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Abstract

Background and purpose: Amyotrophic lateral sclerosis (ALS) is a devastating neurode-
generative disease that causes progressive degeneration of neurons in motor and non-
motor brain regions, affecting multiple cognitive domains such as memory. A functional
magnetic resonance imaging (fMRI) study was performed to explore working memory
function in ALS.

Methods: To contribute to the growing research field that employs structural and func-
tional neuroimaging to investigate the effect of ALS on different working memory com-
ponents, the localization and intensity of alterations in neural activity was explored using
fMRI. Being the first study to specifically address verbal working memory via fMRI in the
context of ALS, the verbal n-back task with 0-back and 2-back conditions was employed.
Results: Despite ALS patients showing unimpaired accuracies (p = 0.724) and reaction
times (p = 0.0785), there was significantly increased brain activity of frontotemporal and
parietal regions in the 2-back minus O-back contrast in patients compared to controls
(using nonparametric statistics with 5000 permutations and a T threshold of 2.5).
Discussion: Increased brain activity of the frontotemporal and parietal regions during
working memory performance was largely associated with better neuropsychological
function within the ALS group, suggesting a compensatory effect during working mem-
ory execution. This study therefore adds to the current knowledge on neural correlates of
working memory in ALS and contributes to a more nuanced understanding of hyperactiv-

ity during cognitive processes in fMRI studies of ALS.

KEYWORDS
amyotrophic lateral sclerosis, fMRI, neuroimaging, neuropsychology, working memory

Petri and Schoenfeld contributed equally.

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial License, which permits use, distribution and reproduction
in any medium, provided the original work is properly cited and is not used for commercial purposes.
© 2021 The Authors. European Journal of Neurology published by John Wiley & Sons Ltd on behalf of European Academy of Neurology

Eur J Neurol. 2021;28:3051-3060.

wileyonlinelibrary.com/journal/ene 3051


www.wileyonlinelibrary.com/journal/ene
mailto:﻿
https://orcid.org/0000-0001-7695-1716
http://creativecommons.org/licenses/by-nc/4.0/
mailto:xkobeleva@gmail.com

3052 |

KOBELEVA ET AL.

INTRODUCTION

Amyotrophic lateral sclerosis (ALS) is characterized by progressive
impairment of motor and non-motor brain regions. Reflecting the
increasing scientific attention on non-motor effects of ALS [1-7]
current epidemiological findings indicate that up to 55% of ALS pa-
tients exhibit cognitive deficits, including up to 20% of patients with
characteristics of frontotemporal dementia [8-12]. These deficits
mostly manifest in impaired verbal fluency and executive dysfunc-
tion [13] but also in other cognitive domains such as language, social
cognition and different components of memory [14,15]. Given that
cognitive and behavioral deficits are associated with poor survival in
ALS [16,17] a better understanding of these deficits is necessary for
the development of therapeutic strategies.

One important component of memory that has been consid-
ered in ALS research is working memory. It is the ability to tempo-
rarily store information during cognitive processing [18]. If impaired,
it causes general higher-order cognition to deteriorate. Based on
Baddeley and Hitch's seminal paper from 1974 [19-21] the current
dominant model of working memory comprises four principal compo-
nents: two unimodal storage systems (i.e., the phonological loop for
verbal and numerical information and the visuospatial sketchpad for
visual information), the episodic buffer (storing multimodal informa-
tion in an episodic representation) and the central executive (which
controls these storage systems and manipulates information) [21].

Prior research has assessed the impact of ALS on working memory
using behavioral and functional imaging measures during the execu-
tion of working memory tasks. Most research focused on the patient’s
working memory capacity. Such studies utilized tasks that address
either the phonological loop or the visuospatial sketchpad, with the
majority of studies showing interest in the former. Specifically, stud-
ies addressing the phonological loop mostly employed variations of
the digit span task as measures of working memory capacity, which
was mostly found to be unimpaired in ALS [13,14,22-24]. Research
on the visuospatial sketchpad employed visuospatial sequence tasks
and more complex tasks (such as the visual 2-back task) and yielded
mostly comparable or marginally weaker behavioral performance re-
sults for ALS patients relative to controls [24-26].

In contrast to comparisons of neuropsychological performance,
studies have placed much less attention on brain activity alterations
in ALS patients. In fact, employing event-related potentials or func-
tional magnetic resonance imaging (fMRI) during working memory
task execution have revealed localized abnormal frontoparietal brain
activity patterns in ALS patients. This suggests that the behavioral
parity to control groups in ALS patients is accompanied by compen-
satory or potentially disease-related brain network changes.

For example, Hammer et al. [24] applied event-related poten-
tials and found parietal differences between the storage of figural
and spatial information during a visual 2-back task in ALS patients,
which were not present in healthy controls. Relatedly, Vellage et al.
[26] used a visuospatial working memory task with different levels
of memory load and distractors, localizing neural activity related
to working memory capacity via fMRI. They found significantly

different levels of frontal brain activity in ALS patients compared
to controls. Specifically, they reported lower frontal brain activity
during storage of working memory content (arguing that this can be
attributed to a breakdown of storage capacity), whilst higher frontal
brain activity was observed during filtering of relevant stimuli (argu-
ing that this can be attributed to compensatory hyperactivity).

In prior literature about working memory in ALS, the phono-
logical loop has been investigated more often than the visuospatial
sketchpad [13,14,22-24]. Given this proportion, it is remarkable
that none of the studies addressing the phonological loop have
employed neuroimaging methods or complex tasks with active ma-
nipulation of working memory content. Such complex tasks could
feature a higher sensitivity to working memory dysfunction in ALS.
Furthermore, using fMRI could substantiate possible working mem-
ory dysfunction and compensatory processes in ALS by describing
ALS-associated patterns of neural activity involved in verbal work-
ing memory function.

In this study, it was therefore sought to extend evidence on ALS-
induced verbal working memory dysfunction. Specifically, by using
fMRI, the underlying brain activity in ALS patients (and controls) was
investigated during execution of the well-established and robust
verbal n-back task [27] which addresses both the central executive
as well as the phonological loop. By doing so, it is acknowledged that
such a complex task requires more active manipulation of working
memory content and could be more sensitive in detecting working
memory dysfunction in ALS [24]. Building on prior research, it was
hypothesized that comparable or subtly diminished behavioral accu-
racy is associated with ALS. Previous studies that focused on visuo-
spatial working memory are complemented; in consequence, the aim
is to supply information on whether potentially impaired working
memory performance and accompanying brain hyperactivity levels
occur in both the phonological loop and the visuospatial sketchpad
in patients with ALS. It was expected that ALS patients would show
an increased activity of frontoparietal brain areas associated with
reduced executive function. The aim especially was to address the
potential interaction of neuropsychological function that is known
to be impaired in ALS patients (executive function, verbal fluency
and language function) with working memory performance and ob-

served brain activity.

MATERIALS AND METHODS
Subjects

Twenty-eight ALS patients were recruited from the ALS clinics of
Hannover Medical School and the University of Magdeburg. They
had been diagnosed by a board-certified neurologist according to
the revised El Escorial criteria (i.e., diagnosis of possible, probable,
laboratory-supported probable or definite ALS [) and did not show
clinical signs of other current neuropsychiatric disorders—in particu-
lar no dementia according to the ALS-FTD criteria [. They were all
able to press a button with their right hand and lie horizontally in
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the MRI scanner. Twenty-one controls matched for age, gender and
education and without a history of neuropsychiatric disorder partici-
pated in the study. Subjects were excluded if their task performance
during a practice run was insufficient (<2/3 of correct responses) or
if they exhibited intolerable head movement (see description of pre-
processing below). This led to the exclusion of four patients due to
excessive motion and two patients due to insufficient task perfor-
mance, resulting in 22 ALS patients included in the analysis.

Functional impairment was classified by the revised version of
the ALS functional rating scale (ALSFRS-R) [30], and the severity of
motor symptoms was assessed by a standard neurological examina-
tion. The neuropsychological evaluation consisted of the cognitive
part of the Edinburgh Cognitive and Behavioural ALS Screen (ECAS,
German version) [31]. In addition to analyzing the group means, the
ECAS was used to categorize ALS patients into subgroups according
to the revised Strong criteria [32]: ALS-ci (cognitively impaired in at
least one ALS-specific cognitive domain) and ALS-ni (no cognitive
impairment) according to the ECAS cut-off values [33].

The study was approved by the ethics committee of the medical
faculty of the University of Magdeburg and all subjects provided in-
formed and written consent.

Experimental design

Working memory function was assessed using a letter version of
the 2-back task [34]. This task was part of a bigger (yet unpublished)
fMRI study. The task was presented with the NBS Presentation soft-
ware. Before entering the MRI scanner, all participants performed a
short practice trial.

During the experiment, each condition started with a 5-s “in-
struction” condition. In the 0-back condition A, 15 capital letters
were presented in a random order. The participants were asked to
press a button with their right index finger whenever the letter N
appeared on the screen (in four out of the 15 trials). During the 2-
back condition B, participants were required to press the button if
the presented letter was the same as the one that appeared two
items before (in four out of 15 trials in a pseudorandom order to
avoid successive occurrence of target trials). The O- and 2-back task
conditions were presented for 400 ms, followed by an inter-stimulus
interval of 1.6 s, resulting in four blocks of 30 s, divided by 15 s of
fixation and 5 s of instruction. The order of the two conditions was
ABBABAARB for all subjects.

Analysis of neuropsychological and behavioral data

Reaction times and error rates were recorded for each participant.
Behavioral and neuropsychological data were compared between
groups using ANCOVAs and MANCOVAs via SPSS Statistics and ja-
movi [35]. The association between accuracy of the 2-condition of
the n-back task and disease duration and ALSFRS-R in ALS was calcu-
lated using Spearman correlations. Furthermore, the effect of group

membership (patients vs. controls) on accuracy and reaction times
was evaluated using a repeated-measures ANCOVA with covariates
ECAS subscores for executive function, verbal fluency and language

function, and included age and gender as covariates of no interest.

Magnetic resonance imaging data acquisition

Subjects were scanned in a 3-T whole body MR scanner (Siemens
Magnetom Verio syngo MR B19) using a 32-channel head coil re-
ceiver. A gradient echo single shot echo planar imaging sequence
(with 42 slices, echo time [TE] 30 ms, repetition time [TR] 2500 ms,
flip angle 80°, in-plane resolution 64 x 64 mm, no gap, field of view
[FoV] 224 x 224 mm?, voxel size 2 x 2 x 3 mm®) was used to acquire
the functional images in an odd-even interleaved sequence (166
volumes). A T1-weighted image was acquired as well (magnetiza-
tion prepared rapid gradient echo, 96 sagittal slices, thickness 2 mm,
FoV 256 x 256 mm, no gap, voxel size 1 x 1 x 2 mm®, TR 1660 ms,
TE 5.05 ms, inversion time 1100 ms).

Magnetic resonance imaging data preprocessing

The fMRI data were preprocessed using FEAT Version 6.00, part
of FSL (FMRIB's Software Library), with a standard pipeline with
motion correction [36]; non-brain removal [37]; spatial smoothing
(8 mm full width at half maximum); grand-mean intensity normaliza-
tion; high-pass temporal filtering (sigma = 30.0 s). Independent com-
ponent analysis based exploratory data analysis was carried out with
MELODIC [38] to investigate the possible presence of unexpected
artefacts or activity. Outliers were detected by observing the mo-
tion parameters from the realignment step (threshold of 0.5 mm/TR
or 1.9 standard deviations away from the mean). If more than a third
of a run's data points were outliers, the subject was excluded from
the analysis.

First-level analysis

All three conditions (i.e., the instruction, the 0-back and 2-back con-
dition) were entered into a general linear model using a boxcar func-
tion convolved with a standard hemodynamic response function.
For the first-level analysis, the contrast for working memory func-

tion was calculated for the 2-back minus 0-back condition.

Second-level analysis

The resulting 2-back minus 0-back contrast was submitted to group
statistics and regression analyses with covariates of interest using
permutation-based nonparametric statistics (FSL Randomise: http://
fsl.fmrib.ox.ac.uk/fsl/fslwiki/Randomise). The analyses featured 5000
permutations; values above a voxel-wise T value of 2.5 (uncorrected)
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were considered significant. Age and gender were demeaned and in-
cluded as covariates of no interest. Given the comparable means and
low variance of years of education in both groups, education was not
added as an additional covariate. Group means and group contrasts
were calculated to compare the ALS group with controls. The as-
sociation of the covariates with brain activity was examined using a
regression analysis with 5000 permutations in FSL Randomise using
a voxel-wise threshold of a T value >2.5 (uncorrected). In the ALS
group, the association of ALSFRS-R and disease duration with brain
activity was examined. The association of the covariates ECAS execu-
tive, ECAS language and ECAS verbal fluency was compared between
ALS patients and controls. The FSL Randomise output shows the re-
gions that contain significant group differences in slopes between
the dependent and independent variables, but it does not display the
direction of the slopes. To disentangle the direction of the group dif-
ferences (i.e., whether the differences were caused by a positive rela-
tion of higher neuropsychological performance on brain activity in ALS
patients or by a negative relation in controls), the regression analysis
group’s means were calculated as well, and were subsequently over-
laid with the group contrasts. Given the small sample size (due to the
rarity of the disease and challenges of ALS patients to participate in
fMRI studies), it was not possible to apply more conservative statistical
thresholds such as false discovery rate or familywise error rate correc-
tions. The resulting statistical maps were visualized with Nilearn [39].

RESULTS
Subject characteristics
Both ALS patients and controls were comparable in age, gender and

years of education (all p > 0.05, see Table 1). Ten patients were di-

agnosed with possible ALS, five with probable ALS and seven with

definitive ALS [28]. Furthermore, 10 ALS patients fulfilled the cri-
teria for ALS-ci, according to the modified Strong criteria [32]. The

patients’ characteristics can be found in Table 1.

Neuropsychological testing

Means and standard deviations of the neuropsychological as-
sessments are reported in Table 2. Controls had normal ECAS
subscores. The MANCOVA showed a significant effect of group
(F = 2.625, p = 0.041) and age (F = 3.311, p = 0.015) but not of
gender (F = 1.480, p = 0.222). Post hoc ANOVAs showed that the
two groups were not different—either in the overall ECAS score
or in the subdomain memory function, visuospatial functions, ver-
bal fluency or executive function (each p > 0.05). However, at first
glance patients performed significantly worse than controls in the
language domain (F = 5.938, p = 0.019). After a Bonferroni correc-
tion for multiple comparisons, neither of these values remained
significant. Despite comparable mean group values in ALS and
controls, there were 10 ALS-ci and 12 ALS-ni patients within the
ALS group, according to the modified Strong criteria [32]. Due to
small group sizes of the ALS-ci and ALS-ni groups, these subgroups
were not used for further analyses but instead regression analyses
of the ECAS subdomains (executive function, verbal fluency and
language function) on behavioral performance and brain activity

were assessed.
Behavioral performance
Accuracies and reaction times of the n-back task are reported in

Table S1. The repeated-measures ANCOVA of accuracies revealed
significant effects of age (F = 8.013, p = 0.007) and condition

TABLE 1 Means and standard

Controls ALS patients deviations (SD) of demographical data
N=21 N=22 of amyotrophic lateral sclerosis (ALS)
p patients and controls and clinical

Mean SD Mean SD value characteristics of the patients

Age (years) 63.45 8.15 62.64 9.06 0.759

Gender (W:M) 10:11 10:12 0.887

Education (years) 14.79 2.07 15.03 3.14 0.774

Site of onset (limb:bulbar) 14:8

ALS phenotype (classical: flail limb) 21:1

Disease duration (months) 22.60 21.56

ALSFRS-R 37.60 4.97

Genetic/sporadic ALS 1x c9orf72

ALS-ni/ALS-ci 12:10

Note: There were no significant differences in demographical data (age, gender, education)

between groups.

Abbreviations: ALS, amyotrophic lateral sclerosis; ALS-ci, cognitively impaired in at least one
ALS-specific cognitive domain; ALSFRS-R, ALS functional rating scale, revised; ALS-ni, ALS with no

cognitive impairment.
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TABLE 2 Means and standard deviations (SD) of the
neuropsychological screening using the Edinburgh Cognitive and
Behavioural ALS Screen (ECAS) in amyotrophic lateral sclerosis
(ALS) patients and controls

Controls ALS patients
N=21 N=22
Mean SD Mean SD p value

Memory (max 24) 17.10 2.86 15.62 3.98 0.155

Visuospatial (max 11.71 0.56 11.86 0.35 0.277
12)

ALS-non-specific 28.76 2.98 27.18 4.00
functions
(max 36)

Language (max 27.76 0.63
28)

Verbal fluency 19.52 4.05 17.64 5.65
(max 24)

Executive 38.76 2.36
function (max
48)

ALS-specific
functions
(max 100)

ECAS total score
(max 136)

0.140

26.59 1.99 0.019

0.249

38.77 6.23 0.944

86.05 5.76 83.00 11.78 0.272

110.90 13.56 114.00 7.28 0.155

Note: ANOVAs were used for comparison (here, uncorrected values are
presented).

p -values below 0.05 are presented in bold.

(F =4.701, p = 0.036), but no significant effects of gender (F = 1.162,
p = 0.288) or group (F = 0.127, p = 0.724). With respect to reac-
tion times, there was no significant effect of condition (F = 0.005,
p =0.942), age (F = 0.667, p = 0.419) or group (F = 3.264, p = 0.0785)
but a significant effect of gender (F = 6.554, p = 0.014).
Neuropsychological function (i.e., executive function, verbal flu-
ency and language function) was found to have no significant effect
on the accuracy (all F values below 0.548 and p values above 0.464).
Regarding reaction times, there was a trend towards a positive rela-
tion between executive function and the reaction times (F = 3.203,
p = 0.083, other F values below 0.013 and p values above 0.941).
In the ALS group, there was no significant correlation between
ALSFRS-R scores or disease duration, accuracy rates or reaction

times (p values above 0.198).

Functional magnetic resonance imaging results

To assess the neural correlates of working memory execution in ALS
and its alterations in comparison to controls, the group means and
group differences of the 2-back minus 0-back contrast were calcu-
lated (see Figure 1). Group means of ALS patients and controls exhib-

ited comparable frontoparietal and temporal activity for the 2-back

minus 0-back contrast (peak coordinates of the activation clusters
are detailed in Table S2). Between-group activity differences were
observed for the 2-back minus O-back contrast in frontotemporal
and parietal regions with ALS patients exhibiting higher activity than
controls. Besides increased activity, regions with decreased activity
were found in the ALS group within the inferior frontal cortex, fron-
tal pole, cerebellum and caudate nucleus relative to controls for the
2-back minus 0-back contrast.

It was then of interest to associate the separate contribution of
the components of the working memory (phonological loop, central
executive) with the observed differences in fMRI activity. To do so,
a regression analysis was performed with brain activity as a depen-
dent variable and ECAS subdomains (i.e., executive function, verbal
fluency and language function) as independent variables. Figure 2
visualizes the group differences as they were identified by the re-
gression analyses of the ECAS subdomains with brain activity in the
2-back minus O-back contrast. As the group differences do not give
any information on whether the differences were caused by a posi-
tive influence of higher ECAS score on brain activity in ALS patients
or by a negative influence of higher ECAS score on brain activity
in controls, the regression analyses were performed for each group
and neuropsychological subdomain separately and the activity maps
were overlaid onto the group contrasts (see Figure S1).

As can be seen in Figure S1, group differences were mostly
caused by negative associations of higher neuropsychological func-
tion and brain activity in controls. In ALS patients, this association
was absent or even reversed (i.e., a positive association of higher
neuropsychological function and brain activity). Regarding execu-
tive function, in controls there was a negative association between
higher executive function and lower brain activity of frontoparietal
and cerebellar regions. In ALS patients, a positive association was
found with higher executive function and cerebellar activity (which
only partly overlapped with the areas where the group differences
were found).

Regarding verbal fluency, a negative association was found
between verbal fluency performance and brain activity in fronto-
temporal regions in controls, whilst there was a positive association
between verbal fluency performance and brain activity in fronto-
temporoparietal areas in ALS patients, with both effects contribut-
ing to the group differences.

Regarding language function, there was a negative association be-
tween language function and lower brain activity in temporal areas
in controls and a positive association between language function and
brain activity in the superior frontal cortex. In ALS patients, there was
a negative association between language function and brain activity
in superior frontal areas and a positive association between language
function and brain activity in temporal areas.

With respect to an association of clinical variables with brain
activity in ALS, regression analyses revealed increased frontal and
cerebellar activity as a function of higher ALSFRS-R values (Figure 3)
and increased activity within the left temporal cortex as a function

of longer disease duration.
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FIGURE 2 Group comparisons of the association of brain activity during 2-back > 0-back contrast with neuropsychological function.

Group comparisons of regression analyses of the Edinburgh Cognitive and Behavioural ALS Screen (ECAS) subdomains executive function
(a), verbal fluency (b) and language function (c) on brain activity in the 2-back minus 0-back contrast. Computed by FSL Randomise, 5000
permutations, thresholded at T > 2.5 [Colour figure can be viewed at wileyonlinelibrary.com]

Functional imaging revealed, besides a widely comparable frontopa-

DISCUSSION

In this study, the neural correlates of verbal working memory deficits
in ALS patients were investigated. Controls and patients performed
a 2-back task, and fMRI activity was associated with neuropsycho-
logical function. Patients and controls achieved overall similar be-
havioral measures such as accuracies and reaction times in the task.

rietal brain activity in both groups, a significantly increased brain
activity of several frontotemporal and parietal regions in the 2-back
minus O-back contrast in ALS patients. Moreover, frontoparietal
brain activity was influenced by neuropsychological performance
in a divergent manner in controls and patients. In general, there
was a negative association of superior neuropsychological function
and brain activity in controls, but a positive association of higher
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ALSFRS and disease duration
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Interaction of brain activity during 2-back > 0-back contrast with clinical variables. Regression of ALSFRS-R (in red-yellow) and

disease duration (in blue) on brain activity in amyotrophic lateral sclerosis (ALS) patients (computed by FSL Randomise, 5000 permutations,
thresholded at T > 2.5). The ALSFRS was positively associated with brain activity of frontocerebellar regions and disease duration was
positively associated with brain activity of the left temporal cortex [Colour figure can be viewed at wileyonlinelibrary.com]

neuropsychological function with brain activity in ALS patients.
This indicates a compensatory effect in ALS: whilst higher execu-
tive function was largely associated with increased brain activity of
frontoparietal and cerebellar regions, better verbal fluency was as-
sociated with increased activity of frontotemporal areas, and higher
language function was associated with increased activity of tempo-
ral areas (exclusively in ALS patients). In addition, it was found that
disease severity was positively related to decreased activity within
the cerebellum and left inferior frontal cortex in ALS patients, pos-
sibly indicating a breakdown of these brain resources in more ad-
vanced stages of ALS.

In accordance with previous literature [11,13,24] about 45% of
ALS patients participating in this study were classified as ALS-ci ac-
cording to the modified Strong criteria [32] despite similar neuro-
psychological test scores at the group level (except for diminished
language function in the ALS group). Regarding behavioral perfor-
mance, ALS patients achieved similar task accuracies and reaction
times as controls. When investigating the influence of neuropsycho-
logical performance (such as executive function, verbal fluency or
language function) on behavioral performance, there was no asso-
ciation between neuropsychological function and task accuracy or
reaction times. This argues in favor of an overall good behavioral
performance of ALS patients in working memory tasks, even for ver-
bal stimuli.

In contrast to the overall intact behavioral performance of the
ALS patients, some brain regions with enhanced brain activity were
observed in ALS patients, compared to controls. Both groups en-
gaged mostly frontoparietal regions, which is in line with previous
fMRI studies of working memory [40-42]. Yet, ALS patients exhib-
ited higher activity of frontoparietal and temporal regions in the
2-back condition. To better explain these findings, interactions be-
tween group and neuropsychological function were assessed as well
as the effects of disease severity and disease duration on brain ac-
tivity. This approach identified several interesting insights. Overall,
controls showed negative associations between higher executive
function and frontoparietal activity, between superior verbal flu-
ency performance and frontotemporal brain activity, and between
language function and temporal brain activity. There was only one
positive association between higher language function and brain ac-
tivity within the superior frontal cortex in controls. In ALS patients,

these modulations of frontoparietal and temporal activity by neu-
ropsychological function were reversed, either featuring a positive
association with better neuropsychological function with brain
activity or absent association of neuropsychological function with
brain activity. Whilst in healthy subjects higher cognitive perfor-
mance is usually related to less brain activity (as a sign of decreased
effort [43,44]), the relationship between cognitive performance and
brain activity in ALS was found to be the opposite. This may suggest
that, given sufficient cognitive resources, enhanced brain activity
might compensate for disease-related effects in those ALS patients
who are able to maintain a sufficient cognitive performance. Less
brain activity was observed in ALS patients with lower cognitive
function, possibly indicating a breakdown of resources, which might
probably cause further behavioral deficits in even more demanding
tasks. Similar to what has been observed in patients with mild cog-
nitive impairment [45] it is believed that changes of neural activity
during cognitive processes should be regarded as dysfunctional even
in absence of a behavioral deficit. This is because increased neural
activity leads to enhanced energy expenditure [46]. In our view, in-
creased neural activity during cognitive processes is especially rel-
evant for patients with ALS, as neurons of ALS patients might be
especially vulnerable to energetic stress [47].

Our findings therefore suggest that whether an ALS patient ex-
hibits hyperactivity or hypoactivity during cognitive processes is
contingent on the cognitive resources available to that individual.
Successful compensation in ALS patients might be associated with
hyperactivity, and a breakdown of cognitive resources might be
mirrored by hypoactivity. This finding extends current knowledge
on neural correlates of verbal working memory in ALS. It also con-
tributes to a more nuanced understanding of the common finding
of hyperactivity during cognitive processes in fMRI studies of ALS
[6,48-50]. Several studies of patients with neurodegenerative dis-
eases showed an inverted U-shaped relationship of hyperactivity
and neural decline during cognitive tasks [51,52]. Our observation
of fMRI hyperactivity in patients with good neuropsychological per-
formance and decreased activity in patients with decreased neu-
ropsychological performance supports this body of literature on
compensation.

As these associations between neuropsychological performance
and brain activity were found for the 2-back minus O-back contrast,
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one can suppose that these alterations are more than baseline disease-
accompanying processes and contain information about functional
changes of cognitive processes in ALS patients. As most differences
were associated with executive function and verbal fluency, it can be
assumed that the observed patterns of brain activity during working
memory execution are mostly related to early impairments in exec-
utive function and probably to a lesser extent in language function.
In consequence it is suggested that the central executive is primarily
affected with a relative preserving of the phonological loop function,
which is well in line with previous studies [22,53]. The characteristics of
the impairment of the central executive are in accordance with several
reports of reduced executive function in ALS patients [53-55]. These
results are consistent with a previous study on visual working memory
describing increased frontal activity during filtering of relevant infor-
mation [26]. Besides replicating findings from this specific study, the
current results contribute to the research of cognitive dysfunction in
ALS in general by providing a better understanding of executive dys-
function in the context of working memory in this disease.

Besides associations of neuropsychological performance and
brain activity, a negative association of disease severity, that is, a
lower ALSFRS-R, and brain activity within inferior frontal and cere-
bellar regions was found. This supports the notion that ALS patients,
who are more severely affected by the disease, have fewer brain
resources available for cognitive tasks. Longer disease duration was
associated with increased brain activity only in a small temporal
area, possibly due to a selection bias of ALS patients with a more be-
nign disease course, who were able to participate in our fMRI study.

Interestingly, those brain areas affected and either not showing
a decrease in association with higher cognitive function at all (as in
controls) or even showing an increase of activity are consistent with
areas that were described in a recent postmortem neuropathological
study. This study associated TDP-43 accumulation with neuropsy-
chological function and showed associations of executive function
with frontal accumulations and verbal fluency with frontotemporal
accumulations [56]. Therefore, functional neuroimaging of cognitive
function in ALS might show areas of neural dysfunction reproducing
known patterns of TDP-43 accumulations. In particular, our findings
and their association with disease severity are in line with several pre-
vious neuroimaging studies that demonstrated a progressive disease
spreading from motor to non-motor areas [57,58]. Our study adds in
vivo neuroimaging evidence to the proposed staging scheme of ALS-
associated neuropathology. Future studies dealing with task-related
and resting-state fMRI should not only relate the observed neural
changes to neuropsychological scores, but also specifically evaluate
the observed patterns as putative biomarkers of disease progression.

Like most studies on rare diseases such as ALS, sample charac-
teristics (i.e., small sample size and clinical phenotype heterogene-
ity) were determined by restricted patient availability; as such, the
reported findings above should be interpreted with typical caution.
Moreover, impaired respiratory and motor function have limited the
number of patients who were able to participate in the fMRI task, es-
pecially in more advanced stages of the disease. To increase the sta-
tistical power of fMRI studies in ALS, results of our and other research

groups’ studies could be used for neuroimaging meta-analyses [59].
To test performance in more severely impaired patients with ALS, fu-
ture studies could employ longitudinal measures of cognitive function
or evaluate options, for example by assessing cognition using eye-
tracking devices and applying simultaneous electroencephalography
to measure neural correlates [6,60-62]. Regarding the contribution
of cognitive impairment on working memory, larger multi-site studies
could enable the analysis of subgroups (i.e., ALS-ci versus ALS-ni) to
understand inter-individual differences in cognition and behavior [63].
Furthermore, comprehensive neuropsychological batteries for assess-
ment of cognition might be more sensitive to detect subtle behavioral
and neuropsychological impairment in ALS patients [23,32].

In summary, our study found comparable behavioral perfor-
mance but increased frontoparietal and temporal activity during
a verbal working memory task in patients with ALS. Furthermore,
increased activity of working-memory-related areas in association
with higher neuropsychological performance in ALS patients most
probably reflects compensatory effects.
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