maladaptive role of functional rearrangements in ALS-ci/bi concomi-
tantly with similar structural alterations compared to ALS-cn, supporting the hypothesis that
ALS-ci/bi might be considered as a phenotypic variant of ALS, rather than a consequence of
disease worsening.
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Glossary

ALS = amyotrophic lateral sclerosis; ALS-bi = amyotrophic lateral sclerosis with behavioral impairment; ALS-cbi = amyotrophic
lateral sclerosis with combined cognitive and behavioral impairment; ALS-ci = amyotrophic lateral sclerosis with cognitive
impairment; ALS-cn = amyotrophic lateral sclerosis with only motor impairment (cognitively normal); ALS-FTD =
amyotrophic lateral sclerosis with frontotemporal dementia; ALSFRS-r = Amyotrophic Lateral Sclerosis Functional Rating
Scale-revised; AUC = area under the curve; bvFTD = behavioral variant of frontotemporal dementia; DTI = diffusion tensor
MRI; FA = fractional anisotropy; FTD = frontotemporal dementia; GM = gray matter; MRC = Medical Research Council;
NBS = network-based statistic; ROC = receiver operator characteristic; RS-fMRI = resting-state functional MRI; UMN = upper

motor neuron; WM = white matter.

Amyotrophic lateral sclerosis (ALS) is the most common
clinical presentation of motor neuron disease, characterized
by progressive neurodegeneration of upper and lower motor
neurons. A growing body of evidence supports the notion of
clinical, pathologic, and genetic overlap between ALS and the
wide spectrum of frontotemporal dementia (FTD).! Indeed,
at least 50% of patients with ALS develop cognitive
symptoms—mostly affecting executive functions—and be-
havioral alterations along the course of the disease, leading to a
full-blown diagnosis of FTD in 5%-25% of cases.” Considering
that comorbid cognitive impairment is a known negative prog-
nostic factor associated with more rapid progression to death or
tracheostomy in patients with ALS,* a better definition and
understanding of this condition has clear clinical relevance.

The revised Strong criteria” established a recognized nomen-
clature for the ALS-FTD clinical continuum ranging from ALS
cognitively normal (ALS-cn) to ALS with FTD (ALS-FTD),
including ALS with cognitive impairment (ALS-ci), ALS with
behavioral impairment (ALS-bi), and ALS with combined
cognitive and behavioral impairment (ALS-cbi). Nevertheless,
there is debate regarding the pathologic underpinnings dis-
tinguishing ALS-cn from ALS-ci/bi and ALS-FTD cases, and
whether this is to be considered a distinct phenotype or a
natural evolution of ALS. Cross-sectional studies reported an
increasing percentage of ALS-ci/bi in disease stages with more
severe motor impairrnent,6 and a sequential cognitive staging
system has been proposed for ALS, mirroring regions involved
in pathologic stages of TDP-43 deposition.8 However, findings
of the few available longitudinal neuropsychological studies in
ALS diverge, as some support a stability of cognitive and be-
havioral changes over time, when present,9’10 whereas others
suggest a subtle progression of cognitive deficits.""'> The
largest study in this context® showed that patients who were
cognitively impaired at baseline had a faster decline, in contrast
with a tendency to remain cognitively intact in those who were
cognitively unimpaired at study entry.

In this context, advanced MRI has provided a useful tool to
investigate brain architecture in ALS and FTD. Several MRI
studies evaluated patients with behavioral variant of FTD
(bvFTD), using both conventional MRI"*"*6 and connectomic
approaches,'”'® reporting specific patterns of structural and
functional damage within frontoinsular and temporal networks.
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In ALS, widespread gray matter (GM)'*?" and white matter
(WM) damagelg’zo’22 has been shown in cognitively impaired
patients relative to patients with ALS-cn, involving not only
motor but also extramotor areas, including frontotemporal,
parietal, insular, and cingulate regions. A recent study using a
connectomic approach revealed widespread cerebral WM
changes affecting frontotemporal regions in patients with ALS-
ci/bi relative to patients with ALS-cn.>® Available functional
MRI studies have reported conflicting results, as executive
dysfunction and behavioral disturbances in ALS have been
associated with either enhanced functional connectivity in
frontoparietal and temporal networks®**® or suppressed con-
nectivity within frontoparietal, salience,
networks.">*” However, in the current literature, there is a lack

and executive

of MRI studies specifically assessing functional brain alterations
in ALS with mild cognitive/behavioral decline, as only one
study suggested an enhanced functional connectivity in pa-
tients with cognitive decline relative to ALS-cn.”®

A direct evaluation of brain network reorganization in ALS-ci/
bi compared with the opposite ends of the ALS-FTD spec-
trum (i.e., ALS-cn and full-blown FTD) is needed. No studies
have combined structural and functional information using
graph analysis and connectomics to investigate neural corre-
lates of cognitive and behavioral decline within patients of the
spectrum. The aim of the present study was to bridge this gap,
investigating structural and functional network correlates of
cognitive/behavioral impairment in patients within the ALS-
FTD continuum, who were fully characterized according to
the revised Strong criteria.” Using up-to-date MRI ap-
proaches, we assessed distinctive patterns of network dis-
ruption (i.e., “ALS-cn-like pattern” and “bvFTD-like pattern”)
that may prove useful for accurate classification at a single-
patient level.

Methods

An overview of the Methods is provided in Figure 1.

Participants

Eighty-three patients with ALS and 3$ patients with bvFTD
were recruited at the IRCCS Ospedale San Raffaele, Milan,
Italy, in the framework of an observational study (Figure 1A).
Only sporadic cases (i.e., no family history of dementia or motor
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Figure 1 Study Framework

L. Patient Classification

Il. Connectome Reconstruction

III Regional connectivity analzs:s

( 1 [ (,GROUP 1
oge og0 DTI ST ™,
- - Structural &
83ALS 61 HC i connectome A
H b S - -
- il M T
54 ALS-cn l Brain_ A ELIS
203 1 Ela!
() |Parcellat|on| =y
121 ALS-ci/bi 1 1
1 . . . oy 4
o P '\ _11 Functional » = 1n 8
8 ALS-FTD fMRI / “\iconnectome [ e sl b
= T CpLet
35 bvFTD ki
Se%
ALS-FTD () N I
L spectrum ) L \ GROUP 2 J
q
u
IV. Distribution analysis V. Classification analysis
s
(e P oot N\ e
o S‘.j, i Sb1 o e s' NORMALIZATION o W issdon bt il
Y -t SBI i.th Sbj i ® 1
i 3 structural/functional
i B ' AP i H
s —‘h 5 ’-\* skt —r s conn_ectlons C?f each (Youden. Index)
Group 1Group 2 28 31“ = 1t B patient relative to £s
\ TOUP > Group 4 healthy controls g i
Structural/Functional Mairices bl < ",
i-th Sbj Structural and .
ith Sbj functional connections 1 .
i-th Sbj grouped in: T e " .
T -Frontal |\ J .
- -Sensorimotor .
> -Basal ganglia VI. Frequency analysis =
Group 1 Group 2 = -Parietal :
Group 3 -Temporal Group 2 and Group 3 "
Group 4 -Occipital »

Intra-area and Inter-area

Reference Value

-

S

\
|
connectivity distribution Optimal i 4°
a Age-, Sex-, and CUT-OFF i
sty EANOVA modle, 5
GROUP 2 —> models !
GROUP 3 Bonferroni-corrected Group 1-like ¢ Group 4-like
GROUP 4 for mu{tlple
comparisons

J Chi-square test

(A) Patient classification. Revised Strong criteria were applied to identify patients with amyotrophic lateral sclerosis (ALS) with and without cognitive/
behavioral impairments or dementia deficits. (B) Connectome reconstruction. Connectomics was applied on diffusion tensor MRI (DTI) and resting-state fMRI
after parcellating the brain into 220 regions. Structural and functional connectomes of all participants were reconstructed. (C) Regional connectivity analysis.
Network-based statistics was performed, performing all possible comparisons between groups. (D) Distribution analysis. After reconstructing the structural
and functional connectome of each patient and control, all connections per each patient were normalized relative to controls and grouped into 6 macro-
areas. Intra-area and interarea connectivity distribution were plotted and statistically compared between groups. (E) Classification analysis. Receiver operator
characteristic (ROC) curve analysis was performed to discriminate ALS with motor impairment only (ALS-cn) from behavioral variant of frontotemporal
dementia (bvFTD) and vice versa, considering intra-area and interarea connectivity that resulted significantly different between these 2 groups in the
distribution analysis. (F) Frequency analysis. After ROC curve analysis, the optimal cutoff was identified using the Youden index. ALS with cognitive or
behavioral impairment (ALS-ci/bi) and ALS with frontotemporal dementia (ALS-FTD) cases were then subdivided into those under and above the optimal
cutoff. x? test was performed in order to identify the behavior of these 2 groups. ANOVA = analysis of variance; HC = healthy control.

neuron disease) in patients who proved negative for mutations
in the major genes associated with ALS/FTD (ie, COORF72,
GRN, MAPT, TARDBP, SOD1, FUS, TBK1, TREM2, OPTN,
and VCP) were included. The diagnosis of ALS was based on the
revised El Escorial criteria,”® whereas bvFTD was diagnosed
according to Rascovsky criteria.® Patients underwent a com-
prehensive evaluation including neurologic history, clinical as-
sessment (Table 1), neuropsychological testing (eTable 1, links.
Ilww.com/WNL/B674), and MRI scan. For patients with ALS,
the site of disease onset was recorded; disease severity was
assessed using the Amyotrophic Lateral Sclerosis Functional
Rating Scale—revised (ALSFRS-r)*'; rate of disease progression
was defined as (48 — ALSFRS- score)/time from symptom
onset; and muscular strength was assessed by manual muscle
testing based on the Medical Research Council (MRC) scale.
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Patients with ALS were receiving riluzole at study entry. For
patients with bvFTD, disease severity was assessed using the
Clinical Dementia Rating scale.*

Sixty-one healthy controls were recruited by word of mouth,
based on the following criteria: no history of neurologic and
psychiatric diseases, no family history of neurodegenerative
diseases, and a normal neurologic assessment (Table 1).

Exclusion criteria for all participants were other significant
medical illnesses or substance abuse that could interfere with
cognitive functioning; any other major systemic, psychiatric,
or neurologic illnesses; and other causes of focal or diffuse
brain damage, including lacunae and extensive cerebrovas-
cular disorders at routine MRI.

Neurology.org/N
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Table 1 Demographic and Clinical Features of Healthy Controls, Patients With bvFTD, and Patients With ALS

Healthy controls

(n=61) ALS-cn (n = 54) ALS-ci/bi (n = 21) ALS-FTD (n = 8) bvFTD (n = 35)
Age,y 63.04 + 8.46 61.08 £ 9.96 67.99 + 11.77¢ 60.28 £ 10.54 63.18 £9.13
(43.36-81.81) (36.38-81.26) (39.89-86.12) (44.68-70.06) (45.51-74.83)
Sex, F/M 36/25 19/352 11/10 5/3 12/232
Education, y 12.89+4.79 11.06 + 4.52 8.38 +3.72°7 11.50 + 5.95 9.56 + 3.65%
(5.00-24.00) (5.00-24.00) (3.00-18.00) (4.00-18.00) (4.00-17.00)
Onset, limb/bulbar/limb + — 417121 16/5/0 3/5/0 —
bulbar
Disease duration, mo — 23.76 + 23.96° 16.62 +12.11° 23.25+17.06 41.00 + 29.63
(4.00-136.00) (4.00-47.00) (7.00-56.00) (6.87-144.70)
ALSFRS-r (0-48) — 38.31 £5.46 39.00 £5.72 35.63+7.84 —

(23.00-47.00)

(28.00-46.00) (24.00-45.00)

UMN score — 11.22+4.39 10.45+3.78 12.67 +5.47 —
(0.00-16.00) (2.00-16.00) (2.00-16.00)
MRC global score — 102.94 + 15.39 101.20+17.62 108.17 + 8.33 —
(60.00-148.00) (71.00-127.00) (98.00-118)
Disease progression rate — 0.64 £ 0.56 0.77 £ 0.67 0.57 £0.22 —
(0.04-2.67) (0.13-2.86) (0.33-1.00)
ADL — — — — 5.62 + 0.85
(2.00-6.00)
IADL — — — — 477 £2.29
(1.00-8.00)
CDR — — — — 0.96 + 0.57
(0.50-2.00)
CDR-SB — — — — 4.81+2.53
(1.00-9.50)

Abbreviations: ADL = activities of daily living; ALS = amyotrophic lateral sclerosis; ALS-ci/bi = amyotrophic lateral sclerosis with cognitive/behavioral im-
pairment; ALS-cn = amyotrophic lateral sclerosis with only motor impairment; ALS-FTD = amyotrophic lateral sclerosis with frontotemporal dementia;
ALSFRS-r = Amyotrophic Lateral Sclerosis Functional Rating Scale-revised; bvFTD = behavioral variant of frontotemporal dementia; CDR = Clinical Dementia
Rating; CDR-SB = Clinical Dementia Rating Sum of Boxes; IADL = instrumental activities of daily living; MRC = Medical Research Council; UMN = upper motor
neuron.

Values are number or mean + SD (range). Disease duration was defined as months from onset to date of MRI scan. The rate of disease progression in patients
with ALS was defined as follows: (48 - ALSFRS-r score)/time from symptom onset. p Values refer to analysis of variance models, followed by post hoc pairwise

comparisons (Bonferroni-corrected for multiple comparisons), or x? test.
2 p < 0.05 vs healthy controls.

p < 0.05 vs bvFTD.

€p <0.05 vs ALS-cn.

Cognitive and Behavioral Assessment

Patient Classification

Comprehensive multidomain cognitive testing was performed by
trained neuropsychologists unaware of MRI results (Figure 1A).
Tested cognitive domains were global cognitive functioning,
memory, executive function, visuospatial abilities, fluency,
language, mood, and behaviors, as previously described'®*
(eTable 1, links.lww.com/WNL/B674). According to the re-
vised Strong criteria,” patients with ALS were classified into 54
cases with motor impairment only (ALS-cn), 21 cases with
cognitive or behavioral deficits (ALS-ci/bi), and 8 patients with
ALS with bvFTD (ALS-FTD).

MRI Acquisition and Preprocessing
MRI scans were obtained using a 3T Philips Medical Systems
Intera machine. T1-weighted, T2-weighted, fluid-attenuated

Neurology.org/N

inversion recovery, diffusion tensor MRI (DTI), and resting-
state functional MRI (RS-fMRI) sequences were acquired.
Full details of the MRI acquisition protocol are reported in
eTable 2 (links.lww.com/WNL/B674). MRI analyses were
performed by experienced observers blinded to participants’
identity.

Connectome Reconstruction

Brain parcellation, DTI, and RS fMRI preprocessing and
construction of brain structural and functional connectome
have been described previously (Figure 1B).'®** Briefly,
brain was parcellated into 220 similarly sized GM cortical
and subcortical regions (eTable 3, links.Iww.com/WNL/
B674). Applying a graph theoretical approach, the 220 brain
regions are represented as nodes and structural or functional
connections linking each pair of nodes as edges. Edges for
structural connectivity are represented by fractional
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Figure 2 Alterations in Structural and Functional Connectivity in Patients With ALS and Patients With bvFTD Relative to

Healthy Controls and Each Other
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Altered structural (A) and functional (B) connections are represented per each significant contrast, respectively (p < 0.05). Comparisons were adjusted for age,
sex, and education. The node color represents its belonging to specific macro-areas (frontal, sensorimotor, basal ganglia, parietal, temporal, and occipital).
The node size is proportional to the number of affected connections (the higher the number of disrupted connections, the larger the node). A = anterior; ALS =
amyotrophic lateral sclerosis; ALS-ci/bi = amyotrophic lateral sclerosis with cognitive or behavioral impairment; ALS-cn = amyotrophic lateral sclerosis with
motor impairment only; ALS-FTD = amyotrophic lateral sclerosis with frontotemporal dementia; bvFTD = behavioral variant of frontotemporal dementia; FA =
fractional anisotropy; HC = healthy controls; P = posterior.

anisotropy (FA), whereas functional edges are represented
by Pearson correlation coeflicients between each pair of
nodes. Once the structural macroscale connectome was
reconstructed per each participant, we applied the structural
connectome of an independent healthy control group as a
comprehensive brain connection mask.'® Then, the masked

Statistical Analysis

Characterization of Functional and Structural
Connectivity Across the ALS-FTD Spectrum

Regional Connectivity Analysis

structural connectome of each participant was used as mask
for the respective functional connectome, in order to in-
vestigate the functional alterations only where structural
connections exist, enhancing the biological interpretation of
the results.>
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We investigated structural and functional network features in
the different participant groups at regional level (Figure 1C).
Network-based statistic (NBS)>* was performed to assess re-
gional structural and functional connectivity strength at the
level of significance p < 0.05. All possible combinations of
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comparisons between groups were performed. The largest (or
principal) connected component and the smaller clusters of
altered connections were identified.*>** A corrected p value was
calculated for each contrast using an age-, sex-, and education-
adjusted permutation analysis (10,000 permutations).

Investigation of ALS-cn-like or bvFTD-like Patterns of
Alterations in ALS-Ci/bi and ALS-FTD

The following analyses were focused firstly on identifying the
specific structural and functional connectivity patterns that
characterize the ends of the ALS-FTD spectrum (ALS-cn and
bvFTD). We also investigated whether and where patients
with ALS-ci/bi and patients with ALS-FTD showed an ALS-
cn-like or a bvFTD-like connectivity pattern.

Distribution Analysis

Distribution analysis was performed to assess structural and
functional connectivity alterations in patient groups (Figure 1D).
Connectivity values of each connection for each patient were
normalized relative to controls as follows:

Ci].—y
o

S
Z; =

where ij is the structural/functional connectivity value of the
connection between node i and j for subject s; y is the mean
structural/functional connectivity value of the considered
connection in the control group; and o is the SD of the
structural/functional connectivity value of such connection in
the control group. Subsequently, the 220 regions from both
hemispheres were grouped into 6 anatomical macro-areas
(hereafter referred to as brain areas): temporal, parietal, oc-
cipital, fronto-insular, basal ganglia, and sensorimotor. Per each
patient group (ALS-cn, ALS-ci/bi, ALS-FTD, and bvFTD), the
mean values of intra-area and interarea connectivity were cal-
culated averaging the normalized structural or functional con-
nections belonging to an area (intra) or linking 2 distinct areas
(inter), respectively. The percentage of patients with connec-
tivity value below the reference value (i.e., control mean value)
was calculated per each intra-area and interarea network. Fi-
nally, the intra-area and interarea connectivity values were
compared between patient groups using age-, sex-, and
education-adjusted analysis of variance models, followed by
post hoc pairwise comparisons, Bonferroni-corrected for mul-
tiple comparisons (p < 0.0S, SPSS Statistics 26.0 [SPSS Inc.]).

Classification Analysis

Classification analysis was performed to define the charac-
teristic structural/functional patterns of damage of the 2 ends
of the spectrum (ALS-cn and bvFTD) (Figure 1E). For this
purpose, we selected structural and functional connectivity
values only in those intra-area and interarea networks where
ALS-cn and bvFTD showed significantly different patterns in
the distribution analysis. Receiver operator characteristic
(ROC) curve analysis was performed in these selected net-
works. The area under the curve (AUC), as derived measure

Neurology.org/N

of accuracy, was considered to assign a specific set of
structural/functional alterations to ALS-cn (ALS-cn-like pat-
tern) or to bvFTD (bvFTD-like pattern). Per each intra-area
or interarea connectivity value involved in one of the 2 pat-
terns, Youden Index was calculated, providing the best
tradeoff between sensitivity and specificity. Finally, patients of
each group were classified in those with connectivity values
above or below the identified optimal cutofls.

Frequency Analysis

Aiming to assess, at the single-subject level, whether and
where patients with ALS-ci/bi and patients with ALS-FTD
showed commonalities and differences with ALS-cn-like or
bvFTD-like patterns, we performed a frequency analysis using
the XZ test (p < 0.05) (Figure 1F). Specifically, we identified
and compared between groups the frequency of participants
with connectivity values above and below the optimal cutoffs
belonging to the ALS-cn-like and the bvFTD-like pattern. The
ALS-cn group was excluded in the frequency analysis of the
ALS-cn-like pattern; the bvFTD group was not considered in
the bvFTD-like pattern analysis.

Data Availability

The dataset used during the study will be made available by
the corresponding author upon request to qualified re-
searchers (i.e., affiliated with a university or research in-
stitution/hospital).

Standard Protocol Approvals, Registrations,
and Patient Consents

Local ethical standards committee on human experimentation
approved the study protocol and all participants (or their
caregivers) provided written informed consent.

Results

Clinical and Neuropsychological Features

Demographic and clinical characteristics of study groups are
reported in Table 1 and neuropsychological features in eTa-
ble 1 (links.lww.com/WNL/B674). Relative to controls, pa-
tients with ALS-cn and patients with bvEFTD showed a larger
proportion of male individuals. Patients with ALS-ci/bi and
patients with bvFTD showed lower education relative to
controls. ALS groups and patients with bvFTD were different
for disease duration at MRI, which was shorter in patients with
ALS. ALS groups were comparable in terms of disease se-
verity, as assessed by ALSFRS-r and MRC global score, dis-
ease progression rate, and site of clinical onset, although
patients with ALS-ci/bi were older than patients with ALS-cn.
The neuropsychological assessment did not reveal differences
between controls and patients with ALS-cn. Patients with
bvFTD and patients with ALS-FTD performed worse than
controls and patients with ALS-cn in all investigated cognitive
domains. The ALS-ci/bi group performed worse than con-
trols in naming (actions) and better than patients with bvFTD
and patients with ALS-FTD in fluency tests, with additional
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higher performance in global cognition, verbal memory, and
abstract reasoning compared to the bvFTD group (eTable 1).

Characterization of Functional and Structural
Connectivity Across the ALS-FTD Spectrum

Structural Connectivity

Regional connectivity analysis showed alterations involving the
connections within and among the sensorimotor network,
basal ganglia, frontal, temporal, and parietal areas, in addition to
minimal involvement of occipital connections, in patients with
ALS-cn relative to controls (p = 0.01; Figure 2A.a). This
structural pattern of damage was also found in patients with
ALS-ci/bi and patients with ALS-FTD relative to controls (p =
0.02 and p = 0.001, Figure 2A.b,c, respectively), with a more
widespread disruption of the same networks in ALS-FTD
reflecting increasing severity of impaired behavior and cogni-
tion (Figure 2A.c). Patients with ALS-FTD also showed more
severe structural damage, mainly within frontal areas, relative to
patients with ALS-cn (p = 0.01; Figure 2A.f). In addition, pa-
tients with ALS-cn showed greater structural alterations relative
to bvFTD (p = 0.03; Figure 2A.e) in few connections within
and among sensorimotor regions, parietal areas, and basal
ganglia, especially involving thalamus and those connections
from pallidum and putamen towards precentral, postcentral,
and precuneus bilaterally. Patients with bvEFTD showed wide-
spread structural damage relative to controls, patients with
ALS-cn, and patients with ALS-ci/bi across the whole brain (p
< 0.001; Figure 2A.d,gh, respectively). No further differences
were observed in the remaining comparisons.

Functional Connectivity

NBS analysis did not show differences in functional connectivity
in ALS groups relative to controls, although patients with ALS-ci/
bi showed a trend toward an enhanced functional connectivity
relative to controls within frontal and basal ganglia areas (p =
0.06). On the other hand, patients with bvFTD were character-
ized by reduced functional connectivity relative to controls (p =
0.02; Figure 2B.a), patients with ALS-cn (p = 0.01; Figure 2B.c),
and patients with ALS-ci/bi (p < 0.001; Figure 2B.d), mainly
involving the connections within the frontotemporal regions and
between frontal and sensorimotor areas. Patients with ALS-FTD
relative to patients with ALS-ci/bi showed reduced functional
connectivity within and between the frontal, temporal, and motor
areas similarly to bvFTD cases (p = 0.02; Figure 2B.b). No further
differences were observed in the remaining comparisons.

Investigation of ALS-cn-like and bvFTD-like
Patterns of Alterations in ALS-ci/bi and ALS-
FTD: Structural Connectivity

Distribution Analysis

Compared with patients with ALS-cn, patients with bvFTD
showed greater structural intra-area disruption within frontal
(Figures 3 and 4), temporal, and parietal areas (Figure 3A,
Figure 4, C and D, and eTable 4, links.lww.com/WNL/B674;
p < 0.05) and interarea disruption in the frontal, temporal,
and occipital connections toward parietal lobe (p = 0.01,
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Figure 3B and Figure 4, B and E), in the frontal, basal ganglia,
and occipital connections toward temporal areas (p = 0.002, p
< 0.001, and p = 0.03,Figure 3C and Figure 4, A and F,
respectively), and in the connections between frontal and
basal ganglia (p < 0.001) (Figure 3E and eTable 4). Most
patients with bvFTD (from 83% to 100%) were severely
disrupted in these networks (eTable 4). On the other hand,
most patients with ALS-cn (81%) were characterized by greater
damage within the motor network, specifically among the
sensorimotor—basal ganglia connections, relative to bvFTD
cases (p = 0.01, Figure 3G). In addition, patients with ALS-
FTD showed structural connectivity alterations within the
motor areas, resembling the ALS-cn damage. In particular, 88%
of ALS-FTD cases revealed a significant structural disruption in
the sensorimotor—basal ganglia connections compared with
patients with bvFTD (p = 0.01; Figure 3G and eTable 4).
Among the other brain regions, patients with ALS-ci/bi and
patients with ALS-FTD behaved differently. Patients with ALS-
ci/bi showed significant structural connectivity differences
within frontal and temporal lobe (Figure 3A and Figure 4C)
and between frontal, temporal, and basal ganglia areas com-
pared to patients with bvFTD (p < 0.05; Figure 3, C and E, and
Figure 4A), embracing a pattern of damage more like ALS-cn.
On the other hand, ALS-FTD revealed a behavior more like
bvFTD, showing a greater structural disruption within frontal
(p = 0.03) and in frontal-sensorimotor connections (p = 0.02)
compared to ALS-cn (Figure 3, A and D, and eTable 4).

Classification Analysis

From ROC curve analysis, 2 characteristic patterns of damage
were identified: the ALS-cn-like pattern defined by focal
structural damage within sensorimotor—basal ganglia areas that
distinguished ALS-cn from bvFTD (accuracy [AUC] = 0.67,
eFigure 1A, blue line, linksIww.com/WNL/B674), and the
bvFTD-like pattern characterized by structural alterations of
the frontotemporal and parietal networks that discriminated
bvFTD from ALS-cn with AUC ranging from 0.67 to 0.88
(eFigure 1A, red lines). The best cutoffs of structural connec-
tivity per each significant network are reported in Table 2.

Frequency Analysis

The ALS-cn-like pattern was identified more frequently in
ALS-ci/bi and ALS-FTD compared with bvFTD (ALS-ci/bi
vs bvFID, p = 0.04; ALS-FTD vs bvFTD, nonsignificant
trend, p = 0.07) (eTable S, links.lww.com/WNL/B674). On
the other hand, the bvFTD-like pattern was found to be more
frequent neither in ALS-ci/bi nor ALS-FTD compared to
ALS-cn, except for a nonsignificant trend (p = 0.08) within
frontal and among frontal-basal ganglia, temporal-occipital
areas in ALS-FTD relative to ALS-cn (eTable S).

Investigation of ALS-cn-like and bvFTD-like
Patterns of Alterations in ALS-ci/bi and ALS-
FTD: Functional Connectivity

Distribution Analysis
Regarding functional connectivity ~distribution analysis
(Figure S), decreased functional connectivity ~within
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Figure 3 Distribution Analysis of the Structural Connectivity Damage in Patient Groups
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significant contrasts (p < 0.05)—displayed with colored stars—are reported according to age-, sex-, and education-adjusted analysis of variance models,
Bonferroni-corrected for multiple comparisons. ALS = amyotrophic lateral sclerosis; ALS-ci/bi = amyotrophic lateral sclerosis with cognitive or behavioral
impairment; ALS-cn = amyotrophic lateral sclerosis with motor impairment only; ALS-FTD = amyotrophic lateral sclerosis with frontotemporal dementia;

bvFTD = behavioral variant of frontotemporal dementia.

frontotemporal (p = 0.001) and between sensorimotor and
parietal connections (p < 0.02) was found in bvFTD compared
with ALS-cn (Figure S, A and B, and eTable 4, linkslww.com/
WNL/B674). Patients with ALS-ci/bi showed significant en-
hanced functional connectivity relative to bvFTD in frontal-
sensorimotor connections (p = 0.001), parietotemporal
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connections (p = 0.03), and within sensorimotor areas (p <
0.001, Figure S, C-E, and eTable 4). In addition, patients with
ALS-ci/bi showed increased functional connectivity within
sensorimotor areas relative to ALS-cn (p < 0.04, Figure SD and
eTable 4). Of note, most patients with ALS-ci/bi (a percentage
ranging from 67% to 76%) revealed normalized values of
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Figure 4 Distribution Analysis of the Structural Connectivity Damage in Patient Groups
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bvFTD = behavioral variant of frontotemporal dementia.

functional connectivity greater than zero in these above-
mentioned networks (ie, frontal-sensorimotor, parieto-
temporal, and sensorimotor). Moreover, patients with ALS-FTD
showed a significant greater reduced functional connectivity in
temporal-sensorimotor connections compared to patients with
ALS-cn (p = 0.03) and patients with ALS-ci/bi (p < 0.01,
Figure SF and eTable 4).

Classification Analysis

The ROC curve analysis on functional connectivity data
identified only a bvFTD-like pattern of functional damage,
involving frontotemporal and sensorimotor—parietal connec-
tions, with an AUC of 0.77 and 0.67 in discriminating bvFTD
from ALS-cn, respectively (eFigure 1B, red lines, links.lww.
com/WNL/B674). The best cutoff values of functional con-
nectivity for each significant network are reported in Table 2.

Frequency Analysis

Within frontotemporal connections, patients with ALS-ci/bi
were characterized by a greater proportion of cases showing
bvFTD-like decreased functional connectivity compared with
ALS-cn (p = 0.03; eTable S, links.lww.com/WNL/B674), but
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alower proportion compared with patients with ALS-FTD (p
=0.02), who mostly showed a typical bvFTD-like pattern with
a decreased functional connectivity relative to patients with
ALS-cn (p < 0.001; eTable ).

Discussion

The present multiparametric MRI study provides a compre-
hensive characterization of neural correlates across the
spectrum of ALS-FTD clinical presentations. A connectome-
based approach was adopted, first to identify the connectivity
signatures of ALS-cn and bvFTD (i.e. the 2 ends of this
spectrum) and subsequently to characterize the alterations
underlying mild cognitive/behavioral deficits and full-blown
dementia in patients with ALS, with the aid of mathematical
models and single-subject analysis. An ALS-cn-like pattern
was defined by a focused structural damage within the motor
areas. By contrast, a bvFTD-like pattern was delineated by
widespread structural damage and decreased functional con-
nectivity, specifically in frontal, temporal, and parietal areas.
Patients with ALS-ci/bi showed a pattern of structural damage
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Table 2 Classification (Receiver Operator Characteristic Curves) Analysis for Identification of the ALS-cn-like Pattern and

the bvFTD-like Pattern

AUC
Intra-area and interarea connections

bvFTD vs ALS-cn

AUC
ALS-cn vs bvFTD

Best cutoff
(Youden index)

Structural connectivity

Frontal 0.88% 0.12 -0.21 (0.68)
Frontal-basal ganglia 0.822 0.18 -0.67 (0.52)
Frontal-parietal 0.71° 0.29 -0.30 (0.37)
Frontal-temporal 0.762 0.24 -0.20 (0.44)
Sensorimotor-basal ganglia 0.33 0.67° -0.55 (0.30)
Basal ganglia-temporal 0.78° 0.22 -0.52 (0.45)
Basal ganglia-occipital 0.72° 0.28 -0.47 (0.42)
Parietal 0.67% 0.33 0.003 (0.31)
Parietal-temporal 0.72°2 0.28 -0.36 (0.43)
Parietal-occipital 0.697 0.31 -0.08 (0.35)
Temporal 0.75% 0.25 -0.2 (0.41)

Temporal-occipital 0.702 0.30 -0.40 (0.35)

Functional connectivity

Frontal-temporal 0.77° 0.23 -0.27 (0.48)
Sensorimotor-parietal 0.67° 0.33 -0.04 (0.34)

Abbreviations: ALS-cn = amyotrophic lateral sclerosis with only motor impairment; AUC = area under the receiver operator characteristic curve; bvFTD =

behavioral variant of frontotemporal dementia.

The AUC represents the capability of the structural and functional connectivity damage within the reported intra-areas and interareas to discriminate bvFTD
from ALS-cn and vice versa. Only intra-area and interarea connections significantly different between the 2 groups were considered. The optimal cutoff per
each connectivity distribution was calculated through the Youden Index, maximizing sensibility and specificity. Cutoff = sensibility - (1 - specificity).

@ bvFTD-like pattern.
® ALS-cn-like pattern.

mostly overlapping with the ALS-cn-like pattern, whereas
functional data diverged from ALS-cn for the presence of
enhanced functional connectivity within sensorimotor regions
and decreased functional connectivity in frontotemporal areas
(ie., mirroring a bvFTD-like pattern). ALS-FTD resembled
the bvFTD-like pattern of damage both structurally and
functionally, with, in addition, the structural ALS-cn-like
damage in the motor areas. Although connectivity data alone
cannot fully address the homogeneity or heterogeneity of this
spectrum, our findings suggest a maladaptive role of func-
tional rearrangements in ALS-ci/bi concomitantly with simi-
lar structural alterations compared to ALS-cn, supporting the
hypothesis that ALS-ci/bi might be considered as a pheno-
typic variant of ALS, rather than a consequence of disease
worsening.

When considering the results of the present study, some limi-
tations should be noted. Despite the robust size of the overall
ALS cohort, some subgroups were small (ie., ALS-FTD), al-
though this is indicative of the relative incidence of cognitive
alterations. This aspect has also influenced our choice to bring
together patients with mild cognitive dysfunction (i.e., ALS-ci)

Neurology.org/N

and patients with mild behavioral disturbances (i.e., ALS-bi), to
avoid dispersion of data and the reduced statistical power that
would result. Furthermore, the lack of information of a definite
pathologic diagnosis for patients with bvFTD is an important
limitation of the present study, even though the aim of the work
was to explore the neural correlates of the clinical rather than
the pathologic heterogeneity of the ALS-FTD spectrum. An-
other issue lies in the cross-sectional nature of the study. In this
context, longitudinal studies are warranted to verify whether
cognitive/behavioral dysfunction is a stable or progressive
feature of the ALS trajectory, and to assess the evolution of
associated network alterations over time.

The inherent limitations of MRI connectomics should be
acknowledged,35’36 including, among others, the lack of an
optimal framework, that is, a reference standard for the regional
parcellation of brain MRI. The accuracy of any attempt to
model the connectome is biased by the intrinsic limitations of
the imaging techniques used. For example, fiber tracking based
on DTI is known to be poor at points where only limited
information about the WM fiber direction is available, such as
where multiple tracts cross. This results in incomplete
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Figure 5 Distribution Analysis of the Functional Connectivity Damage in Patient Groups
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reconstruction of tracts and a general underrepresentation of
long-distance connections in the brain. Despite these short-
comings, our study highlights the potential of multiparametric
connectome-based approaches for providing novel patho-
physiologic insights and biomarkers of cognitive dysfunction in
the context of ALS-FTD. A key point of our study was the
demonstration of characteristic brain structural damage and
functional rearrangements across ALS cognitive phenotypes, as
defined based on the application of revised Strong criteria to a
sizeable monocentric cohort. Our conclusions were made
possible by the extensive clinical and neuropsychological
characterization of the sample, as well as by the multiparametric
nature of this study. Current MRI literature has generally
provided results based on the assessment of structural and
functional alterations separately, at voxel or regional level,
without a straightforward investigation of their relationship.
Conversely, a connectomic approach gave us the potential to
bridge the gap of the anatomo-functional link owing to the
application of the same parcellation system, connectome re-
construction framework, and statistical approach. Whereas the
capability of the connectome-based approach to provide in-
formation on the brain network architecture was achieved by a
group-level analysis, smoothing out the interindividual
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variability, a further innovative aspect of our study was the
transition to single-level analysis by the help of mathematical
models. Indeed, the study framework was able to identify the
ALS-cn-like or bvFTD-like patterns of damage, and to char-
acterize the type of damage that each ALS-ci/bi and ALS-FTD
case shared with such signatures of network alterations.

The selective involvement of motor WM regions in the ALS-cn
sample is largely consistent with previous literature,>"*>*’
confirming a signature pattern of frank decline in FA of the
subnetworks connecting primary motor, supplementary motor,
and premotor areas, as well as basal ganglia—specifically, the
thalamus.*® The structural disruption of the sensorimotor
network supports the current view of this network as the epi-
center of degenerative process of the disease, in line with
proposed neuropathologic and MRI-based disease staging
systems.&3’9 As for functional MRI findings, the current litera-
ture counts on a number of studies reporting reduced'>*’
increased functional connectivity in patients with ALS,>**® or a
mixed picture.*” Nevertheless, there is a shortage of MRI
studies focusing on functional brain rearrangements in ALS
related to cognitive status, and our findings contribute to fill

this gap. Of note, both regional (i.e., NBS) and distribution

or
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analyses suggest that ALS-cn is characterized by preserved
functional connectivity comparable to the functional healthy
brain organization.

The bvFTD-like pattern included widespread brain structural
disruption, with predominant damage in the frontotempor-
oparietal network and the involvement of the striatum, and
functional connectivity breakdown within the same networks.
Our findings confirm previous evidence that notes the discon-
nection of frontoinsular and temporal regions as hallmark of the
behavioral clinical syndrome of FTD both at structural and
functional levels."*'*'® Herein, we extend these results by
highlighting the relative preservation of motor areas in bvFTD,
in contrast with a widespread structural and functional in-
volvement of the anterior frontal lobes, as well as a differential
involvement of basal ganglia circuits when compared with ALS-
cn (ie., greater involvement of striatal connections in bvFTD, in
contrast with thalamic involvement in ALS-cn). These findings
are in line with previous reports®***' and support the notion of a
diverging network vulnerability to disease pathology in the 2
opposite ends of the ALS-FTD spectrum.

The focus of the current study was on elucidating MRI con-
nectomic underpinnings of mild or full-blown cognitive deficits
in ALS, possibly addressing the long-standing debate on the
nature of cognitive deficits in the course of the disease, as an
early or rather a late-stage feature. Regarding the structural brain
network, the presence of mild cognitive or behavioral impair-
ment in patients with ALS did not contribute significantly to
additional microstructural damage relative to ALS-cn with
otherwise comparable clinical characteristics, including mea-
sures of motor impairment and disease duration. Although
previous literature has suggested greater structural damage re-
lated to cognitive impairment in ALS,"? such damage was
generally subtle and possibly driven by the inclusion of partic-
ipants with ALS-FTD. By contrast, our study highlighted shared
structural damage between patients with ALS-ci/bi and patients
with ALS-cn, involving mainly the motor networks. On the
other hand, the analysis of functional connectivity alterations
played an important role for the differentiation of ALS-ci/bi
from ALS-cn. Indeed, patients with ALS-ci/bi showed a rear-
rangement of functional networks, which was divergent from
ALS-cn, with enhanced functional connectivity within motor
areas and decreased connectivity in the frontotemporal net-
works. The concomitant absence of significant structural alter-
ations, compared with the ALS-cn group, apparently supports a
maladaptive role of such functional rearrangements in ALS-ci/
bi, as previously hypothesized.>>* The biological underpin-
nings of such functional disequilibrium have been suggested to
lie in the known excitatory/inhibitory imbalance due to in-
terneuron pathology in ALS, causing a reduction in recurring
inhibition that has been associated with disease severity.”** We
argue that functional imbalance between motor and extramotor
frontal networks might be particularly severe in ALS-ci/bi,
causing mild cognitive disturbances even in early phases of the
disease, consistent with the relatively short disease duration of
the current cohort. Therefore, our data suggest that ALS-ci/bi
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might be considered as a phenotypic variant of ALS, rather than
a consequence of disease worsening.*” These findings may find
support in one of the few longitudinal neuropsychological
studies in this context,” in which cognition decline was faster in
patients who were already cognitively impaired at baseline,
while normal cognition tended to remain intact with slower
motor and cognitive progression. Of note, education levels of
patients with ALS-ci/bi were lower than in ALS-cn in our
sample, consistent with the recently highlighted influence of
environmental factors that collectively constitute the cognitive
reserve (i.e., education, occupation, and physical activity) over
an early development of cognitive symptoms in ALS.*’

In contrast with ALS-ci/bi cases, when patients with ALS had
co-occurrent dementia (ALS-FTD), our study has outlined not
only a pattern of microstructural damage involving motor net-
works (i.e., the characteristic ALS-cn-like pattern), but also a
disruption of frontal, temporal, parietal, and striatal circuits, both
from a structural and a functional point of view—therefore,
resembling the bvFTD-like pattern.*® These findings agree with
the pattern of widespread hypometabolism recently demon-
strated in ALS cases with severe cognitive impairment,*’” pos-
sibly mirroring the most advanced stages of TDP-43
neuropathologic models, which have been proposed both in
ALS® and bvFTD,*® here sharing the same pathologic
signature.49‘SO Similar to patients with ALS-ci/bi, patients
with ALS-FTD showed similar severity of motor symptoms
and disease duration when compared with patients with
ALS-cn, supporting a view of this clinical presentation as a
specific phenotype within the frontotemporal lobar de-
generation spectrum, characterized by a combined, severe
involvement of both motor and extramotor brain networks,
rather than an evolution of either ALS or bvFTD.
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