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ABSTRACT

Background: Cortical neuron degenerative process underlying upper motor neuron
involvement in amyotrophic lateral sclerosis (ALS) spreads to extra-motor regions as dis-
ease progresses. This is associated with cognitive and behavioural worsening in more se-
vere disease stages. However, the clinical variability of ALS patients might reflect different
cortical involvement in extra-motor areas.

Objectives: To investigate cortical thinning across disease stages in ALS patients accounting
for their cognitive/behavioural impairment.

Methods: Thirty-six ALS patients (17 with cognitive/behavioural impairment, ALSimp) and
26 healthy controls underwent structural 3T magnetic resonance imaging. Cortical thick-
ness was measured with a region-wise approach. The King’s Clinical Staging System was
used to determine disease stages. The Jonckheere-Terpstra test tested for trends in cortical
thinning and cognitive involvement across disease stages.

Results: Significant trends toward cortical atrophy across disease stages were found in
bilateral frontal and cingular cortex, left temporal gyrus and right occipital gyrus of ALS
patients, consistently with cognitive impairment in phonemic fluency, language, verbal
episodic memory and social cognition. Sub-group analyses revealed that ALSimp had
specific thinning in the right fronto-temporal insular cortex related to more pronounced
cognitive involvement.

Abbreviations: ALS, Amyotrophic Lateral Sclerosis; ALSbi, ALS patients with mild behavioural impairment; ALSci, ALS patients with
mild dysexecutive cognitive impairment; ALScn, ALS patients with normal cognitive/behavioural profile; ALSimp, ALS patients with
ALSci and/or ALSbi; CT, Cortical thickness; FTD, Frontotemporal Dementia; KDS, King’s disease stage.
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Conclusion: Looking at ALS patients irrespective of their cognitive phenotype, motor and

extra-motor cortical involvement is consistent with neuropathological studies of disease

dissemination. Segregating patients according to their cognitive status, a distinctive tra-

jectory of cortical thinning emerged for ALSimp patients, suggesting a specific course

distinct to that of the classic ALS phenotype.

© 2020 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The neurodegenerative process of amyotrophic lateral scle-
rosis (ALS) is characterized by loss of motor neurons of the
primary motor cortex, corticospinal tract, brainstem and spinal
cord. However, neuronal susceptibility to ALS is not only
confined to motor neurons (Piao et al., 2003) as demonstrated
by clinical, pathological and genetic overlap of extra-motor
pathology with frontotemporal dementia (van Es et al., 2017).
It has been suggested that pathological processes underlying
ALS begins in motor neurons and propagates to other regions
of the brain in a fashion that is predictable based on proximity
and connection by a corticofugal axonal spread (Braak et al,,
2013; Brettschneider et al., 2013). The trajectory of the
spreading pattern seems to be consistent with the inclusion
and dissemination of phosphorylated 43-kDa transactive
response DNA-binding protein (pTDP-43) pathology
(Brettschneider et al., 2013). This suggested that ALS potentially
has a focal onset with subsequent spread along brain con-
nections (Verstraete, Veldink, van den Berg, & van den Heuvel,
2014). Therefore, the extent of pTDP-43 in the prefrontal
neocortex could lead ALS patients to eventually develop
“frontal type” cognitive deficits (i.e.,;: executive and social),
depending on disease duration and rapidity of propagation
(Brettschneider et al., 2013). Longitudinal neuroimaging studies
documented significant grey matter changes over time in
motor and extra-motor pathways (Agosta et al., 2009; Chipika,
Finegan, Li Hi Shing, Hardiman, & Bede, 2019; de Albuquerque
etal., 2017; R. A. Menke et al., 2014; Schuster et al., 2014; Senda
et al,, 2011; Verstraete et al., 2012) with, however, several
contradictory findings (Table S1). Indeed, decline in cognitive
functions has been found to be faster in ALS patients cogni-
tively impaired at diagnosis, whereas patients with normal
cognition tended to remain unimpaired (Elamin et al., 2013).
This variability is likely to reflect different anatomical
changes. Our in-vivo analysis of cortical thickness (CT) aimed at
addressing this issue through the analysis of cortical thinning
staging in a well-defined cohort of ALS patients including sub-
groups differing for cognitive and/or behavioural involvement.

2. Methods
2.1. Participants
We recruited 40 consecutive patients diagnosed with ALS

(Brooks, Miller, Swash, Munsat, & Diseases, 2000) not carrying
mutations in C9orf72, SOD1, FUS or TARDBP genes and 26

healthy control (HC) subjects. Exclusion criteria were comor-
bid frontotemporal dementia (Rascovsky et al., 2011), Alz-
heimer’s disease (NIA-AA), evidence of another neurologic
condition affecting cognition (e.g., head trauma, hydroceph-
alus, vascular disease), drug or alcohol abuse, neurocognitive
developmental disorder, primary psychiatric disorders (e.g.,
bipolar disorder, major depression), other severe medical
conditions and mother tongue other than Italian. Four pa-
tients meeting the inclusion criteria were subsequently
excluded because of claustrophobia (n = 1) and excessive
movement artefacts at magnetic resonance imaging (MRI)
scan (n = 3).

2.2. Materials

Disability was scored by the revised ALS Functional Rating
Scale (ALSFRS-R). Disease duration was calculated from
symptom onset to MRI date in months. Clinical stage was
estimated in each patient, during neurological examination,
using the King’s Staging Criteria (Balendra et al., 2014; Roche et
al., 2012). Accordingly, 11 ALS patients were at King’s disease
stage 1 (KDS = 1), 16 atKing’s disease stage 2 (KDS = 2) and 9 at
King's stage 3 (KDS = 3). All participants underwent a broad
battery of standardized neuropsychological tests, with pub-
lished norms for the Italian population, assessing executive
functions, language, memory, social cognition and visuospa-
tial abilities (Consonni et al., 2016). The assessment of the
behavioural features was performed through an interview
with an adult family member or caregiver of each patient and
was based on the Italian-version of the Frontal Behavioural
Inventory (see Consonni, Cappa, Dalla Bella, Contarino, &
Lauria, 2019 for details). Legal copyright restrictions prevent
public archiving of the neuropsychological tests and in-
struments. These materials can be obtained from the copy-
right holders in the respective cited references.

All patients with cognitive (ALSci) and/or behavioural
(ALSbi) impairment as defined by recent guidelines (Strong
et al.,, 2017) were identified. Specifically, patients with ALSci
were those with either executive dysfunctions (i.e.,: impaired
letter fluency or impairment on two other non-overlapping
measures of executive functions which may include social
cognition) or language dysfunctions or a combination of the
two. ALSbi characterized ALS patients who did not meet full
criteria for the frontal variant of FTD, but were rated by
caregivers as having apathy or at least two non-overlapping
behavioural disturbances. Patients with ALSci and/or ALSbi
were subsequently assigned to the ALS impaired group

(ALSimp) versus ALS-cognitively/behaviourally normal
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(ALScn) group (Table S2). The review board of the Fondazione
IRCCS Istituto Neurologico Carlo Besta of Milan approved the
study. Each subject was enrolled after giving written informed
consent.

2.3. Neuroimaging data analyses

Whole-brain structural MRI scans were acquired and pro-
cessed as previously described (Consonni et al., 2018). Briefly,
all patients and healthy participants underwent a MRI session
within a week from the neuropsychological assessment on a
Philips Achieva 3.0 T. The MRI protocol included a 3D T1-
weighted sequence (FFE. 240 sagittal slices, TR = 9.9 ms,
TE = 4.6 ms. matrix 240x240, voxel size = 1x1x1mm3, flip
angle = 8°). Cortical reconstruction and parcellation was per-
formed with the Freesurfer image analysis suite, documented
and freely available for download online (http://surfer.nmr.
mgh.harvard.edu/). The technical details of these procedures
are described in prior publications (Ségonne, Pacheco, &
Fischl, 2007). Cortical thickness (CT) values were calculated
in each subject (Consonni et al., 2018) and averaged on each
gyral and sulcal structure of 74 bilateral regions as defined in
Destrieux et al. (Destrieux, Fischl, Dale, & Halgren, 2010).
Different simple linear regression analyses were then per-
formed in order to assess whether age (or its transformations)
was effective in reducing the residual variance. Accordingly,
when appropriate, the prediction equations were used to
adjust CT values to remove the influence of age. Each age-
corrected CT values were then transformed into z scores
(CTz score) by subtracting the mean score of HC subjects from
the individual’s score and then dividing the difference by the
HC group standard deviation. This transformation allowed
comparing CT values of different cortical regions of different
subjects with the same scale.

2.4. Cortical thinning levels

To obtain robust proxies of cortical involvement, five levels of
cortical thinning were defined for each participant’s cortical
region. To this aim, regional CTz values of the HC group at the
Sth, 20th, 35th and 50th percentiles were used as references.
In all participants, each CTz value was converted to a new
score, ranging from “0” to “4”, resembling cortical thinning
level (Fig. 1). CTz values above the 50th percentile were
transformed to the score labelled “0” (normal-like cortical
thinning); CTz values at or below the 5th percentile were
transformed to “4” (pathological cortical thinning). CT values
labelled “1” (35th percentile < CTz score < 50th percentile), “2”
(20th percentile < CTz score < 35th percentile) and “3” (5th
percentile < CTz score < 20th percentile) were intermediate
score between 0 and 4.

2.5. Statistical analyses

Statistical analyses were performed using SPSS (IBM SPSS
statistics version 21), with p-value < .05 taken as significant.
Demographic and clinical data were plotted and checked for
normality of distribution by Kolmogorov-Smirnov tests.
Parametric data (age, education, disease duration) were
assessed across participant groups via one-way ANOVA

j i 1 2 3 CTz score

i3:2: 0

> : CT level
57 20" 35° 50° Percentile

Fig. 1 — Definition of the cortical thinning levels.

followed by Bonferroni post hoc tests. Variables showing non-
parametric distribution were analysed using Fisher exact test
(gender, bulbar onset, bulbar symptoms, and cognitive/
behavioural impairment). The Kruskal-Wallis test was per-
formed to test for between-group differences in ALSFRS-R
scores, and Mann-Whitney U tests were performed to test
for specific ALS sub-group differences.

The effect of disease stages on cortical thinning levels was
assessed using Jonckheere-Terpstra test. It is a non-
parametric method assaying trends in data between inde-
pendent ordered samples. It tests for the ordered pattern to
the medians of independent groups when there is an a priori
ordering of medians. We expected that our participants or-
dered by King’s disease stage (i.e.,: KDS =0, KDS = 1, KDS = 2
and KDS = 3, where HC subjects were coded as KDS = 0)
produced a meaningful descending order of CT levels (Fig. 2A).
Significant trends surviving Benjamini—Hochberg correction
were highlighted. The Jonckheere-Terpstra test was also used
to analyse trends in cognitive performances across disease
stages. Pairwise comparisons were performed for each sta-
tistically significant trend to determine whether groups are
significantly different from one another. Multiple Jonckheere-
Terpstra test comparisons where corrected with the
Benjamini—Hochberg procedure. The Jonckheere-Terpstra
test was also used separately for ALSimp and ALScn groups
(Table S2) to analyse group differences in cortical thinning and
cognitive involvement across disease stages (Fig. 2B).

Partial correlations (corrected for age and education) were
used to determine the association between cortical thinning
levels, severity of clinical metrics (disease duration, ALSFRS-
score) and neuropsychological indices reaching p < .05 at the
Jonckheere-Terpstra test. Correlations were bias corrected,
and accelerated bootstrap 95% intervals (BCa) were computed
with 1000 bootstrap equally-sized samples obtained (Field,
2013). Only partial correlations with p < .05 and BCa not
crossing “0” were reported.

We report how we determined our sample size, all data
exclusions, all inclusion/exclusion criteria, whether
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A. Jonckheere-Terpstra test (4 levels).
All patients with ALS

0> HC (N = 26)

1-> ALSatKing'sstage 1 (N=11)
2 > AlSatKing'sstage 2 (N =16)

3 > AlSatKing'sstage 3(N=9)

B1. Jonckheere-Terpstra test (4 levels).
ALScn group

|ue HC (N = 26) I
I3 - ALScn atKing's stage 3 (N=4) I

B2. Jonckheere-Terpstra test (4 levels).
ALSimp group

|oe HC (N = 26) I
I3 = ALSimp atKing's stage 3 (N=5) I
J

Fig. 2 — Steps of the Jonckheere-Terpstra test to address significant trends in cortical involvement across disease stages

measured with the King staging system.

inclusion/exclusion criteria were established prior to data
analysis, all manipulations, and all measures in the study. The
conditions of our ethics approval do not permit public
archiving of individual anonymised data. Readers seeking
access to the data should contact the corresponding author.
Access will be granted to named individuals in accordance
with ethical procedures governing the reuse of sensitive data.
Specifically, to obtain the data, requestors must complete a
formal data sharing agreement.

3. Results
3.1. Clinical data

Demographic, clinical and neuropsychological data of HC and
ALS patients are presented in Table 1. No significant differ-
ences were observed between HC and ALS patients for de-
mographic variables. ALS patients subgrouped by disease
clinical stage had comparable clinical features, whereas, as
expected, functional disabilities measured with the ALSFRS-R
scale differed between groups (X = 7.177, p = .027). ALSFRS-R
scores were higher in patients with KDS >2 compared to
those with KDS = 1 (Table 1). The Jonckheere-Terpstra test
explored whether cognitive and behavioural performances
differed across disease stages showed different trends in
neuropsychological findings between ALSimp and ALScn pa-
tients. Throughout disease stages, ALSimp showed worsening
of median cognitive performance, specifically with significant
reduction of phonemic verbal fluency index, language, social
cognition and verbal episodic memory (Table 1). Conversely,
ALScn patients showed a trend toward impairment only in

global cognitive efficiency measured with the Mini Mental
State Examination. Patterns of cognitive deficit across disease
stages, involving multiple cognitive domains, emerged only
for ALSimp patients (Table S2).

3.2. Cortical thinning

We found cortical thinning in motor and extra-motor brain
regions. The right middle frontal sulcus and the right middle-
posterior cingulate gyrus survived correction for multiple
comparison (Table 2). Significant trends (not surviving
correction for multiple testing) toward cortical atrophy was
found also in bilateral frontal and cingular cortex, left superior
temporal gyrus and right superior occipital gyrus (Table 2,
Fig. 3). Correlation analyses revealed that cortical thinning of
the right fronto-temporal-insular cortex was specifically
related to defective cognitive performances rather than dis-
ease duration or ALSFRS-R scores (Table 3). The Jonckheere-
Terpstra test performed separately for ALScn and ALSimp
patients revealed different patterns of neurodegeneration
(Fig. 3, Table 4). Throughout disease stages, the ALScn group
showed reduced CT in bilateral paracentral lobule, right
frontal middle sulcus, bilateral cingular cortex, left lateral
sulcus, bilateral parietal sulci and right superior occipital
sulci. Conversely, ALSimp patients had specific thinningin the
right hemisphere encompassing the frontal middle sulcus, the
inferior temporal sulcus, the lateral sulcus and the anterior
cingular cortex. Unexpectedly, we found that the horizontal
ramus of the left lateral sulcus had a trend (surviving correc-
tion for multiple testing) toward increased CT between King’s
stages (Table 2), this trend was confirmed only in the ALScn
group (Table 4).
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Table 1 — Data of Healthy controls (HC) and patients with ALS subdivided according to the King’s disease stages (KDS).

King’s stage HC All ALS patients Contrasts
KDS =0 KDS =1 KDS =2 KDS =3

N =26 N=11 N =16 N=9
Sex (male/female) 16/10 8/3 7/9 6/3 ns.
Age (yrs) 56.8 (9.9) 58.0 (11.4) 58.7 (9.9) 63.0 (11.8) n.s.
Education (yrs) 11.9 (3.6) 9.7 (4.3) 9.9 (3.3 10.4 (3.5) ns.
ALSFRS score - 42.1 (3.6) 38.4 (5.3)* 34.2 (6.2)* KDS =1 > KDS = 2* KDS = 1 > KDS = 3*
Disease duration (months) = 16.0 (13.2) 22.7 (6.4) 24.1 (18.4) ns.
Bulbar onset (Y/N) = 5/6 2/14 3/6 n.s.
Bulbar symptoms (Y/N) = 5/6 7/9 5/4 ns.
UMN dominance = 1/10 4/12 4/5 n.s.
# ALSimp = 5 (45%) 7 (43%) 4 (44%) n.s.
# ALSci = 4 (36%) 5 (31%) 1 (11%) n.s.
# ALSbi = 0 (0%) 1 (6%) 2 (22%) ns.
# ALScbi = 1(9%) 1 (6%) 2 (22%) n.s.
Neuropsychological performances — means + standard deviations (medians). Jonckheere-Terpstra (pairwise comparisons)
MMSE 29.35+9 27.6 (2.1) 28.7 (1.2) 27.7 (1.4) az = —3.090, p = .002 (KDS = 1 <HG*; KDS = 3 < HC***)
Verbal fluency index 39+ 14 (3.6) 6.2 +4.7 (4.5) 6.4 +4.2 (4.9) 5.6 +2.4 (5.8) az = —2.450, p = .014 (n.s.)
Digit back 4.6 + 1.2 (4.5) 4.3 + 1.2 (4.0) 4.3 + 1.6 (4.0) 3.7 + 1.3 (4.0) n.s.
Digit span 6.1+ 1.3 (6.0) 5.3+ 1.7 (5.0) 5.5+ 1.2 (6.0) 5.4+ 1.3 (6.0) n.s.
Stroop test 18.1 +7.0 (17.6) 23.5 + 12.8 (20.0) 24.8 + 13.0 (21.6) 26.6 + 1.3 (18.5) n.s.
Brixton spatial anticipation 19.1 + 7.3 (18.0) 21.5 + 8.2 (21.0) 20.8 + 8.3 (18.5) 23.3 + 10.5 (26.0) ns.
Object naming 28.5 + 1.5 (29.0) 26.7 + 4.0 (27.0) 27.4 + 1.9 (28.0) 27.4 + 1.6 (27.0) az = 2.469, p = .014 (n.s.)
Auditory Comprehension 13.9 + .4 (14.0) 13.8 + .4 (14.0) 13.5 + .8 (14.0) 13.6 + .7 (14.0) Az =2178,p =.029 (n.s.)
RAVLT delayed recall 10.5 + 2.4 (10.5) 8.9 + 3.4 (8.0) 8.6 + 2.8 (9.0) 8.4 + 3.3 (7.0) az = 2.361, p = .018 (n.s.)
Recognition memory 24.5 + 3.8 (25.5) 23.8 + 4.1 (23.0) 22.0 + 5.4 (22.0) 24.5 + 2.6 (24.0) ns.
Position discrimination (VOSP) 19.6 + .7 (20.0) 19.0 + 1.3 (20.0) 20.0 + 0 (20.0) 20.0 + 0 (20.0) n.s.
Empathy task (SET) 15.2 + 2.2 (16.0) 13.2 + 3.3 (12.0) 13.2 + 2.6 (13.0) 11.8 + 5.2 (13.0) az = 2.527, p = .012 (n.s.)
Emotion recognition (Ekman test) 46.2 + 6.1 (46.0) 46.0 + 6.4 (48.0) 46.5 + 6.5 (47.0) 42.5 + 7.2 (44.5) n.s.
FBI - 2.5 + 3.4 (1.0) 4.0 + 8.1 (1.0) 6.1+7.8 (4.0) n.s.

XXX (XXXX) XXX X31¥0D

Legend: ALScn = ALS patients without cognitive and/or behavioural impairment (cognitively-normal profile); ALSimp = ALS patients with cognitive and/or behavioural impairment; ALSFRS-R = ALS
Functional Rating Scale Revised; BADA = Italian Battery for the Analysis of Aphasic Deficit; ENPA = Neuropsychological Examination for Aphasia; FBI = Frontal Behavioural Inventory; HC = Healthy
controls; KDS = King’s Staging System; RAVLT = Rey Auditory Learning test; SET = Story-based Empathy task; UMN = Upper MotorNeuron; VOSP = Visual Object and Space Perception. Statistics:
a = Jonckheere-Terpstra test surviving correction for multiple testing; * = p < .05; ** = p < .005.



https://doi.org/10.1016/j.cortex.2020.07.007

CORTEX XXX (XXXX) XXX

—Hochberg correction are

ini
Jonckheere-Terpstra (Pairwise comparisons)

—2.231, p = .03 (n.s.)
—2.097, p = .03 (n.s.)

Z = —4.312, p < .001 (KDS2 > HC***; KDS3 > HC***)

Z
Z

KDS =3
3.0 (3.00 + .5)
3.0 (2.33 + 1.87)
3.0 (2.00 + 1.5)

2

All ALS patients
KDS =
3.0 (2.56 + 1.2)
2.5 (2.12 + 1.78)
2.0 (1.87 + 1.3)

KDS=1
2.0 (1.63 + 1.6)

2.0 (2.09 + 1.3)
.0 (1.45 + 1.8)
2.0 (1.81 + 1.3)

HC
KDS =0

5(1.07 + 1.3)
5 (1.07 + 1.3)
5(1.07 + 1.3)

Right inferior frontal gyrus (pars orbitalis)

A Right middle frontal sulcus
Right orbital sulci

FRONTAL LOBE

Table 2 — Brain regions showing significant trends of cortical thinning at the Jonckheere-Terpstra test. Regions surviving the Benjam

highlighted. Values are expressed as medians (mean + standard deviation).

—1.886, p = .05 (n.s.)

7 =

1.0 (1.33 + 1.4)

3.0 (2.31 + 1.3)

5(1.07 + 1.3)

Left paracentral lobule and sulcus

TEMPORAL LOBE

—2.489,p = .01 (n.s.)

7=

2.5(2.55+1.5) 2.0 (.55 + 1.3)

.0(1.36 + 1.9)

5(1.07 + 1.3)

Left superior temporal gyrus (planum polare)

LIMBIC LOBE

—2.763, p = .01 (n.s.)

7 =

3.0 (2.55 + 1.3)

3.0 (200 +1.6) 2.5 (2.00 + 1.6)
3.0 (

2.0 (2.36 + 1.5)
3.0 (2.09 + 1.3)

5(1.07 + 1.3)

A Right middle-posterior cingulate gyrus

Right anterior cingulate gyrus

s.)

—2.964, p = .05 (n.

8 Z=
Z

222 +1

2.0 (1.81 + 1.8)

5(1.07 + 1.3)

~2.125, p = .03 (n.s.)

3.0 (2.11 + 1.16)

(1.68 + 1.6)

1.5

5(1.07 £ 1.3)

Left posterior ventral cingulate gyrus

INSULA

—2.337,p=.02 (n.s.)

Z
Z

2.0 (2.11 + 1.0)
0(0=+0)

(1.68 + 1.3)
.0 (.12 +.5)

2.0

2.0 (1.90 + .4)

5(1.07 + 1.3)

Right lateral sulcus (horizontal ramus)

+2.929, p < .01 (KDS3 < HC*; KDS3 < KDS1**; KDS2 < HC*; KDS2 < KDS1***)

3.0 (2.18 + 1.6)

5(1.07 +1.3)

A Left lateral sulcus (horizontal ramus)

OCCIPITAL LOBE

—2.195, p = .03 (n.s.)

Z =

+ 1.3)

5(1.25+14)  3.0(244

2.0 (2.18 + 1.7)

5(1.07 + 1.3)

Right superior occipital gyrus

p < .05; ** = p < .01; *** = p < .005.

*

n.s. = not significant pairwise comparisons; » = brain region surviving correction for multiple testing;

4, Discussion

The aim of the present study was to determine the rela-
tionship between cortical thinning and King’s Clinical Stag-
ing System in a cohort of non-demented ALS patients not
carrying ALS-associated gene mutations. In particular, we
aimed at addressing whether cortical thinning is related to
advancing disease stage, and which, if any, patterns of
cortical thinning correlated to cognitive/behavioural
impairment phenotype. To this aim, we divided patients
according to their disease stage measured with the King’s
Clinical Staging System and we calculated a robust scale to
be used as an approximate indicator of the level of the
cortical thinning. Specifically, for each cortical region, we
transformed continuous CT values into an ordinal variable
(from 0 to 4), setting the extreme cut-off values of the scale
above the 50th percentile (median) and over the 5th centile of
the CT measure of the HC group, defining respectively the
level of normal-like (CT level = 0) and pathological (CT
level = 4) CT. Therefore, the definition of specific CT in-
tervals, from the pathological thinning to the collapse of the
best half of the measurements into a single class (Fig. 1),
should limit speculations on small CT variations between-
groups.

Our findings demonstrated cortical thinning in localized
motor and extra-motor brain regions across disease stages
(Table 2, Fig. 3A). These encompassed the frontal regions, the
left superior temporal gyrus, the bilateral cingulate cortex,
the right lateral sulcus and the right superior occipital gyrus.
This spreading was not related to clinical metrics (i.e., dis-
ease duration and ALSFRS-R scores) but to cognitive perfor-
mances (Table 3). Indeed, reduced performances in language
(naming and auditory comprehension), verbal fluency, social
cognition and verbal episodic memory tasks correlated to the
advanced cortical thinning of brain regions in fronto-
temporal and insular cortices.

Unexpectedly, we also found a trend toward thickening of
the left lateral sulcus in patients at King’s clinical stage 2 and
3. In a cross-sectional study, the thickening of frontal and
temporal cortices in advanced ALS disease stages has been
interpreted as a radiologic epiphenomenon of reactive glio-
sis, due to neuronal cells shrinkage and loss, which could
“mask” tissue loss (Trojsi et al., 2015). In the current study,
the thickening seems to be unrelated to clinical or neuro-
psychological data deserving future investigation with lon-
gitudinal observations. With this exception, our results seem
to confirm the close relationship between poor cognitive
performances and atrophy of fronto-temporal regions across
disease stages. This finding is in keeping with the hypothesis
that ALS patients could develop dysexecutive syndromes as
a consequence of TDP-43 spreading of pathological pro-
cesses, through axonal pathways, into prefrontal neocortex
and further cognitive deficits when the spreading of TDP-43
reaches brain regions beyond prefrontal cortex
(Brettschneider et al., 2013; Lulé et al., 2018; Schmidt, de
Reus, Scholtens, van den Berg, & van den Heuvel, 2016;
Trojsi et al., 2015). Previous longitudinal studies failed to
correlate cognition declines with specific cortical atrophy (R.
A. Menke et al, 2014; Senda et al, 2011) and disease
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A. All ALS patients

B1. ALScn patients

B2. ALSimp patients

Fig. 3 — Brain regions showing significant trends toward reduce cortical thickness levels across disease stages in ALS
patients (A) and in patients with cognitive—normal profile (B1, ALScn) and cognitively-behaviourally impaired patients (B2,

ALSimp).

Table 3 — Significant correlations (and CIs bootstrapped intervals) between cortical thinning levels and neuropsychological
performances significantly affected by advanced disease stages of ALS patients.

FRONTAL LOBE

Right orbital sulci

TEMPORAL LOBE

Right inferior temporal sulcus

Right inferior temporal gyrus

LIMBIC LOBE

Right anterior cingulate gyrus
INSULA

Right lateral sulcus (horizontal ramus)

Fluency index .373* (.08; .67); RAVLT -.391* (—.64; —.11)

Fluency index .378* (.09; .62); RAVLT -.386* (—.67; —.05)
Fluency index .415* (.04; .81); Comprehension —.377* (—.67; .-016)

RAVLT -.429* (—.68; —.09)

Naming —.345* (—.62; —.17)

Comprehension = Auditory comprehension Task; Naming = Object naming task; RAVLT = Rey Auditory Learning test; * = p < .05.

progression (Abrahams, Leigh, & Goldstein, 2005; Elamin et al.,
2013; Gordon et al., 2010; Schreiber et al.,, 2005). To our
knowledge, only one longitudinal study detected localized
progressive atrophy in the inferior frontal gyrus and in the
dorsolateral prefrontal cortex in relation to decline in pho-
nemic fluency performances (R. A. Menke et al., 2014). Despite
several longitudinal studies documented that atrophy in ALS
spreads to extra-motor regions, including frontotemporal re-
gions, basal ganglia, thalami and cerebellum (Agosta et al.,
2009; Bede & Hardiman, 2018; R. A. Menke et al., 2014; R. A.
L. Menke, Proudfoot, Talbot, & Turner, 2018), this spreading
seems most likely independent both of phenotypic presenta-
tion (Schuster et al.,, 2014) and motor dysfunction (Agosta
et al,, 2009; de Albuquerque et al., 2017; Schuster et al., 2014;
Senda et al., 2011; Verstraete et al.,, 2012) (Table S1). The

heterogeneity of ALS patient population, particularly for
cognitive dysfunction, sample sizes, attrition rates and vari-
ables used to measure cognition and disease progression
could have contributed in concealing the causal role of such
sprouting. Therefore, to overcome the heterogeneous clinical
conditions of ALS, each of which has different disease tra-
jectories (Westeneng et al., 2018), we used the King’s Clinical
Staging System to measure disease burden (Balendra et al.,
2014), as it is based on clinical severity rather than disease
duration. The King’s Clinical Staging System quantifies the
spreading of motor symptoms in three different body regions
involved in the disease, i.e.,: bulbar, upper limbs, and lower
limbs, and on the use of non-invasive ventilation (NIV) and
enteral nutrition. The number of regions involved gives the
stage. Stage 4 is reached if swallowing (4A) or respiratory (4B)
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Table 4 — Brain regions of ALS subgroups showing significant trends of cortical thinning at the Jonckheere-Terpstra (J-T) test. Values are expressed as medians
(mean + standard deviation).

HC ALScn group J-T test ALSimp group J-T test

KDS =0 KDS =1 KDS =2 KDS =3 KDS =1 KDS =2 KDS =3
FRONTAL LOBE
“Right middle frontal sulcus .5(1.07 +1.3) 2.0(1.83+1.16) 3.0(2.55+1.3) 3.0(3.25+.5) *Z=-3.679.p<.001 2.0(2.40+15) 3.0(257 +1.2) 3.0(2.80+.4) <*Z=-3.364.p <.001
Right paracentral lobule and sulcus .5(1.07+1.3) 1.0(1.33+.8) 20(222+19) 1.0(1.25+15) Z=-1988.p=.047 — = = =
Left paracentral lobule and sulcus .5(1.07 +1.3) 1.5(1.50+14) 3.0(233+14) 25(200+14) Z=-2336.p=.019 — = = =
TEMPORAL LOBE
Right inferior temporal sulcus 5(1.07 £1.3) — = = = 20(24+.5 3.0(214+14) 3.0(220+1.3) Z=-2.689.p =.007
Right inferior temporal gyrus .5(1.07 £1.3) .0(.66 +1.2) .0 (.22 + .6) .0 (.25 +.5) Z=+42.105.p=.035 — = = =
Left superior temporal gyrus .5(1.07 +1.3) .0 (.66 + 1.6) 3.0(233+15) 25(275+.9) Z=-2148.p=.032 - = = =

(planum polare)
LIMBIC LOBE
Right middle-posterior cingulate gyrus .5(1.07 +1.3) 1.5(1.50+1.6) 3.0(2.66+1.2) 2.5(2.50 + 1.3) *Z = —2.855.p =.004 — = = =
Right anterior cingulate gyrus 5(1.07 £1.3) — = = = 3.0 (2.60 + 1.6) 3.0 (2.42 +1.8) 3.0(2.20 +2.0) Z= —-2.367.p =.018

Left posterior ventral cingulate gyrus .5(1.07 £1.3) — = = = =

INSULA

Right lateral sulcus (horizontal ramus) 5(1.07 £1.3) — = = = 20(220+.4) 3.0(20+14) 3.0(240+.9 Z=-2.804.p=.005
Left lateral sulcus (horizontal ramus) .5(1.07 +£1.3) 2.0(1.66 +1.5) .0(.0+0) .0 (.0 +0) Z=+42321.p=.020 — = = =

Left lateral sulcus (posterior ramus) 5(1.07+13) 3.0(25+15 20(1.67+14) 25(275+.9) Z=-2365.p=.018 — = = =

PARIETAL LOBE

Right sulcus intermedius primus .5(1.07+1.3) 1.0(1.00+1.1) 1.0(144+11) 3.0(275+12) Z=-2.019.p=.044 - = = =

Right intraparietal and transverse sulci .5 (1.07 £ 1.3) 2.0(200+1.3) 20(1.55+.9) 25(25+.6) Z=-2581.p=.010 — = = =

Left subparietal sulcus .5(1.07+1.3) 1.0(1.33+14) 20(211+1.0) 25(250+13) Z=-2347p=.019 — = = =

OCCIPITAL LOBE
Right occipital superior - transverse sulci .5 (1.07 + 1.3) 2.0 (2.00 + 1.8) 2.0 (177 +1.5) 3.0(3.25+.5) Z=-2.503.p=.012 — = = =

XXX (XXXX) XXX XA1L¥0D

# = test surviving correction for multiple testing.
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difficulty is severe enough to require intervention. None of our
patients reached King’s Clinical Stage 4. Given that the
defining characteristics of stage 4 are nutritional deficiency
requiring feeding intervention, and respiratory insufficiency,
both of which impact on cognition, we use data from healthy
subjects, representing King’s Clinical Stage 0, to drive tests for
trends in CT and cognitive performances.

The examination of the neuropsychological profiles in
different King’s Clinical disease stages revealed deficit in
verbal fluency, empathy, language and episodic memory
across disease stages. Similar to ours, other cross-sectional
studies documented cognitive impairment and behavioural
changes across King’s clinical disease stages (Chio et al., 2019;
Crockford et al., 2018; Lulé et al., 2018; Trojsi et al., 2016).
Specifically, executive dysfunction, verbal fluency and
behavioural changes were significantly and negatively related
to more advanced disease stage (Crockford et al., 2018),
possibly confirming the hypothesis of early pathologic
involvement of the prefrontal cortex in ALS (Brettschneider
et al., 2013) because of their link to prefrontal cortical anom-
alies (Abrahams et al., 2004; R. A.; Menke et al., 2014). However,
language and episodic memory have also been considered
non-motor manifestations of ALS (Beeldman et al., 2016;
Consonni et al.,, 2016; Goldstein & Abrahams, 2013; Taylor
et al., 2013), linked to brain regions extending beyond the
frontal lobe (Tsermentseli, Leigh, & Goldstein, 2012). This has
led to calls for incorporating cognitive dysfunction into ALS
severity scores (Al-Chalabi et al., 2016) and staging systems
(Lulé et al., 2018).

Nevertheless, emerging evidence shows that cognitive
impairment may also occur even from the earliest stages of ALS
(Chio et al., 2019; Crockford et al., 2018). In our sample, 43% of
patients at the King’s clinical stage 1 satisfied the criteria for
cognitive and/or behavioural impairment. Interestingly, the
frequency of ALSci, ALSbi and ALScbi, as defined by recent
classification criteria (Strong et al., 2017), was similar across
King’s clinical stages (Table 1). This seems to contradict the
hypothesis that cognitive impairment increases as disease
progress, even though in a cross sectional analysis. Interest-
ingly, the rates at which patients might develop cognitive
impairment have been found to be variable in ALS (Elamin
et al.,, 2013). With longitudinal observations, Elamin and col-
leagues (Elamin et al., 2013) found that, when patients with ALS
were segregated into sub-cohorts based on cognitive status at
baseline, a faster rate of cognitive decline was documented in
the cognitively impaired subgroup, suggesting the presence of
distinct subtypes. Thus, we repeated the analyses splitting
patients according to their cognitive status to verify if ALScn
and ALSimp patients have similar extra-motor involvement
across disease stages. Results revealed that ALSimp and ALScn
patients had distinct trajectories both in terms of cortical
involvement and neuropsychological performances. ALScn
patients had bilateral cortical involvement both in motor and
extra-motor cortex with slightly reduced cognitive efficiency
across disease stages (Fig. 3-B1 and Table S2), in line with the
hypothesis of the TDP-43 spreading (Brettschneider et al.,
2013). Moreover, we also found an unexpected trend toward

cortical thickening from stage 1 to stage 3 in the left lateral
sulcus of ALScn patients unrelated to any clinical features. This
effect appeared to be driven by the fact that all ALScn patients,
with the exception of those at King’s clinical stage 1, had CT
level equals to 0, meaning healthy normal CT values (Table S2).
However, we could not exclude that cortical thickening is part
of a dysfunctional process (Pinto-Grau et al., 2017), an effect of
cognitive reserve (Schnack et al., 2015), or a radiological
epiphenomenon linked to reactive gliosis (Trojsi et al., 2015).
Future longitudinal study might help to disentangle this issue.

Conversely, we showed that the neurodegenerative pro-
cess in the ALSimp group predominately induced thinning of
extra-motor cortices in the right hemisphere, and that thin-
ning of the right anterior cingular cortex, lateral sulcus and
inferior temporal cortex correlated with more severe disease
stages (Fig. 3-B2 and Table S2). This partially confirmed others
studies showing grey matter atrophy more pronounced in the
right hemisphere (Bede & Hardiman, 2018; Mezzapesa et al.,
2013). The right lateralization of cortical thinning in ALS has
been interpreted as an anatomical predisposition for disease
related changes or a potential detection bias for cortical
changes in the right hemisphere (Bede & Hardiman, 2018). An
intrinsic vulnerability of the right fronto-temporal insular
cortex to cognitive impairment was confirmed also by corre-
lation analyses revealing an association between brain re-
gions localized in the right hemisphere with specific cognitive
deficits: the thinning of the right orbital cortex with verbal
fluency and episodic memory impairment, the right anterior
cingulate cortex with poorer memory performances, the right
inferior temporal cortex with multidomain defective perfor-
mances, and the right lateral sulcus with poor naming (Table
3). Murphy et al. (Murphy et al., 2007) suggested the right
hemispheric atrophy as a possible biomarker linked to
behavioural abnormalities in ALS. Even though in this study
we did not find behavioural changes across disease stages,
previous studies reported that patients with right hemisphere
anomalies exhibit disinhibited and apathetic behaviours
(Consonni et al., 2019) or indifferent reactions tending to deny
the extent of their disabilities (Palmieri et al., 2010). These are
common profiles observed in ALS patients with behavioural
disturbances (Abrahams et al., 2005; Grossman, Woolley-
Levine, Bradley, & Miller, 2007; Strong et al., 2017). From a
neuropsychological perspective, we found pronounced
cognitive involvement across disease stages in executive,
language, memory and social cognition domains in ALSimp
subgroup. Overall, our data suggest that ALSimp may have a
specific pathological course distinct to that of classic ALS
which is in keeping with the view that cognitive status might
represent a phenotypic marker for distinct ALS subtypes
(Elamin et al., 2013).

One limitation of our study is the cross-sectional design
and the lack of ALS patients in the later stage of the disease,
which restricted the exploration on how cognitive and
behavioural symptoms could further evolve. Moreover, the
small size of each subset of patients and the low statistical
power of each stratified group might limit the generalizability
of the results, even though the application of multiple
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comparison corrections could cover the potential significance
of sub-threshold group differences.

Istituto Neurologico “Carlo Besta” of Milan for referring some
patients.

5. Conclusion

Our study, using categorical cortical thinning levels (from 0 to
4) rather than row CT values or zCT values, demonstrated a
relationship between cognitive impairment, cortical involve-
ment, and King’s clinical disease stages, providing evidence of
distinct trajectories of the spreading of degenerative pro-
cesses in ALS. In particular, we showed that segregating pa-
tients according to cognitive involvement allowed finding
distinct trajectories of cortical thinning with specific vulner-
ability of the right fronto-temporal insular cortex. This might
suggest that, since the early disease stages, ALSimp patients
have a specific pathological course distinct to that of the
classic ALS. To our knowledge, this is the first study reporting
cortical and clinical correlates across disease stages, further
contributing to improve patients’ deep phenotyping and
paving the design of future multicentric longitudinal studies.
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