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a b s t r a c t

Sequential spread of TDP43 load in the brain may be a pathological characteristic of amyo-

trophic lateral sclerosis (ALS). Diffusion tensor imaging (DTI) is amagnetic resonance imaging

(MRI) based marker of this pathological feature. Cognitive deficits known to be present in a

subset of ALS patients might act as an additional in vivo clinical marker of disease spread.

N ¼ 139 patients with ALS were tested with the Edinburgh Cognitive and Behavioural

ALS screen (ECAS) in addition to DTI brain measures of pathological spread. Executive

function, memory and disinhibited behaviour were selected for Cognitive-Staging criteria,

as these cognitive functions are attributed to cerebral areas analogous to the pattern of MRI

markers of TDP43 pathology. ROC curve analyses were performed to define cut-off scores

for cognitive stages 2 (executive function), stage 3 (disinhibited behaviour) and stage 4

(memory), and staging was performed according to the cognitive profile subsequently.

Associations of Cognitive-Staging (stage 2e4) and MRI-Staging measures were determined.

In total, 77 patients (55%) performed below ROC cut-off scores in either executive

function or memory or both and/or were reported to have disinhibited behaviour which

permitted Cognitive-Staging. The cognitive profile of patients with discrete MRI stages 2e4

correlated significantly with DTI parameters. For those patients with cognitive impairment,

there was a high congruency between MRI and Cognitive-Staging with high specificity and

sensitivity of executive functions for MRI stage 2, disinhibited behaviour for MRI stage 3

and moderate of memory for MRI stage 4.

Cognitive impairment follows specific patterns in ALS and these patterns can be used

for Cognitive-Staging with a high specificity compared to MRI-Staging. For the individual,

cognitive screening is a fast and easy to apply measurement of cerebral function giving

valuable information in a clinical context.

© 2018 Elsevier Ltd. All rights reserved.

Abbreviations: ALS, amyotrophic lateral sclerosis; ALS-FRS-R, ALS functional rating scale-revised; DTI, diffusion tensor imaging; FA,
fractional anisotropy; FTD, fronto-temporal dementia.
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1. IntroductionQ1

There is clear evidence in anatomical post-mortem analyses

that intraneuronal inclusions show a distinct pattern

throughout the brains of patients with amyotrophic lateral

sclerosis (ALS). These phosphorylated 43 kDa TAR DNA-

binding protein (pTDP-43) inclusions seem to follow a

sequential pattern of cortical spread in at least four stages

(Braak et al., 2013; Brettschneider et al., 2013). This spread is

closely linked to sequential propagation of oligodendroglia

pathology (Fatima, Tan, Halliday, & Kril, 2015) and changes

in the white matter connectome (Schmidt, de Reus,

Scholtens van den Berg, & van den Heuvel , 2015). Using

fractional anisotropy (FA) mapping by diffusion tensor im-

aging (DTI), evidence for an in vivo marker of these patho-

logical stages has been provided (Kassubek et al., 2014).

About one fourth of ALS cases do not consecutively fulfill the

DTI criteria of staging and therefore do not allow for

conclusive in vivo MRI-Staging (Kassubek et al., 2014).

Furthermore, given that MRI is not available in every clinic

for every patient and can be difficult for ALS patients with

respiratory insufficiency, there is a need to provide addi-

tional in vivo measures of spreading patterns. There is a

missing link between microstructural changes and func-

tional loss in ALS. Recently, evidence was provided that oc-

ulomotor dysfunction is a functional marker of ALS

pathology (Gorges et al., 2015). An additional functional

parameter might be cognitive and behavioural changes

which are the most common non-motor symptoms in ALS

and occur in 30e50% of patients (Beeldman et al., 2015;

Goldstein & Abrahams, 2013). Behavioural abnormalities

are present in up to 30% of patients and underlie the diag-

nosis of fronto-temporal dementia (FTD) in 5e10% of ALS

patients (Strong et al., 2009). According to Bak and

Chandran's (2012) hypothesis, the decline in cognitive do-

mains in ALS should be closely associated with disease

spread in the motor system (Eisen, Turner, & Lemon, 2014Q2 ).

In fact, executive control, language (Taylor et al., 2013) and

verbal fluency are reported to be the most common domains

affected in ALS (Goldstein & Abrahams, 2013). Dysfunction of

the memory domain is less frequently described (Abrahams

et al., 2000; Abrahams, Newton, Niven, Foley, & Bak, 2014;

Lul�e et al., 2015; Raaphorst, de Visser, Linssen, de Haan, &

Schmand, 2010; Wei et al., 2015). Since spread of TDP-43

pathology is associated with neuronal loss, it may be ex-

pected to change the profile of cognitive performance mir-

roring functions of the affected brain areas. Therefore, we

hypothesized that cognitive impairments in ALS show a

distinct pattern and may serve as a clinical in vivo staging

correlate for sequential spreading of DTI measures indicative

TDP43 pathology (Kassubek et al., 2014). This study will

determine 1.) whether there is a distinct pattern of cognitive

and behaviour impairment which is directly associated with

MRI staging, 2) whether this pattern may be useful for

functional in vivo staging whether Cognitive-Staging is an

accurate predictor of MRI-Staging. Cognitive-Staging is fast

and easy to obtain, therefore, it may provide valuable in-

formation in clinical routine.

2. Methods

2.1. Participants

In total, N ¼ 139 patients (55 female) with probable or definite

diagnosis of amyotrophic lateral sclerosis (ALS) were included

in the study. Patients underwent standardized clinical-

neurological and routine laboratory examinations. They

were all diagnosed with sporadic ALS by a board-certified

neurologist according to the Airlie House criteria (Miller,

Munsat, Swash, & Brooks, 1999) and revised El Escorial

criteria (Ludolph et al., 2015). N ¼ 100 had a predominant

spinal onset, N ¼ 34 a predominantly bulbar onset and N ¼ 5

had a mixed onset. Severity of physical symptoms were mild

to moderate as measured with the revised ALS functional

rating scale (ALS-FRS-R) (Cedarbaum et al., 1999) (for detailed

sample characteristics see Table 1).

None of the participants had signs of any neurological or

psychiatric illness (other than ALS) or overt dementia as these

were exclusion criteria for the study. They were all native

German speakers. All patients eligible for MRI were consecu-

tively recruited from the out- and inpatient clinics of the

Department of Neurology at the Universit€atsklinikum Ulm,

Germany.

The study was approved by the Ethics Committee of the

University of Ulm (No. 19/12) and has been performed in

accordance with the ethical standards laid down in the 1964

Declaration of Helsinki and its later amendments. All partic-

ipants gave written informed consent to the study according

to institutional guidelines.

2.2. Study design

Patients were screened for cognitive dysfunction as a func-

tional measure of ALS pathology by a board certified neuro-

psychologist within 3 days after MRI scanning. All patients

received MRI scanning according to a standardized protocol

(Kassubek et al., 2014). Staging (1e4) was then determined

separately for each individual by a) cognitive and behaviour

impairment (Cognitive-Staging) and b) MRI-DTI (MRI-Staging).

Table 1 e Sample characteristics and performance in the
Edinburgh Cognitive and Behavioral ALS Screen (ECAS) of
N ¼ 139 ALS patients.

mean SD range

Age 60.9 12.2 19e83

Education [years] 13.0 3.0 4e23

Duration since onset [months] 20.4 24.1 2e168

ALS-FRS-R 39.2 6.4 16e48

Progression [48-ALS-FRS/duration

in months]

0.8 1.0 .1e6.5

Fluency 13.3 5.9 0e22

Language 24.6 3.6 12e28

Executive function 35.5 6.8 8e45

Memory 15.2 4.3 0e23

Visuospatial function 11.4 1.3 7e19

ALS specific score 73.7 13.3 32e95

ALS non-specific score 26.6 4.8 8e35

Total score 100.3 16.5 41e125

c o r t e x x x x ( 2 0 1 8 ) 1e92
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