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Abstract Cognitive deficits, especially in the domains of so-
cial cognition and executive function including verbal fluency,
are common in amyotrophic lateral sclerosis (ALS) patients.
There is yet sparse understanding of pathogenesis of the un-
derlying, possibly adaptive, cortical patterns. To address this
issue, 65 patients with ALS and 33 age-, gender- and
education-matched healthy controls were tested on cognitive
and behavioral deficits with the Edinburgh Cognitive and
Behavioural ALS Screen (ECAS). Using functional magnetic
resonance imaging (fMRI), cortical activity during social cog-
nition and executive function tasks (theory of mind, verbal
fluency, alternation) adapted from the ECAS was determined
in a 3 Tesla scanner. Compared to healthy controls, ALS pa-
tients performed worse in the ECAS overall (p < 0.001) and in
all of its subdomains (p < 0.02), except memory. Imaging
revealed altered cortical activation during all tasks, with pa-
tients consistently showing a hyperactivation in relevant brain
areas compared to healthy controls. Additionally, cognitively
high performing ALS patients consistently exhibited more
activation in frontal brain areas than low performing patients
and behaviorally unimpaired patients presented with more
neuronal activity in orbitofrontal areas than behaviorally im-
paired patients. In conclusion, hyperactivation in fMRI cogni-
tive tasks seems to represent an early adaptive process to over-
come neuronal cell loss in relevant brain areas. The hereby

presented cortical pattern change might suggest that,
once this loss passes a critical threshold and no cortical
buffering is possible, clinical representation of cognitive
and behavioral impairment evolves. Future studies might
shed light on the pattern of cortical pattern change in
the course of ALS.
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Introduction

Amyotrophic lateral sclerosis (ALS) is a fatal neurodegenera-
tive disorder characterized by progressive loss of upper and
lower motor neurons (Kiernan et al. 2011). It evolves in dis-
tinct pathophysiological cortical patterns (Brettschneider et al.
2013) and shares genetic, clinical and pathological abnormal-
ities with frontotemporal dementia (Neumann et al. 2006;
Kiernan et al. 2011; Al-Chalabi et al. 2012). Cognitive deficits
also play a major role in the course of the disease and are
prevalent in around 30–50% of ALS patients (Beeldman
et al. 2016; Böhm et al. 2016). They have been extensively
studied and occur most commonly in the domains of lan-
guage, social cognition and executive function including ver-
bal fluency (Ringholz et al. 2005; Phukan et al. 2012;
Goldstein and Abrahams 2013; van der Hulst et al. 2015).

The neural substrates underlying these changes have al-
ready been investigated using different neuroimaging tech-
niques (Tsermentseli et al. 2012; Ayaz et al. 2014), yet, studies
using functional magnetic resonance imaging (fMRI) to deter-
mine neuronal substrates of cognitive impairments in ALS are
scarce (see Chio et al. 2014 for a review) and provide incon-
clusive results. One recent study reported decreased activity in
frontal, parietal and temporal areas of ALS patients when
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compared to healthy controls during tasks of executive func-
tion (Jelsone-Swain et al. 2015), whereas others observed a
decrease as well as an increase in neural activation in frontal
and temporal areas during cognitive tasks (Abrahams et al.
2004; Goldstein et al. 2011; Witiuk et al. 2014).

As previous studies only used domain specific tasks in
rather small patient cohorts, we decided to use three well-
validated tasks of social cognition and executive function
from an ALS-specific screening tool, i.e. the Theory of
Mind (ToM) task, the verbal fluency task and the alternation
task, and apply them to one comparably large sample of ALS
patients. The term Theory of Mind describes someone’s abil-
ity to attribute and make sense of others mental states (Baron-
Cohen 1995). Earlier studies have found ALS patients to be
impaired in this task (Gibbons et al. 2007; van der Hulst et al.
2015) making it a valuable test in the detection of deficits in
social cognition among these patients. Verbal fluency is one of
the most prominent cognitive functions in which impairments
have been reported for ALS patients (Phukan et al. 2007).
Abrahams et al. (2004) already showed that despite their def-
icits in this task, the underlying neuronal activation is
not only characterized by a decrease in bilateral prefron-
tal, left temporal and left parietal areas but also by an
increase of neuronal activation in the right middle tem-
poral gyrus, left superior and right inferior frontal gyrus.
Also, the alternation task, a verbal adaption of the Trail
Making Test-B (Bowie and Harvey 2006) and thus a
reliable measure of cognitive flexibility and executive
functioning, was chosen. Specifically, all three tasks
were amended to not require a verbal or motor response
as speech and/or hand movements may have a con-
founding impact on the fMRI signal. For further reli-
ability, they were directly adapted from the Edinburgh
Behavioural and Cognitive ALS Screen (ECAS), a stan-
dard and widely used screening tool for the assessment
of cognitive deficits among ALS patients (Abrahams
et al. 2014).

The aim of this study was to test the hypothesis that ALS
patients demonstrate changed cortical patterns during tasks of
social cognition and executive function. This indicates a pro-
cess of early adaptation to potential neuronal loss which might
compensate cognitive deficits to a certain degree. Only
after this threshold is exceeded, cognitive and/or behav-
ioral impairments manifest clinically. This hypothesis is
not only supported by previous findings from fMRI
studies using cognitive tasks (Abrahams et al. 2004;
Goldstein et al. 2011; Witiuk et al. 2014; Jelsone-Swain
et al. 2015) but also by several studies investigating the neural
underpinnings of motor-related tasks in patients with ALS,
which also implicate functional neuronal reorganization and
compensation in the presence of loss of motor function
(Konrad et al. 2002; Schoenfeld et al. 2005; Lulé et al. 2007;
Poujois et al. 2013).

Materials and methods

Participants

In total, 65 patients diagnosed with ALS by a board-certified
neurologist according to the revised El-Escorial criteria issued
by the World Federation of Neurology research group on
ALS/MND (Ludolph et al. 2015) were recruited from the in-
and outpatient clinic of the Department of Neurology,
University of Ulm, Germany. Additionally, 33 age-, gender-
and education-matched healthy controls (HC) participated in
the study (Table 1). The revised ALS Functional Rating Scale
(ALS-FRS) (Cedarbaum et al. 1999) was used to get a mea-
sure of patients’ physical impairments, ranging from mild to
moderate. For further neuropsychological characterization the
modified diagnostic criteria from Strong et al. (2017) was
used. None had severe problems breathing when lying supine
in the scanner. Also, no participant showed any clinical signs
of a psychiatric or neurological condition (other than ALS),
fulfilled the clinical criteria for accompanying frontotemporal
dementia (ALS-FTD) according to Rascovsky et al. 2011 or
had impaired vision which might have altered task perfor-
mance. For all subjects, vascular brain alterations as well as
inflammatory or neoplastic brain processes were excluded via
conventional MRI. The study was approved by the Ethics
Committee of the University of Ulm (Statement No. 19/12)
and was performed in accordance with the ethical standards
laid down in the 1964 Declaration of Helsinki and its later
amendments. All participants gave written informed consent
to the study.

Experimental design and stimuli

All participants completed the German version of the ECAS
according to standard procedures (Lulé et al. 2015; Loose
et al. 2016) to detect possible cognitive and behavioral impair-
ments. Low performers were defined on the basis of their
scores in the ECAS overall as well as in any of its five
subdomains (memory, visuospatial, language, verbal fluency,
executive function), as being more than two standard devia-
tions below the mean of the control sample (Abrahams et al.
2014; Lulé et al. 2015). Unfortunately, not all ALS patients’
caregivers could be reached, therefore only caregivers of
N = 41 patients filled out the caregiver questionnaire of the
ECAS with regard to patients’ behavioral abnormalities.
Participants underwent MRI scanning within three days after
ECAS screening. Inside the scanner the theory of mind task
was completed first, followed by the verbal fluency task and
the alternation task, all three designed as block tasks. To en-
sure comparability, the tasks were directly adapted from the
paper-and-pencil ECAS and adjusted to the MRI setting, even
though this might create potential repetition effects. Yet, we
hypothesize that these effects seem to be negligible, as the
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nature of the selected cognitive function tasks should reliably
identify subjects with impairments in every trial. As the three
tasks were adapted to not require any response during scan-
ning, participants were firmly instructed to perform the tasks,
which they all knew from the previous ECAS screening, men-
tally. All tasks were presented via video goggles (VisuaStim
Digital, Resonance Technology Inc., Northridge, CA, USA)
using Presentation® software (www.neurobs.com).

Theory of mind task A digitized version of the judgment of
preference task, as implemented in the ECAS, was used. It
consisted of two conditions of six stimuli each. In the first,
condition, each stimulus showed four different objects of
which the participant was instructed to mentally, i.e. without
talking or pointing, choose the one he/she liked best. This
served as the control condition. The second, i.e. the actual
ToM condition, consisted of the same six stimuli featuring
an additional smiling face in the middle of the four objects
with its gaze directed at one of them. Here, the subjects were
instructed to internally, i.e. without talking or pointing, decide
which object the face in the middle likes best. Each of the
twelve stimuli was shown once for 8.1 s. The sequence of
stimuli was the same for all participants and alternated be-
tween stimuli from each condition. Before each stimulus, an

instruction (either: BPlease choose the image you like best^ or:
BPlease choose the image the face likes best^) was shown for
8.1 s (Fig. 1).

Verbal fluency task Participants were required to either name
as many animals as possible, or as many words with the initial
letter Bs^ as possible. As before, the task had to be performed
mentally, i.e. without talking or pointing. Each condition was
shown three times in alternating order and consisted of an
instruction that was displayed for 8.1 s, reading either:
BPlease name as many animals as possible^ or: BPlease name
as many words with the initial Bs^ as possible^, followed by a
black fixation cross in the middle of a white screen for 24.3 s
during which the instructed task was executed (Fig. 1). For
imaging analysis, brain activity of both conditions (animals
and Bs^-words) was pooled, as these two task conditions are
too similar to allow for sufficient contrasting on a single sub-
ject level. Therefore, the neuronal activity measured during
this task can be considered to represent both, semantic and
phonetic verbal fluency.

Alternation task In this task subjects had to either mentally
count (starting from Bone^ to whichever number possible
within the given time-frame), which is considered a very

Table 1 Demographic and
clinical information ALS patients (N = 65) Healthy controls (N = 33) P

Sex 26 females 14 females 0.818

Age 58.4 (13.6); 19–85 55.0 (11.2); 35–75 0.107

Years of education 13.4 (3.3); 4–22 14.4 (2.8); 9–19 0.079

Months since disease onset 20.9 (25.1); 2–144

Region of disease onset 15 bulbar, 50 spinal

Genetic/sporadic ALS 3 genetic, 62 sporadic

ALS-FRS 39.6 (5.5); 23–48

Neuropsychological characterization
according to Strong et al. 2017

4 ALSbi
20 ALSci
3 ALScbi

ECAS-

total score 99.1 (17.0); 39–125 113.3 (9.0); 92–130 <0.001*

memory 15.4 (4.3); 0–22 16.5 (3.6); 4–23 0.201

visuospatial 11.3 (1.3); 7–12 11.8 (0.4); 10–12 0.015*

language 24.7 (3.4); 14–28 27.5 (0.9); 24–28 <0.001*

verbal fluency 12.2 (5.6); 0–24 16.9 (4.4); 2–22 <0.001*

executive function 35.2 (7.8); 12–46 40.6 (3.9); 28–47 <0.001*

ToM score 10.5 (3.0); 0–12 11.3 (1.5); 7–12 0.309

verbal fluency Bs^-words 9.5 (2.2); 0–12 10.1 (2.3); 0–12 0.048*

alternation score 10.1 (2.9); 0–12 11.7 (1.2); 6–12 <0.001*

Mean, standard deviations (in brackets) and range are given where appropriate; ALS Amyotrophic lateral sclero-
sis; ALS-FRS ALS Functional Rating Scale revised form; ALSbi ALS with behavioral impairment; ALSci ALS
with cognitive impairment; ALSbci: Patients who meet the criteria for both ALSci and ALSbi; ECAS Edinburgh
Cognitive and Behavioural ALS Screen; ToM Theory of Mind; Mann-Whitney U tests and Pearson’s chi-squared
tests were used for statistical comparison with * indicating a significant difference of p < .050
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suitable minimum-cognitive demand control condition in
fMRI experiments (Stark and Squire 2001), or to alternate
between numbers and the letters of the alphabet in ascending
order. Again, participants were told not to speak and make as
little movements during the task as possible. Analogous to the
verbal fluency task, they were presented the instruction for
8.1 s first, followed by a black fixation cross in the middle
of a white screen for 24.3 s. Overall, subjects underwent both
conditions three times in alternating order (Fig. 1).

MRI data acquisition

Images were acquired on a 3 Tesla head scanner (Allegra,
Siemens Medical, Erlangen, Germany). Functional Images
were collected using a gradient echo planar imaging sequence
(EPI; TR = 1620 ms, TE = 35 ms, flip angle = 90°, interleaved

slices = 25, slice thickness = 3 mm, voxel size = 3 mm3, axial
slice orientation oriented along the anterior-posterior commis-
sure, field of view = 192x192x93mm) for blood-oxygen-level
dependent (BOLD) imaging (Ogawa et al. 1990). To optimize
data acquisition of sub-cortical areas image slice orientation
was tilted by 30° (Deichmann and Turner 2002).

MRI data analysis

Data were analyzed using SPM12 (Functional Imaging
Laboratory, Institute of Neurology, UCL, London, UK;
Friston et al. 1995) running on MATLAB (Release 2011b,
The MathWorks, Inc., Natick, Massachusetts, United States).
The first five volumes were discarded from analysis to allow
for steady field magnetization. Preprocessing encompassed
slice time correction, motion correction by three-dimensional

Theory of Mind task

Please choose
the image you

like best

8.1s
8.1s

Please choose
the image the
face likes best

8.1s
8.1s

Total duration: 3m 14.4s

6x

Verbal fluency task

Please name as
many animals as

possible

8.1s
24.3s

Please name as
many words

with the initial
“s“ as possible

8.1s
24.3s

Total duration: 3m 14.4s

3x

+

+

Alternation task

Please count
numbers: 1, 2, 3, 

etc.

8.1s
24.3s

Please alternate
between numbers

and letters in 
ascending order:    

1-A, 2-B, 3-C, etc.

8.1s
24.3s

Total duration: 3m 14.4s

3x

+

+

Fig. 1 Illustration of the three
cognitive tasks presented while
scanning
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spatial realignment of the scans to the first scan of each run,
normalization into standard stereotactic space (Montreal
Neurological Institute, MNI) using a segmentation-based ap-
proach (Ashburner and Friston 2005) and smoothing with an
8 mm full width at half maximum isotropic Gaussian kernel.
A mass-univariate approach based on General Linear Models
was used. For the statistical model of cognitive tasks, a matrix
including ToM, verbal fluency and alternation conditions was
estimated using a hemodynamic response function to accom-
modate the lag time of the BOLD response including realign-
ment parameters obtained from preprocessing as nuisance co-
variates to further control for potential movement artifacts
(Johnstone et al. 2006). Contrasts on the subject-level were
computed using a random effects analysis of variance by
subtracting activation of the respective control condition from
the ToM and alternation condition to create individual t-maps.
Then, individual contrast images were subjected to between-
group analyses and additional regression analyses were con-
ducted to identify effects of behavioral performance scores on
BOLD-activation. Inclusion masks of previously identi-
fied brain regions of interest (ROI; Table 2) for all three
tasks were created using the WFU PickAtlas software
tool (Version 3.0.5; Maldjian et al. 2003) to allow for
more precise second-level analyses by reducing the se-
verity of correction for multiple tests, i.e. restricting the
analyses to brain areas previously implicated in these tasks
(Poldrack 2007). A family-wise error threshold of p < 0.05
was chosen to identify significantly activated clusters of four
or more voxels within these ROIs.

For each task, post-hoc analysis was performed to identify
subjects with intolerable head movement during scanning and
to identify those who failed to perform any of the tasks prop-
erly in the fMRI paradigm, as estimated by no activity in the
respective contrast image at a threshold of puncorrected < 0.001.
Either of this was the case for 12 ALS patients and one HC in
the ToM task, 12 patients and 3 HC in the verbal fluency task
as well as 5 patients in the alternation task. All of these par-
ticipants were excluded from all imaging analyses of the re-
spective task.

Statistical analysis

All analyses of demographic and ECAS data were performed
using SPSS (IBMCorp. Version 21.0. IBMSPSS Statistics for
Windows, Armonk, NY). A priori, data were checked for
outliers using Grubbs’ test and analyzed for normal distribu-
tion using the Kolmogorov-Smirnov test. Accordingly,
Mann-Whitney U tests or Pearson’s chi-squared tests
were used where appropriate to detect group differences
in performance accuracy between patients and HC. All
analyses were two-sided and the significance level was
set at p < 0.05.

Results

General cognitive and behavioral screening

Patients performed significantly worse in the ECAS overall
(p < 0.001) and in the cognitive domains of language
(p < 0.001), verbal fluency (p < 0.001), executive function
(p < 0.001) and visuospatial perception (p = 0.015), but not in
the memory domain (p = 0.201). With regards to specific cogni-
tive functions used in the fMRI paradigm, ALS patients per-
formed worse in the alternation task (p < 0.001) and the non-
restricted verbal fluency task (verbal fluency Bs^-words;
p = 0.048) but not in the ToM task (p = 0.309) of the ECAS.
For detailed results see Table 1.

There were no differences in cognitive performance
between patients with familial compared to those with
sporadic ALS and between those with bulbar and spinal
disease onset.

Seven out of the 41 patients (≙ 17.1%) with behav-
ioral information provided by their caregivers showed
behavioral alterations but none fulfilled the criteria for
ALS-FTD according to Rascovsky et al. (2011).
Importantly, there were no statistically significant differ-
ences in any demographic variable or cognitive domain,
as assessed by the ECAS, between behaviorally im-
paired and non-impaired patients apart from the memory
subscore (p = 0.014) and family history of ALS
(p = 0.018), with two out of three familial ALS cases
exhibiting behavioral impairments.

fMRI analyses: Theory of mind task

Group comparison patients vs. HC: When contrasting brain
activity as measured with BOLD during the ToM condition,
the patient sample (n = 53) showed significantly higher acti-
vation than HC (n = 32) in the right posterior superior tempo-
ral sulcus (Table 3; Fig. 2a). No brain area was identified in
which the control sample showed more activation than the
patients.

Patient comparison performance: Brain activity of
low performing ALS patients (n = 9) in the ToM task
was significantly reduced in a cluster within the right
precentral gyrus extending to the inferior frontal gyrus
as well as in the left middle occipital gyrus, whereas
they showed more activity in the right postcentral gyrus
when compared to those who performed well (n = 44)
(Table 3; Fig. 3).

Patient comparison behavioral impairment: Brain activity
of five patients with behavioral impairments was reduced in
the right rectal gyrus compared to the 32 behaviorally non-
impaired ALS patients, whereas no area of increased activity
could be identified (Table 3; Fig. 4a).
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Theory of Mind task regression analyses: When performing a
regression analysis of the Theory of Mind score on the corre-
sponding activation in our patient sample (n = 53), a higher ToM
score was associated with more fMRI activity in a cluster within
the right precentral gyrus extending to the inferior frontal gyrus
(Table 3).

fMRI Analyses: Verbal fluency task

Group comparison patients vs. HC ALS patients (n = 53)
showed more cortical activation than HC (n = 30) when
performing the verbal fluency tasks in right superior frontal
gyrus, right inferior parietal lobule, right thalamus, right pars
triangularis and left caudate nucleus (Table 3; Fig. 2b). There
were no areas in which HC showed more neuronal activation
than ALS patients in this task.

Patient comparison performance For the verbal fluency
conditions this contrast revealed a hypoactivation in the left in-
ferior frontal gyrus for the low performing patients (n = 3) when
contrasted with high performing patients (n = 50), whereas they
exhibited no area of increased activation (Table 3).

Patient comparison behavioral impairment There were no
statistically significant differences in neuronal activation during
this task between behaviorally non-impaired and impaired ALS
patients.

Verbal fluency task regression analysis In our sample of
ALS patients (n = 53), a higher score in the Bs^-word condi-
tion of the verbal fluency task was associated with more ac-
tivity bilaterally in various clusters of the frontal lobe, bilateral
central sulcus, right postcentral gyrus extending to the inferior
parietal lobule and bilateral insula (Table 3).

Table 2 Inclusion masks of
previously identified brain
regions of interest (ROI) used for
second-level analyses

Hemisphere(s) Region of Interest Reference(s)

A: Theory of mind

Both Inferior frontal gyrus Sripada et al. 2009

Abu-Akel and Shamay-Tsoory 2011

Both Medial frontal gyrus Sripada et al. 2009

Sebastian et al. 2012

Both Middle occipital gyrus Sripada et al. 2009

Both Postcentral gyrus Sripada et al. 2009

Right Superior temporal sulcus Abu-Akel and Shamay-Tsoory 2011

Zaitchik et al. 2010

Sebastian et al. 2012

B: Verbal fluency

Both Inferior frontal gyrus Abrahams et al. 2004

Wagner et al. 2014

Both Middle frontal gyrus Abrahams et al. 2004

Wagner et al. 2014

Both Superior frontal gyrus Abrahams et al. 2004

Wagner et al. 2014

Both Inferior parietal lobule Abrahams et al. 2004

Both Thalamus Wagner et al. 2014

Both Insula Wagner et al. 2014

Both Caudate Wagner et al. 2014

Both Parietal lobe Abrahams et al. 2004

Wagner et al. 2014

Left Medial frontal gyrus Wagner et al. 2014

C: Alternation

Both Calcarine cortex Allen et al. 2011

Left Cingulate gyrus Zakzanis et al. 2005

Right Paracentral lobule Zakzanis et al. 2005

Both Superior orbital gyrus Zakzanis et al. 2005
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Table 3 Regions of significant activation in the Theory of Mind task (A), the verbal fluency task (B) and the alternation task (C) across different
contrasts

Contrast Area MNI Coordinates Cluster sizesvc T-value PSVC

A: Theory of Mind

ALS > HC right posterior superior temporal sulcus 45 -52 14 17 3.57 0.045

HC > ALS ---

ALShigh > ALSlow right precentral gyrus/inferior frontal gyrus 60 5 17 14 4.55 0.010

left middle occipital gyrus -24 -83 23 15 4.26 0.026

ALSlow > ALShigh right postcentral gyrus 33 -28 47 8 4.00 0.049

ALSbni > ALSbi right rectal gyrus 9 56 -16 9 4.33 0.048

ALSbi > ALSbni ---

Regression ToM score right precentral gyrus/inferior frontal gyrus 60 5 17 8 3.98 0.049

B: Verbal Fluency

ALS > HC right superior frontal gyrus 21 26 53 41 4.33 0.019

right inferior parietal lobule right thalamus 39 -58 47 35 4.08 0.017

3 -22 8 25 4.05 0.014

9 -7 11 8 3.44 0.039

right pars triangularis 33 23 23 6 3.80 0.029

left caudate -9 14 5 6 3.39 0.046

HC > ALS ---

ALShigh > ALSlow left inferior frontal gyrus -30 26 -10 13 4.96 0.003

ALSlow > ALShigh ---

ALSbni > ALSbi ---

ALSbi > ALSbni ---

Regression verbal fluency score left inferior frontal gyrus -30 26 -10 26 5.71 <0.001

-45 29 5 37 4.66 0.008

right central sulcus 15 -22 71 24 4.96 0.003

left insula/inferior frontal gyrus -27 23 -10 9 4.88 0.002

left orbitofrontal -18 53 -10 12 4.68 0.002

cortex -33 38 -7 15 4.02 0.019

left superior frontal gyrus -21 32 53 31 4.44 0.014

right postcentral gyrus/inferior parietal lobule 66 -31 29 6 4.44 0.010

left medial frontal gyrus -1 5 62 78 4.42 0.018

left central sulcus -51 -13 44 71 4.39 0.016

right insula 48 8 -1 16 4.38 0.009

right inferior frontal gyrus 27 29 -10 6 4.35 0.021

48 35 -1 5 3.81 0.041

left precentral gyrus -60 2 20 16 4.16 0.032

right superior frontal gyrus 18 -16 71 11 4.13 0.036

right precentral gyrus 63 2 23 24 4.04 0.036

left insula -45 2 1 14 3.78 0.047

C: Alternation

ALS > HC right paracentral lobule 3 -28 62 6 3.48 0.024

HC > ALS ---

ALShigh > ALSlow ---

ALSlow > ALShigh ---

ALSbni > ALSbi right superior orbital gyrus 15 62 -7 6 3.95 0.018

ALSbi > ALSbni ---

Regression alternation score left calcarine gyrus -18 -76 11 9 4.31 0.023

left lingual gyrus -3 -61 5 4 3.68 0.009

SVC Small volume corrected; ALSAmyotrophic lateral sclerosis;HCHealthy controls; ALShighHigh performing ALS patients; ALSlow Low performing
ALS patients; ALSbni Behaviorally non-impaired ALS patients; ALSbi Behaviorally impaired ALS patients; ToM Theory of Mind
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fMRI analyses: Alternation task

Group comparison patients vs. HC The patient sample
(n = 60) showed a higher neuronal activation in the right
paracentral lobule when performing the alternation task as
contrasted to simple counting (Table 3; Fig. 2c) and, yet again,
HC (n = 33) failed to showmore neuronal activation thanALS
patients in any brain area.

Patient comparison performance There were no statistically
significant differences in neuronal activation of the alternation
task between high (n = 46) and low performing ALS patients
(n = 12).

Patient comparison behavioral impairment Those ALS pa-
tients with behavioral impairments (n = 7) showed less brain

a of Mind: ALS>HC

b Verbal fluency: ALS>HC

c Alternation: ALS>HC

TheoryFig. 2 Areas of increased BOLD
activity in amyotrophic lateral
sclerosis (ALS) patients when
compared to healthy controls
(HC) in the Theory of Mind (a),
verbal fluency (b) and alternation
(c) task
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a Theory of Mind: ALS
bni

>ALS
bi

b Alternation: ALS
bni

>ALS
bi

Fig. 4 Areas of increased BOLD
activity among behaviorally non-
impaired ALS patients (ALSbni)
when compared to behaviorally
impaired ALS patients (ALSbi) in
the Theory of Mind (a) and
alternation (b) task

Theory of Mind: ALS
high

>ALS
low

T

right precentral gyrus/inferior frontal gyrus left middle occipital gyrus

x = 60 z = 17 y = -83             

4

3

2

1

Fig. 3 Areas of increased BOLD activity in high (ALShigh) as compared to low (ALSlow) performing ALS patients in the Theory of Mind task
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activity in the right superior orbital gyrus (Table 3; Fig. 4B)
than those without (n = 31).

Alternation task regression analyses A regression analysis
of patients’ (n = 60) scores in the alternation task on their
corresponding neuronal activation identified an association
of activity in the left calcarine and the left lingual gyrus with
better performance (Table 3).

Discussion

The presence of cognitive impairment, especially in the do-
mains of social cognition and executive function including
verbal fluency, in ALS patients is a well described fact
(Ringholz et al. 2005; Phukan et al. 2012; Goldstein and
Abrahams 2013; Beeldman et al. 2016; Böhm et al. 2016).
However, the neuronal processes underlying these impair-
ments are still far from being well understood. The aim of this
work therefore was to study these cognitive functions in a
large sample of ALS patients, using three fMRI-adapted social
cognition and executive function tasks.

Theory of mind

As in other recent studies which employed the ECAS, ALS
patients performed significantly worse than controls in the
overall score and in the domains of executive functioning,
language and verbal fluency (Abrahams et al. 2014; Lulé
et al. 2015). Additionally, there was a significant group differ-
ence in visuospatial performance between patients and HC
(Keller et al. 2015; Poletti et al. 2016); however, none of the
participants showed any limitation in his/her visuospatial abil-
ities severe enough to be a potentially disturbing factor in
execution of the fMRI tasks. Also, patients displayed a signif-
icantly lower alternation score, but did not perform signifi-
cantly worse in the ToM task of the ECAS than HC. This is
in contrast to some previous findings (Girardi et al. 2011;
Cerami et al. 2014; van der Hulst et al. 2015) but in accor-
dance with other studies, which also did not report significant
group differences in ToM between ALS patients and HC
(Jelsone-Swain et al. 2015; Cavallo et al. 2011). This might
be due to the fact that only a small number of patients per-
formed extremely poor in this task, apparently not grasping
the concept behind it, while the rest made almost no mistakes.
A recent study has come to similar conclusions with ALS
patients without overt executive impairment performing not
significantly different than HC in an identical task (Burke
et al. 2016). Also, the ToM task used here is a measure of
affective theory of mind aspects only (the belief about sb.
else’s feelings) and thus does not account for potential deficits
of other theory ofmind tasks such as cognitive ToM (the belief
about sb. else’s beliefs).

When performing the ToM task during scanning, our pa-
tient sample showed significantly more activation in the right
posterior superior temporal sulcus, a crucial area for neural
processing in theory of mind tasks (Saxe and Kanwisher
2003; Zaitchik et al. 2010; Abu-Akel and Shamay-Tsoory
2011). As there was no brain region in which HC showed
more activation than ALS patients and considering the fact
that there was no group difference in behavioral ToM perfor-
mance, a compensatory over-recruitment of this area, which
might counteract potential deficits in this task, seems to be at
core here. This is in accordance with findings of compensato-
ry activation during motor-tasks (Schoenfeld et al. 2005;
Konrad et al. 2002) and tasks of executive function
(Witiuk et al. 2014) in ALS patients. Also, hyperactiva-
tion in an area of the right precentral gyrus bordering
the inferior frontal gyrus was associated with better per-
formance in the ToM task.

To get further insights into the neural processing of ToM,
we divided our ALS patients in two groups according to their
performance in this task in the ECAS. In patients who per-
formed well in this task, an increased neuronal activation
within two brain areas – the right precentral/inferiofrontal gy-
rus and the left middle occipital gyrus – was detected when
compared to low performing patients. The former has previ-
ously been implicated in this task (Uddin et al. 2007; Zaitchik
et al. 2010), in further support of compensatory mechanisms
in relevant brain regions depending on the degree of patients’
cognitive impairment. Even though low performers presented
with cognitive impairment on the behavioral level, indicating
that neuronal cell loss has exceeded a critical threshold up to
which sufficient compensation is not possible anymore, there
was one area in the right postcentral gyrus in which they
showed an increased activation during the execution of the
ToM task. This implicates that, although compensatory mech-
anisms might be at work during the execution of the ToM task
in all ALS patients independent of their degree of cognitive
impairment, there are neuronal differences between high and
low performers. Interestingly, this pattern of differential acti-
vation is in congruence with a proposedmechanism of cortical
disease spreading in ALS, which postulates a sequential four
stage spreading pattern (Braak et al. 2013; Brettschneider
et al. 2013). This model postulates the dissemination of
the disease from primary motor areas spreading to more
anterior portions of the brain and has already been repli-
cated in a diffusion tensor imaging (DTI) study (Kassubek
et al. 2014). It might therefore be that the neuronal acti-
vation underlying cognitive impairments in ALS patients
is also affected in a corresponding fashion, i.e. cognitively
less impaired patients maintain higher neuronal activation
in more frontal areas, while these areas are stronger affect-
ed by the disease in cognitively more impaired patients,
requiring them to compensate this potential loss by a hy-
peractivation in more parietal areas.
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Verbal fluency

During the execution of the verbal fluency task, ALS patients
presented with increased neuronal activation in right superior
and inferior frontal areas, right thalamus, right inferior parietal
lobule and left caudate, while again failing to exhibit any area
of less activation than our sample of HC. As these areas have
already been found to play a role during the execution of
verbal fluency tasks in samples of ALS patients and HC
(Abrahams et al. 2004; Wagner et al. 2014), this finding pro-
vides further credibility to our claim of widespread compen-
satory mechanisms during cognitive function tasks. Again,
high performing ALS patients showed more activation in a
cluster within the inferior frontal gyrus than low performers
and there was a wide network of many distinct brain areas,
especially in bilateral frontal regions, which correlated posi-
tively with patients’ behavioral performance in the ECAS ver-
sion of this task. However, these results should be treated with
caution as we have pooled participants’ neuronal activity of
both verbal fluency tasks (Bs-B-words and animals) and there-
fore have to be aware of the lack of a control condition for this
task.

Alternation

In the alternation task our ALS patient sample showed greater
activation in the right paracentral lobule when compared to
HC. Yet, similarly as in the other two tasks, our healthy con-
trol sample did not exhibit any area of increased activation.
Even though the right paracentral lobule has previously been
described as part of a network activated when performing
similar alternation tasks (Allen et al. 2011; Zakzanis et al.
2005), patients performed significantly worse than HC in the
behavioral alternation task. This suggests that there is, as in
the other tasks, neuronal reorganization and compensation,
however, this activation is not sufficient in compensating our
ALS patient samples’ cognitive deficits. As before, there was
a significant correlation between activation and behavioral
task performance in ALS patients. A better behavioral perfor-
mance was associated with more activation in the left lingual
and calcarine gyrus.

Behavioral impairments

Analyses of behaviorally impaired and behaviorally non-
impaired ALS patients revealed a higher BOLD activity in
the right orbital/rectal gyrus in patients without behavioral
impairment. However, this activity was present in the ToM
and the alternation task only and not in the verbal fluency task.
These frontoorbital areas are associated with higher-level ex-
ecutive functioning and decision-related processes, relevant
for socially adequate behavior (Andreasen et al. 1995;
Wilson et al. 2014). This enables us to differentiate between

behaviorally impaired and non-impaired ALS patients based
on their neuronal activation during executive function tasks
and supports previous findings about a relationship between
orbitofrontal cortical atrophy and behavioral impairment in
ALS (Tsujimoto et al. 2011). Interestingly, this task-specific
orbitofrontal hypoactivation could also be reflective of more
general difficulties in integrating available information about
certain situations (Wilson et al. 2014), which might then ex-
press itself in behavioral abnormalities.

Limitations

Our study has several limitations. Due to breathing difficul-
ties, which are a prominent feature in far advanced patients
and an exclusion criterion for fMRI experiments, we were
only able to include a patient sample with no patients in an
advanced stage of the disease, so no data for final stages of
ALS are available. However, previous studies have shown
that cognitive and physical impairment are not necessarily
associated (Jelsone-Swain et al. 2012; Keller et al. 2015).
We did not record participants’ responses of the tasks while
scanning, as it was not possible for some patients to give a
response due to loss of speech and/or paralysis. This, of
course, comes with the danger of potentially disturbing effects
of some patients’ improper task performance, which we used
to contain as good as possible though, by applying a post-hoc
analysis of all fMRI data. Yet, by having subjects complete the
tasks only mentally, we managed to exclude potentially con-
founding fMRI signals originating frommovement. Of course
this is at the cost of eventual difficulties in comparison of
results to previous studies that did incorporate such a response
(Chio et al. 2014). Also, we were not able to control for po-
tential repetition effects, resulting from the similarity of the
tasks in- and outside the scanner. For statistical analysis of our
imaging data, we used small volume correction, i.e. we were
only looking into pre-specified areas of the brain, potentially
overlooking other areas (Poldrack 2007). The small sample
size of our behaviorally impaired patient group might be con-
sidered as an additional shortcoming. Yet, obtaining reliable
data on behavioral abnormalities was not possible for all pa-
tients as not all caregivers provided the necessary information.
Therefore, analyses involving behavioral data could only be
performed in a subset of our patient sample. An additional
constraint on the group size of our behaviorally impaired sam-
ple is inherent to the nature of ALS, as behavioral impair-
ments, which are not severe enough to be classified as
frontotemporal dementia, typically affect less than one third
of all patients (Kasper et al. 2015). Furthermore, the contrasts
between high and low performing patients are in some condi-
tions lacking statistical robustness, as the groups of low
performing patients were rather small. To partially circumvent
this limitation though, we have included regression analyses
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of patients’ behavioral performance scores on their BOLD-
activation for all three tasks.

Future work is needed to further investigate the neural basis
underlying changes in cognition and behavior of ALS pa-
tients. A longitudinal approach would be highly desirable as
it would allow for analysis of the pattern alterations and even-
tual progress of neuronal changes and the pathogenesis of
ALS as a whole, especially in the light of the proposed neu-
ropathological staging system of ALS (Braak et al. 2013;
Brettschneider et al. 2013; Kassubek et al. 2014).
Furthermore, imaging contrasts between patients with familial
and sporadic forms of ALS could provide even further insight
into this topic.

Conclusion

In conclusion, this fMRI study demonstrates cortical reorga-
nization and compensation in cognitive function tasks in ALS
patients. An early adaptive process characterized by more ac-
tivation in relevant brain areas during cognitive tasks seems to
help overcome neuronal cell loss. In this context, clinical rep-
resentation of cognitive and behavioral impairments manifests
itself only when this process is no longer sufficient in com-
pensating this loss. This finding therefore could provide an
interesting and potentially useful biomarker for further fMRI
research in this field (Filippi et al. 2015). Furthermore, the
contrast between more and less cognitively impaired patients
revealed a characteristic pattern of this cortical reorganization
consistent with a recently proposed staging model of ALS.
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