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Abstract

Cognitive impairment is now recognized in a subset of patients with amyotrophic lateral sclerosis (ALS). The objective of the
study was to identify group differences and neuroanatomical correlates of the Edinburgh Cognitive and Behavioural ALS Screen
(ECAS) in participants ALS. Fifty-three ALS patients and 43 healthy controls recruited as a part of our multicentre study
(CALSNIC) were administered the ECAS and underwent an MRI scan. Voxel-based morphometry and tract based spatial
statistics (TBSS) was performed to identify structural changes and associations with impaired ECAS scores. Lower performance
in the ECAS verbal fluency and executive domains were noted in ALS patients as compared to controls (p <0.01). Extensive
white matter degeneration was noted in the corticospinal tract in all ALS patients, while ALS patients with impaired verbal
fluency or executive domains (ALS-exi, n=22), displayed additional degeneration in the corpus callosum, cingulum and
superior longitudinal fasciculus as compared to controls (p < 0.05, TFCE corrected). Mild grey matter changes and associations
with ECAS verbal fluency or executive performance were noted at lenient statistical thresholds (p <0.001, uncorrected).
Executive impairment was detected using the ECAS in our multicentre sample of Canadian ALS patients. White matter degen-
eration in motor regions was revealed in ALS patients with extensive spread to frontal regions in the ALS-exi sub-group. Mild
associations between ECAS verbal fluency, executive function scores and MRI metrics suggest that reduced performance may be
associated with widespread structural integrity.
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Introduction

Clinical signs of both upper and lower motor neuron
(UMN and LMN respectively) degeneration is required
for a diagnosis of amyotrophic lateral sclerosis (ALS).
This terminal neurodegenerative condition is
characterised by increased muscle tone and hyperreflexia
(UMN signs) in combination with muscle atrophy, weak-
ness and fasciculations (LMN signs). Survival is estimat-
ed at 2-3 years after diagnosis and LMN driven respira-
tory failure accounts for death in most patients (Brooks
et al. 2000; Kiernan et al. 2011). Additional features
include cognitive and behavioural changes due to
frontotemporal lobar degeneration (FTLD). The most
prevalent presentation of FTLD in ALS is mild to mod-
erate executive dysfunction 25%-50% patients and apa-
thy in 25-30% patients (Phukan et al. 2012; Witgert
et al. 2010). A smaller proportion 10%—-15% of ALS
patients may meet criteria for frontotemporal dementia
(FTD) (Phukan et al. 2012).

Reduced verbal fluency is the hallmark of executive dys-
function in ALS with patients performing worse than controls
in tests of letter-based fluency (Kew et al. 1993; Abrahams
et al. 1997; Abe et al. 1997; Abrahams et al. 2000; Phukan
et al. 2012). Cognitive impairments have also been implied in
planning and decision making (executive functions), language
and, more recently, social cognition in ALS (Goldstein and
Abrahams 2013). Memory deficits have been reported in
smaller ALS sub-groups (Abdulla et al. 2014; Machts et al.
2014) with a suggestion that this may be driven by executive
dysfunction in ALS (Burke et al. 2017).

Most of these studies include extensive neuropsychometric
testing with administration time ranging from 1 to 3 h
(Goldstein and Abrahams 2013). Administration of such ex-
tensive tests may be challenging in a clinical setting given the
time constraints of a busy clinic. The Edinburgh Cognitive
and Behavioural ALS Screen (ECAS) was developed to ad-
dress the above needs and is emerging as a useful screening
tool in ALS (Abrahams et al. 2014). It tests multiple cognitive
domains (language, verbal fluency, executive, memory and
visuospatial abilities) within an administration time of 20—
30 min. It includes a behavioural screen which can be com-
pleted by the caregivers. The behavioural screen assesses ap-
athy, disinhibition, loss of empathy, stereotypical or persever-
ative behaviours and changes in dietary habits. The ECAS has
been validated against standard neuropsychological assess-
ment (Niven et al. 2015; Pinto-Grau et al. 2017) and adapted
to multiple languages (Lulé et al. 2015; Loose et al. 2016; Ye
et al. 2016; Poletti et al. 2016; Siciliano et al. 2017).

However, few studies have investigated neuroimaging
correlates of the ECAS (Keller et al. 2017; Lulé et al.
2018; Trojsi et al. 2019). There is evidence for cortical
function changes such as reduced activation in the left
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inferior frontal gyrus in ALS patients with impaired
ECAS verbal fluency (n=3) as compared to patients
with higher verbal fluency performance (n=150), while
no such differences were noted for alteration (ECAS
executive sub-test) (Keller et al. 2017). The study includ-
ed small sub-groups with cognitive impairment and did
not report structural brain changes in association with
ECAS performance. Lulé et al. (2018) associated perfor-
mance on specific domains of the ECAS (executive,
memory and disinhibited behaviour) with stages of dis-
ecase progression identified using pathology
(Brettschneider et al. 2013) and diffusion tensor imaging
(DTI) (Miiller et al. 2016). ALS patients with no cogni-
tive impairments were classified as stage 1 (structures
involved: corticospinal tract, somatomotor neurons and
brainstem nuclei). Patients with ECAS executive deficits
were classified as stage 2 with 100% sensitivity and
specificity (structures involved: corticopontine tract,
rubral tract and middle frontal gyrus, in addition to stage
1). Patients with disinhibited behaviour were classified as
stage 3 or higher with 100% sensitivity and 95% speci-
ficity (structures involved: corticostriatal and prefrontal
neocortex, in addition to stages 1 and 2). Patients with
memory impairments were classified as stage 4 with only
55% sensitivity and 52% specificity (structures involved:
perforant path, hippocampus and anteriomedial temporal
lobe). While this provides some evidence for extra-motor
involvement in cognitive dysfunction identified using the
ECAS, Lulé et al. (2018) did not report grey matter
changes, thus limiting measures of cortical regions such
as middle frontal gyrus, prefrontal cortex and the
hippocampus.

Trojsi et al. (2019) report microstructural white matter as-
sociations between ECAS verbal fluency, inferior longitudinal
fasciculus and inferior frontal occipital fasciculus in ALS pa-
tients (n=36). ECAS memory scores were associated with
changes in the thalamus and corpus callosum (genu, anterior
body and splenium). The authors propose that alterations in
verbal fluency may be related to frontotemporal connectivity
while memory impairments may be associated with damage to
the thalamocortical circuits. The study did not investigate dif-
ferences in ALS sub-groups with or without cognitive
impairment.

Observing the involvement of different brain regions at
specific stages of the disease course, there is an emerging
emphasis on sub-groups that may be present in ALS patients
(Braak et al. 2013; Brettschneider et al. 2013; Miiller et al.
2016). Identifying these sub-groups of patients with cognitive
impairment may be crucial for clinical trials and biomarker
research. Each sub-group may reflect characteristic features
that would enable researchers to better understand underlying
disease pathology or spread. If the ECAS is able to identify
sub-groups, it is crucial to verify that these sub-groups
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correspond with global or local brain changes that have been
reported in ALS.

Neuroimaging evidence in ALS primarily indicates grey
matter degeneration predominantly in the precentral gyrus
and evidence of atrophy in frontal and temporal lobes
(Chang et al. 2005; Turner et al. 2011; Agosta et al. 2016).
Previous studies reported grey matter degeneration in the
postcentral gyrus, anterior cingulate cortex (ACC),
orbitofrontal gyrus, caudate, putamen, amygdala and hippo-
campus in cognitively impaired ALS patients when compared
to controls (Schuster et al. 2014; Menke et al. 2014; Agosta
etal. 2016; Christidi et al. 2018). Lower white matter integrity
as identified by decreased fractional anisotropy (FA) was re-
ported in the corticospinal tract (CST) in ALS patients
(Kaufmann et al. 2004; Mitsumoto et al. 2007; Senda et al.
2009; Agosta et al. 2009; Agosta et al. 2010; Y. Zhang et al.
2011). In cognitively impaired ALS patients, widespread
white matter degeneration was reported in the corpus callosum
(CQO), cingulum, superior longitudinal fasciculus (SLF) and
uncinate fasciculus (UF) (Kasper et al. 2014; Agosta et al.
2016; Christidi et al. 2018).

Considering the evidence of cognitive impairments and
frontotemporal changes in ALS patients, the present study
aimed to investigate structural brain differences in cognitive
sub-groups using the ECAS and to identify the neuroanatom-
ical associations of the cognitive domains of the ECAS. It was
hypothesised that: (1) ALS participants impaired on the ECAS
have lower grey matter density and reduced white matter in-
tegrity in frontotemporal regions, and (2) there is an associa-
tion between the ECAS and neuroimaging metrics of grey
matter density and white matter integrity of frontotemporal
regions in ALS patients.

Methods
Participants

The participants for the current study were recruited from ALS
clinics in Calgary, Edmonton, Montreal and Toronto (referred
to as sites 14 respectively) as a part of the Canadian ALS
Neuroimaging Consortium (CALSNIC). Inclusion criteria in-
cluded a diagnosis of ALS according to the revised El Escorial
criteria (Ludolph et al., 2015). Healthy controls were age-
matched to a patient. Exclusion criteria for both patients and
controls were a history of neurological or psychiatric illness,
English as second language, and age greater than 80 years.
Ethics approval was obtained at each site and all participants
signed a written informed consent prior to participating in the
study.

Fifty-three ALS patients were included for the study.
Demographic details of the patients are outlined in Table 1.
Forty-three patients presented with limb-onset, eight with bul-
bar onset, and two with both bulbar and limb onset (Table 2).
Disability was measured by the ALS Functional Rating Scale
— Revised (ALSFRS-R) (Cedarbaum et al. 1999). Respiratory
status was assessed as forced vital capacity (FVC, percent
reference). Disease progression rate was computed as: (48 —
ALSFRS-R) / symptom duration (Kimura et al. 2006). In ad-
dition to this rate, a scale of UMN burden was derived from
the neurological evaluations. The scale includes two
lateralized sub-scores for the right and left side of the body,
and a sub-score for jaw related UMN symptoms. These scores
account for the presence of spasticity and hyperreflexia in
respective limbs, Babinski’s sign or clonus in the lower ex-
tremity, and the presence of a brisk reflex or clonus in the jaw.

Table 1  Participant characteristics
Variables Group Median (Min-Max) pU Sites
Site 1 Site 2 Site 3 Site 4 i

Sample (n) Controls 43 - 10 18 7 8 -
ALS 53 9 19 11 14

Gender (M:F)* Controls 21:22 0.26 4:6 10: 8 4:3 3:5 -
ALS 32:21 3:6 10: 9 9:2 10: 4

Age (years) Controls 56 (37-69) 0.36 55 (40-69) 60 (37-67) 54 (38-66) 50 (40-60) 0.10
ALS 57 (33-78) 59 (41-73) 60 (37-74) 57 (53-78) 54 (33-68) 0.18

Education (years) Controls 16 (11-20) 0.03 17 (13-20) 16 (12-20) 14 (11-19) 17 (11-20) 0.53
ALS 15 (11-25) 14 (12-18) 15 (11-22) 12 (11-25) 15 (12-20) 0.45

BDI-II Total Controls 3(0-13) <0.01 4 (0-13) 3(0-11) 4 (0-10) 2 (0-11) 0.87
ALS 12 (0-30) 9 (5-19) 14 (2-30) 13 (6-26) 10 (2-22) 0.52

Sample and gender are represented as frequency (count) for controls and patients. All other values are represented as Median (Min-Max). p¥ represents
significance threshold on Mann-Whitney U-test for pooled analysis comparing patients and controls, irrespective of site. * Gender was compared using
Pearson Chi-square test. p*" represents significance threshold on Kruskal-Wallis test comparing each group across sites. Values in bold font represent

statistical significance.
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Clinical characteristics of all patients and at each site are
outlined in Table 2.

Forty-three healthy controls met the inclusion criteria for
the study. Beck’s Depression Inventory - II (BDI-II) (Beck
et al. 1996) was used to assess mood in all participants. The
demographics of the overall and per site control group are
described in Table 1.

ECAS and cognitive sub-groups

The ECAS is a screening tool with an average administration
time of 20 to 30 min (Abrahams et al. 2014). It can be admin-
istered in a written or spoken version and has accommoda-
tions for motor impairments in ALS patients. A North
American adaptation of the ECAS was used for the current
study. Research assistants and a graduate student were trained
in administering the ECAS on participants. The ECAS in-
cludes assessment of the cognitive domains of language (nam-
ing, spelling and comprehension, max score = 28), verbal flu-
ency (letter S, four-letter words beginning with T, max score =
24), executive (digit span backward, alternation, sentence in-
hibition, social cognition, max score = 48), memory (immedi-
ate and delayed recall, recognition, max score =24) and

visuospatial abilities (dot counting, cube counting, dot posi-
tion, max score =12). These five domains are summed to
obtain the ECAS total score (max score = 136). The individual
scores of the domains and the ECAS total score were consid-
ered for analysis.

Based on the revised Strong criteria (Strong et al.
2017), the current study considered impairments in ei-
ther verbal fluency or executive domain scores in a
single group. Patients were regarded as impaired on ex-
ecutive function (ALS-exi) if they obtained scores be-
low 2 standard deviations (SD) from the mean scores of
the healthy control group for either ECAS verbal fluen-
cy or executive scores. Patients who scored above the
cut-off scores were classified as normal on EF (ALS-n).
Five of six participants who were impaired on language
were also impaired in executive functions and hence
were classified as ALS-exi. Considering the small sam-
ple size for only language (n=1) or memory (n=1)
impairments, these sub-group analyses were not pur-
sued. The behavioural screen of the ECAS was complet-
ed by caregivers in a subset of only 15 patients. Two
patients displayed behavioural impairments in all six
domains and one displayed impairment in 5 domains.

Table 2 Clinical characteristics

of the ALS group Variables Overall ALS group per site
ALS K
Site 1 Site 2 Site 3 Site 4 i
Site of Onset (n)
Bulbar 8 - 4 3 1 -
Limb 43 7 15 13 -
Both 2 2 - - - -
Symptom Duration (months) 24 S51%* 18 18 33% <0.01
(7-129) 21-117)  (10-60) (7-73) (16-129)
ALSFRS-R 40 33 41 40 38 0.02
(22-47) (22-45) (32-47) (3344 (3047)
Disease Progression Rate 0.3 0.3 0.2 0.4 0.3 0.58
(0.05-1.2)  (0.1-0.6)  (0.1-1.2)  (0.1-1.0)  (0.02-0.8)
FVC (percent reference) 93 89 95 95 94 0.85
(52-144) (53-107)  (55-134)  (86-126)  (52-144)
Riluzole intake (n) 22 2 12 4 4 -
Non-invasive ventilation (n) 3 1 - - 2 -
Percutaneous endoscopic 1 - - - 1 -
gastronomy (PEG; n)
Total UMN Score (max=11) 5 4 6 5 4 0.91
Right UMN Score (max = 5) 2 3 2 2 2 0.75
Left UMN Score (max = 5) 2 2 3 2 2 091
Jaw Score (max = 1) 0 0 1 0 0 0.51

ALSFRS-R = ALS Functional Rating Scale Revised; FVC =Forced Vital Capacity. Values are represented as
Median. Minimum and maximum values are represented in parentheses where applicable. pX" represents sig-
nificance threshold on Kruskal-Wallis test comparing ALS patients across sites. **p <0.01 on post-hoc Mann-
Whitney compared to the other sites. *p < 0.05 on post-hoc Mann-Whitney U-test when compared to Edmonton

and Montreal.
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MR image acquisition

A harmonised MR imaging protocol was implemented across
the CALSNIC sites of which three-dimensional T1 sequence
(3D-T1) and diffusion tensor imaging (DTI) were examined
for the current study (Table 3). All sites acquired MR images
on scanners operating at 3 T. The scanner at Sites 1 and 4 was
GE Discovery MR750 scanner while sites 2 and 3 used
Siemens Prisma and Tim Trio models, respectively.

MR preprocessing
Voxel based morphometry

Voxel-wise analysis of 3D-T1 data was performed using the
computational anatomy toolbox (CAT-12 in SPM-12; http://
dbm.neuro.uni-jena.de/cat12/). All T1 images were aligned to
the anterior commissure — posterior commissure (AC-PC) line
using mango (Research Imaging Institute, UTHSCA; http://
ric.uthscsa.edu/mango/). Next, corrections for field intensity
inhomogeneities were completed and the images were
normalised to the International Consortium for Brain
Mapping (ICBM) template using both linear and non-linear
transformations. These images were segmented into grey mat-
ter, white matter and cerebrospinal fluid (CSF) tissue maps.
The grey matter tissue maps were smoothed using a Gaussian
kernel (8 mm isotropic full-width at half maximum, FWHM)
for further analysis. Group comparisons for patients and con-
trols as well as with patient sub-groups (ALS-exi and ALS-n)
were performed using the full-factorial model in SPM-12 with
diagnosis and site as factors, and age, gender and total intra-
cranial volume (TIV) as covariates. Frontal and temporal
masks from the pickatlas toolbox (Maldjian et al. 2003) were

employed for identifying region of interest (ROI) based cor-
relations between grey matter densities and ECAS scores.

Diffusion tensor imaging (DTI)

The DTI images of each participant were preprocessed to cor-
rect for temporal signal drifts, Gibbs ringing artifacts, motion,
Eddy currents and echo planar imaging (EPI) distortions
(using T1 as reference) in Explore DTI (Leemans et al.
2009). To facilitate optimal registration of white matter, the
preprocessed DTI images were processed with DTI Toolkit
(DTI-TK) (H. Zhang et al. 2007a) and were registered to a
study-specific template (H. Zhang et al. 2007b). Registration
involved affine and deformable alignments with template re-
finement to allow for alteration of global size and shape of
DTI images to match the study-specific template as well as
minimize differences of size and shape in local structures re-
spectively. Individual DTI volumes were warped to the final
template using a single interpolation operation that combined
affine and deformable alignments. The registered DTI vol-
umes were then subjected to a custom implementation of
post-registration step to generate required inputs for voxel-
wise tract based spatial statistics (TBSS) (Bach et al. 2014).
Site and diagnosis were used as a factor and age was a covar-
iate in the GLM models. Fractional anisotropy (FA) which is a
measure of diffusion directionality was used for the primary
analysis. It is an index of white matter integrity with values
ranging from 0O (isotropy) to 1 (anisotropy). To further under-
stand biological changes in the white matter, axial diffusivity
(AD, indicating diffusion rate along the main axis), radial
diffusivity (RD, indicating diffusion rate in the transverse di-
rection) and mean diffusivity (MD, molecular diffusion rate)
were also investigated.

Table 3 MRI protocol

MRI Parameters 3 T GE (Sites 1 and 4) 3 T Siemens (Sites 2 and 3)
3DT1 DTI 3DTI1 DTI
(FSPGR) (MPRAGE)

Orientation Axial Axial Axial Axial

Resolution (mm>) Ix1x1 2x2x%x2 Ix1x1 2x2x%x2

Field of view 256 x 256 256 x 256 256 x 256 256 x 256

Acquisition Matrix 256 x 256 128 x 128 256 x 256 128 x 128

Number of Slices 176 70 176 70

Repetition time (TR; ms) ~7.4 9000 2300 10,000

Echo time (TE; ms) 3.1 ~80 34 90

Inversion time (TI; ms) 400 - 900 -

Scan time (min) 5 6 6 8

b=1000 - 30 directions - 30 directions

b=0 - 5 averages - 5 averages

FSPGR = Fast spoiled gradient echo; MPRAGE = magnetization prepared rapid gradient echo.
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Statistical analysis

Normality of demographic variables (age and education),
mood (BDI-II scores) and ECAS was tested using Shapiro-
Wilk test. Since these were not possible to rectify using trans-
formation, Mann-Whitney U-tests compared demographic
(age, years of education), mood (BDI-II scores), and ECAS
performance between patients and controls. Data across sites
were compared using Kruskal-Wallis tests, including clinical
characteristics of the patients. Statistical models for imaging
included site and diagnosis as factors, and age was included as
covariate. Correction for multiple comparisons was done
using false discovery rate (FDR) for ECAS analysis and
threshold free cluster enhancement (TFCE) for imaging anal-
yses at p <0.05. Supplementary material also includes find-
ings that failed multiple comparisons correction (p < 0.001,
uncorrected).

Results
Demographic and clinical characteristics

Demographic and clinical characteristics of participants are
outlined in Table 1. The ALS and control participants were
similar for gender (x*=1, p=0.26) and age (U= 1237, p=
0.36). Median education was higher in control participants (16
vs. 15 years, U= 845, p=10.03). Total BDI-II score was sig-
nificantly higher in patients (15 vs 3, U=1652, p<0.01).
Within healthy control participants (HC) and ALS patients,
there were no significant differences across sites for age
(P'HC = 010, P-ALS = 018), education (P'HC = 053,
P-ALS = 045) and BDI-II (p'HC = 087, P-ALS = 052)

*k *k

Education and BDI-II did not show significant associations
with ECAS performance and were not used as covariates in
group comparisons.

Symptom duration was different between sites (x> [3] = 16,
p<0.01; Table 2) and post-hoc analysis revealed longer
symptom duration for Sites 1 and 4 (Supplementary
Fig. 1A). Similarly, ALSFRS-R scores also differed between
sites (x° [3] = 10, p = 0.02), with post-hoc tests revealing low-
er ALSFRS-R score for Site 1 (Supplementary Fig. 1B). Both
symptom duration and ALSFRS-R were not associated with
performance on the ECAS and hence were not considered as
covariates in group comparisons. There were no significant
differences in the disease progression rates, respiratory capac-
ity (FVC) and UMN burden between sites. Only the disease
progression rate was associated with ECAS language score
(r¢=—0.3, p=0.03) while the other clinical variables showed
no significant associations with ECAS performance.

Lower ECAS performance in ALS

ALS patients displayed significantly lower performance on
the ECAS total score (median_a; s =109, range: 73-121) as
compared to controls (median_yc = 115, range: 94-128), U=
645, p<0.001. Specifically, ALS patients performed poorly
on verbal fluency (U= 748, p<0.01) and executive domains
of the ECAS (U=704, p<0.01; Fig. 1). Post-hoc compari-
sons revealed that within verbal fluency, patients performed
poorly for both letter S (U= 795, p<0.01) and letter T fluency
(U=1767,p<0.01), and within the executive domain, patients
performed poorly for reverse digit span (U= 2821, p=0.02),
alternation (U=931, p =0.04) and sentence completion (U=
774, p<0.01), but not social cognition (see Fig. 2).

28- 24- 48 T 127 — Diagnosis
! * T M Control
247 20- 40- 20- 101~ BALS
20_ . .
* 167 329 16 8 ’
16+
12+ : 24 : 129 6
127 . -
84 16+ 8- 4
8_ L]
4 4 8 4 2-
04 04 04 0- 0+
Language Verbal Fluency Executive Memory Visuospatial
27 (24-28) 20 (8-24) 41 (34-46) 17 (10-24) 12 (10-12)
27 (19-28) 16 (0-24) 39 (22-47) 16 (6-21) 12 (8-12)

Fig. 1 Box plots displaying ECAS performance in the ALS and control groups. Scores for the ECAS domains are represented as Median (range). The
ALS group performed significantly lower than controls for ECAS verbal fluency and executive domains. **p<0.01
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Performance of patients and controls within each site is
displayed in Supplementary Fig. 3.

Twenty-two patients were classified as ALS-exi and 31
patients were classified as ALS-n. These classifications were
used to explore and identify neuroanatomical differences be-
tween the sub-groups. Impairments on individual domains of
the ECAS are displayed in Supplementary Table 2.

ALS patients performed lower than controls on both verbal
fluency subtests (letters S and T). Decreased performance was
also noted for executive domain sub-tests (digit span, alterna-
tion and sentence completion). No significant difference was
noted on social cognition sub-test. **p <0.01, *p < 0.05.

Neuroimaging findings

Mild grey matter degeneration was noted in ALS patients and
cognitive sub-groups at lenient thresholds (p <0.001) and
these results did not survive multiple comparisons corrections
(Supplementary Fig. 4).

Lower white matter integrity as indicated by reduced FA
was noted in the upper segment of the CST and body of the
corpus callosum (CC) in ALS patients when compared to
healthy controls (p < 0.05, TFCE corrected; Fig. 3A). At more
lenient thresholds, reduced FA was noted in the internal capsule
of the CST and rostral body of the CC (p < 0.001, uncorrected,;
Fig. 3A). Regarding patient sub-groups, ALS-n patients
displayed reduced FA in the CST and corpus callosum when
compared to healthy controls (p < 0.001, uncorrected; Fig. 3B).
Similar changes were noted for ALS-exi as compared to
healthy controls with additional involvement of the rostral

corpus callosum (p <0.001, uncorrected; Fig. 3C). ALS-exi
patients had reduced FA in the corpus callosum and the body
of the cingulum compared to ALS-n patients (p <0.001,
uncorrected; Fig. 3D). There was no difference in FA within
the CST of ALS-exi patients compared to ALS-n patients.

Reductions in FA were primarily accompanied by
increased RD and MD (Fig. 4, Table 4). Group com-
parisons revealed increased RD and MD in the CST,
CC and SLF in ALS patients compared to healthy con-
trols (p<0.05, TFCE corrected; Fig. 4A) and in the
ALS-exi sub-group compared to healthy controls
(p<0.05, TFCE corrected; Fig. 4C), while no signifi-
cant differences were noted in AD. At lenient thresh-
olds, reduced AD, and increased RD and MD were
found predominantly in the CST of the ALS-n sub-
group when compared to controls (p <0.001, uncorrect-
ed; Fig. 4B), while minor alterations were noted in the
frontal regions. Cognitive sub-group comparisons re-
vealed increased RD and MD in anterior regions of
the CC in the ALS-exi sub-group (Fig. 4D, Table 4),
while no significant differences were noted in the CST.
AD was also non-significant between ALS-exi and the
ALS-n groups.

Voxel-wise correlations revealed mild associations be-
tween decreased performance on the ECAS (verbal fluency
and executive scores) and reduced grey matter density and FA
(p <0.001, uncorrected; Supplementary Fig. 5). No associa-
tions were found for other ECAS scores (language, memory
and visuospatial abilities). These results did not survive mul-
tiple comparisons correction.

Fig. 2 Performance on tests of ek T * ==k _ Diagnosis
verbal fluency and executive 124 ’ L - - B Control
domains in the ECAS ‘ - WALS
10 F N
8 — .
g
s ‘ !
%]
)
5 67
E
4
24 !
0 — .
Letter S Letter T Digit Span |Alternation | Sentence Social
Completion | Cognition
10 (4-12) 10 (0-12) 7 (3-10) 12 (2-12) 11(7-12) 12 (2-12)
10 (0-12) 8 (0-12) 6 (3-11) 12 (1-12) 10 (4-12) 12 (6-12)
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Fig. 3 Group differences
indicating reduced white matter
integrity in ALS patients

Tract Based Spatial Statistics (TBSS) revealed reduced
fractional anisotropy (FA): (a) in all patients as compared
to controls, (b-¢) in ALS cognitive sub-groups compared to
controls, and (d) between ALS cognitive sub-groups.
Colour bars represent T-values at p <0.001 (uncorrected).
Clusters corrected for multiple comparisons using thresh-
old free cluster enhancement (TFCE) are represented in
green colour. Note: ALS-n=ALS patients with normal
EF, ALS-exi=ALS patients with impaired EF. Images
are displayed in neurological convention (left is left).

Discussion
The current study aimed at evaluating the neuroanatomical

associations of the ECAS in ALS patients. Reduced perfor-
mance was noted in ALS patients for ECAS verbal fluency

@ Springer

%

p<0.05 (TFCE corrected)

and executive domains indicating executive dysfunction in the
ALS group. Twenty-two (42%) patients were classified as
impaired (ALS-exi) on either ECAS verbal fluency or execu-
tive domain with the remaining 31 classified as normal (ALS-
n). Extensive white matter degeneration in the CST was noted
in ALS patients while the ALS-exi sub-group also had prom-
inent changes in anterior regions of the CC and SLF. Mild
grey matter changes were present in ALS and mild associa-
tions were noted between ECAS verbal fluency and executive
performance and neuroimaging (grey matter density and FA);
however, these findings did not survive correction for multiple
comparisons.

Executive dysfunction detected by ECAS

To our best knowledge, this is the first report on the clinical use
of the North American adaptation of the ECAS. The observed
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Fig.4 Alterations in AD, RD and
MD in (a) ALS patients compared
to healthy controls (HC; RD and
MD in ALS > HC), (b) ALS
patients with normal EF
compared to HC (AD in ALS-n <
HC; RD and MD in ALS-n >
HC), (¢) ALS patients with im-
paired EF (ALS-exi) compared to
HC (RD and MD in ALS-exi >
HC) and (d) ALS-exi compared
to ALS-n patients (RD and MD in
ALS-exi > ALS-n). Note: Green
color represents p < 0.05 (TFCE
corrected) clusters, while red col-
or represents p < 0.001
(uncorrected) clusters. Images are
displayed in neurological con-
vention (left is left)

C ALS-exivs HC

No significant differences

cognitive profile in this study reflected executive dysfunction as
commonly reported in ALS cohorts. Verbal fluency and execu-
tive domains were found to be impaired in ALS patients, as noted
in previous studies (Lulé et al. 2015; Ye et al. 2016). Prior reports
of impaired language and memory performance as detected by
the ECAS were not present in the current cohort (Lulé et al.
2015; Ye et al. 2016). A small proportion of patients (n =06,
11%) did score below 2SDs for ECAS language; among these,
five were classified as ALS-exi, and one had borderline perfor-
mance (1.5-2SD) in the executive domain. This proportion of
patients with impaired language is lower than in previous reports,
which could be due to the relatively simple language tests includ-
ed in the ECAS compared to more extensive neuropsychological
assessments (Taylor et al. 2013). There were no differences

a ALSvs HC

b ALS-nvs HC

No significant differences

d ALS-exi vs ALS-n

No significant differences

observed in the visuospatial domain, although post-hoc analysis
indicated impairments in a very small proportion of patients
(Supplementary Table 2).

Predominant white matter degeneration in ALS

Degeneration of the CST was evident by the finding of re-
duced FA and increased RD and MD in ALS patients. In
addition to the CST, the ALS-exi group revealed reduced
FA and increased RD and MD in the CC, the cingulum and
the SLF indicating greater spread of the disease as previously
reported (Kasper et al. 2014; Christidi et al. 2018).

No differences were noted in the CST of the ALS-exi group
when compared to the ALS-n group, supporting previous
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Table 4 Summary of DTI group
comparisons

Regions showing reduced DTI measures in ALS groups

Findings FA AD RD MD
ALS <HC CST (upper)* n.s. - -
CC (body)*
ALS-n<HC CST (upper) CST (upper) - -
CST (int capsule) CST (int capsule)
CC (body) CC (genu)
CC (body)
CC (splenium)
ALS-exi<HC CST (upper) n.s. - -
CST (int capsule)
CC (body)
Cingulum (body)
SLF (anterior)
ALS-exi< ALS-n CC (body) n.s - -
Cingulum (body)
SLF (anterior)
ALS>HC - - CST (upper)* CST (upper)*
CC (body)* CC (body)*
CC (genu)* CC (genu)*
SLF (anterior)* SLF (anterior)*
ALS-n>HC - - CST (upper) CST (upper)
CST (int capsule) CST (int capsule)
CC (body) CC (body)
CC (genu)
CC (splenium)
ALS-exi>HC - - CST (upper)* CST*
CC (body)* CC (body)*
SLF (anterior)* CC (genu)*
SLF*
ALS-exi > ALS-n - - CC (body) CC (body)
CC (genu) CC (genu)
SLF SLF

*p < 0.05 (TFCE corrected), other regions reported are significant at p < 0.001 (uncorrected)

findings (Kasper et al. 2014). One previous study indicated
similar but less extensive changes in a smaller sub-group of
cognitively impaired (n=9) and competent (n=5) ALS pa-
tients (Dimond et al. 2017). Another study indicated extensive
cortical thinning and white matter loss in MND patients with
cognitive or behavioural impairments (MND-plus) when
compared to unimpaired patients (MND-motor) and heathy
controls, with higher severity in temporal lobes (Agosta
et al. 2016). The authors reported a higher number of MND-
plus patients, which could be to the inclusion of patients with
ALS as well as both UMN and LMN phenotype variants
(primary lateral sclerosis [PLS] and progressive muscular at-
rophy [PMA] respectively). Cognitive (39% PLS, 36% PMA)
and behavioural (13% PLS) impairments were identified in
these phenotype variants, with neuroimaging evidence of

@ Springer

FTLD in the MND-plus group. However, the authors did not
distinguish changes within these MND-plus phenotypes.
Nevertheless, our findings are in line with previous literature
suggesting a greater spatial extent of degeneration in ALS-exi
patients as indicated by reduced FA and increased RD and
MD in extra-motor regions.

Previous studies have indicated that reduced FA in ALS
correspond with increased RD and MD values (Agosta et al.
2010; Kasper et al. 2014; Christidi et al. 2018). FA, an indi-
cator of diffusion directionality, represents the integrity of
white matter but is non-specific to its underlying biological
alterations. RD represents the diffusion of water perpendicular
to the axonal tract and is modulated by the biological factors
such as distance between axonal membranes, diameter of the
axon and degree of myelination (Beaulieu 2002). Increased
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RD suggests free diffusion across tracts and is representative
of demyelination (Song et al. 2003). MD represents the mean
diffusion across x, y and z directions and increased MD could
be secondary to alterations in perpendicular diffusion (RD).
The current findings are consistent with loss of white matter
integrity corresponding to demyelination, likely due to
Wallerian degeneration of the axons (Song et al. 2003).

At lenient statistical threshold, the ALS-n sub-group also
revealed mild degeneration in the genu of CC highlighting the
existence of the pathology beyond motor regions. The ALS-n
and ALS-exi groups did not differ on demographic or clinical
variables, therefore it is unlikely that clinical factors contribute
to the extra-motor changes noted in ALS-n patients. One pos-
sibility is that extra-motor changes may be present in ALS-n
patients and may precede cognitive decline, similar to pre-
symptomatic brain changes in ALS reported previously
(Sgobio et al. 2008; Menke et al. 2016). Another possibility
is that it may indicate the limitation of neuropsychometric
testing in the detection of mild cognitive changes (Christidi
et al. 2018). This latter hypothesis may better explain findings
of extra-motor changes in ALS-n patients. It is also possible
that a sub-set of ALS-n patients may have behavioural chang-
es that were not captured in the study. Furthermore, given the
subtle nature of cognitive changes in ALS, impairments may
develop over time and patients may show greater cognitive or
behavioural impairment at a later stage. Considering the cross-
sectional nature of the study, it is beyond the scope of the
current study to investigate conversion rate of cognitive im-
pairment in ALS-n patients.

In contrast to white matter degeneration, grey matter de-
generation (see supplementary material) was focal with some
evidence of frontotemporal spread at lenient statistical thresh-
old. Loss of grey matter density was primarily noted in the
bilateral precentral gyrus bilateral and mPFC in ALS patients
as compared to controls. ALS-exi sub-group displayed re-
duced grey matter density in the right precentral gyrus, inferior
frontal gyrus and insula when compared to healthy controls
and in the precuneus when compared to the ALS-n sub-group.
These regions have been implied in previous studies suggest-
ing evidence of mild grey matter loss in some relevant regions
of cognitively impaired ALS patients (Chang et al. 2005; Bede
et al. 2013; Schuster et al. 2014; Menke et al. 2014; Agosta
et al. 2016; Christidi et al. 2018).

The dominance of white matter over grey matter degeneration
has been reported previously in cross-sectional studies (Menke
et al. 2014; Agosta et al. 2016; Christidi et al. 2018). It is likely
that this pattern captures UMN pathology and disease spread via
specific white matter tracts in ALS (Brettschneider et al. 2013).
Longitudinally ALS patients were reported to display widespread
grey matter changes in the frontotemporal regions at later time
points, while longitudinal white matter degeneration was limited
(Menke et al. 2014); suggesting that grey matter loss may be
pronounced at a later point in the disease course.

Neuroanatomical associations

The performance on ECAS verbal fluency and executive
scores was associated with focal degeneration in the grey mat-
ter and white matter at lenient statistical threshold (see
Supplementary material). Lower verbal fluency was associat-
ed with reduced grey matter density in the right precentral
gyrus, left premotor and left superior frontal gyri. In healthy
controls, a laterality in performance during verbal fluency
tasks have been reported, such that left hemisphere, especially
Broca’s area, is dominant during letter fluency and the right
hemisphere is dominant during automatic speech (Birn et al.
2010). In the current study, no specific lateralization was not-
ed. However, the association with left premotor cortex and
right precentral gyri suggests involvement of articulatory pro-
cesses to generate the words. The involvement of the superior
frontal gyrus may reflect a broader network contributing to
executive dysfunction. In white matter, verbal fluency was
associated with overall structural integrity (FA) of tracts such
as the SLF suggesting that executive dysfunction may indeed
be associated with diffuse structural integrity, such as
frontotemporal circuits as suggested by Trojsi et al. (2019)
and not localised connectivity. The association of reduced
grey matter density in posterior region, reduced FA in poste-
rior SLF and reduced executive performance is unexpected. It
is likely that the ECAS executive domain requires sustained
attention, typically associated with the parietal lobe.

Overall, the current study identified extensive white matter
degeneration in ALS patients and the ALS-exi sub-group as
compared to controls and is in line with previous studies
(Christidi et al. 2018). These regions of degeneration align
with regions of phosphorylated TAR-DNA binding protein
43 (pTDP-43) inclusions (Braak et al. 2013; Brettschneider
et al. 2013), which spread along specific white matter tracts;
greater pTDP-43 spread indicating progression of the disease.
It is likely that impaired ECAS verbal fluency and executive
performance is associated with this pathological spread in the
ALS-exi sub-group (Lulé et al. 2018). However further evi-
dence of grey matter atrophy with sufficient statistical power
is required to corroborate with spread of the disease in regions
such as the middle frontal gyrus, prefrontal neocortex and
hippocampus.

Strengths, limitations and future directions

The ECAS is an emerging standard test for assessing cogni-
tion in ALS. To our best knowledge, this the first study pro-
viding evidence of both grey and white matter associations
with ECAS performance and using data derived from a
multicentre standardised protocol. Previous studies providing
neuroimaging evidence have employed general cognitive
screening measures such as the Addenbrooke’s Cognitive
Exam — Revised (ACE-R) (Mioshi et al. 2006; Mioshi et al.
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2013; Menke et al. 2014) or have employed extensive
neuropsychometric testing for identifying ALS sub-groups
(Sarro et al. 2011; Agosta et al. 2016; Christidi et al. 2018).
The cognitive sub-groups in the current study were matched
for age, education and other clinical parameters such as
ALSFRS-R, FVC, symptom duration and disease progression
rate, thus suggesting that neuroanatomical substrates reflect
disease-related pathology.

Limitations in this study arise from a relatively small sam-
ple size, leading to an underpowered subgroup analysis.
Hence, the use of multiple-comparisons corrections revealed
degeneration confined to the CST. Increasing the sample size
would provide statistical power to deal with such issues and
strengthen sub-group analysis. This study benefited from the
use of a data acquisition protocol harmonized across the 4
sites; however, it is possible that site-dependent variances
could be further mitigated by the use of specific post-
processing methods (Fortin et al., 2017). In our ALS partici-
pants, FVC was available for 45 patients, of which 7 were
below 80%. Only one participant in this range was on
BiPAP. Though we did not find correlations between ECAS
and FVC, future studies should consider the possible effect of
respiratory impairment on cognition (Huynh et al., 2019).
Incorporating longitudinal analysis would enable investiga-
tion of both spatial and temporal neuroanatomical correlates,
and their predictive potential for tracking the progression of
cognitive impairment. The current sample did not include suf-
ficient number of patients with memory impairments (n=1)
and thereby restricting the exploration of this sub-group.
Incorporating behavioural assessment would enable a com-
prehensive evaluation of frontal-clinical associations.

Conclusions

In summary, in a standardised multicentre clinical and imag-
ing study, the ECAS detected executive dysfunction in pa-
tients with ALS. Extensive white matter degeneration was
present in the CST of ALS patients while sub-group analysis
revealed degeneration of the CC, the cingulum and the SLF in
those with executive impairment (ALS-exi). Grey matter
changes were noted in the motor cortex and frontal regions,
but these were relatively mild in comparison to the white
matter abnormalities. Mild associations between structural
MRI metrics, verbal fluency or executive performance suggest
that reduced performance may be associated with widespread
white matter integrity.
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