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A new approach to digitized cognitive
monitoring: validity of the SelfCog
in Huntington’s disease
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Cognitive deficits represent a hallmark of neurodegenerative diseases, but evaluating their progression is complex. Most current eva-
luations involve lengthy paper-and-pencil tasks which are subject to learning effects dependent on the mode of response (motor or
verbal), the countries’ language or the examiners. To address these limitations, we hypothesized that applying neuroscience principles
may offer a fruitful alternative. We thus developed the SelfCog, a digitized battery that tests motor, executive, visuospatial, language
and memory functions in 15 min. All cognitive functions are tested according to the same paradigm, and a randomization algorithm
provides a new test at each assessment with a constant level of difficulty.

Here, we assessed its validity, reliability and sensitivity to detect decline in early-stage Huntington’s disease in a prospective and
international multilingual study (France, the UK and Germany). Fifty-one out of 85 participants with Huntington’s disease and 40
of 52 healthy controls included at baseline were followed up for 1 year. Assessments included a comprehensive clinical assessment
battery including currently standard cognitive assessments alongside the SelfCog. We estimated associations between each of the clin-
ical assessments and SelfCog using Spearman’s correlation and proneness to retest effects and sensitivity to decline through linear
mixed models. Longitudinal effect sizes were estimated for each cognitive score. Voxel-based morphometry and tract-based spatial
statistics analyses were conducted to assess the consistency between performance on the SelfCog and MRI 3D-T1 and diffusion-
weighted imaging in a subgroup that underwent MRI at baseline and after 12 months.

The SelfCog detected the decline of patients with Huntington’s disease in a 1-year follow-up period with satisfactory psychometric
properties. Huntington’s disease patients are correctly differentiated from controls. The SelfCog showed larger effect sizes than the
classical cognitive assessments. Its scores were associated with grey and white matter damage at baseline and over 1 year. Given its
good performance in longitudinal analyses of the Huntington’s disease cohort, it should likely become a very useful tool for measuring
cognition in Huntington’s disease in the future. It highlights the value of moving the field along the neuroscience principles and even-
tually applying them to the evaluation of all neurodegenerative diseases.
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The SELFCOG: a brief, multilingual digitized battery sensitive to longitudinal
decline in Huntington’s disease participants
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Digitized cognitive test
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Introduction
Assessment of cognitive capacities is a cornerstone in the
clinical evaluation of neurodegenerative disorders

(NDDs)." As the genetic or neurobiological mechanisms
underlying specific forms of NDD are discovered, promising
targeted treatments to stop or modify the natural course of
the diseases are on the horizon.? Despite these exciting devel-
opments and the progress made to statistically model disease
progression® or to generate multidimensional global score,?
the need to improve cognitive assessment to match these ad-
vances remains.’ Indeed, current common approaches to
cognitive assessment use a set of multi-item rating scales
and batteries of brief cognitive tasks. Most of them are
paper-and-pencil based, language and education-dependent,
time-consuming and expensive as they must be administered
in person by a healthcare professional. The cognitive scores
are affected by floor, ceiling and learning effects and are prone
to inter-rater and intra-rater variability.*® Other limitations
of classical paper-and-pencil tasks stem from the fact that
most often cognitive processing cannot be disentangled
from perceptual and motor processing [as in the Symbol
Digit Modalities Test (SDMT)],” which can be a major limita-
tion in individuals with motor impairment. Differentiating be-
tween cognitive impairments can also be difficult with most
tasks, for example, distinguishing between language and ex-
ecutive impairments using verbal fluency.® The lack of speci-
ficity in cognitive assessment is particularly problematic
since impairments often vary from patient to patient and in-
terventions may have a selective impact on certain functions,
for example, when using molecules targeting specific recep-
tors.” In addition, comparing changes in cognitive functions
is difficult regarding the variable number of parallel forms
across different tests [e.g. six forms for the Hopkins Verbal
Learning Test (HVLT)'” versus one for the Mini-Mental
State Examination]. Most classical tasks do not offer equiva-
lent parallel forms,'"'* which leads to a retest effect due to
repetition during serial assessments and therefore to under-
estimation of cognitive decline.'>'* Finally, the development
of a single composite score, reflecting global cognitive abil-
ities, from currently used clinical assessments, has as yet not
been achieved despite numerous attempts. '

Digitized cognitive tasks are emerging as one potential solu-
tion to overcome paper-and-pencil task limitations. They allow
greater sensitivity and finer analysis of cognitive processing by
precisely recording accuracy and response time (RT) in millise-
conds.'® Among them, the Cambridge Neuropsychological
Test Automated Battery (CANTAB) is the cognitive battery
the most widely used for neurological conditions in publica-
tions.'”'® However, CANTAB cognitive profiling requires
lengthy assessments (> 30 min), the presence of an examiner
to supervise the evaluation and the licence is expensive. The di-
versity of the procedures of its different components makes
comparisons of performance difficult. Fatigue may then bias as-
sessments in individuals with NDD. Sensitivity of tasks to cog-
nitive impairments in NDD is demonstrated, and such of them
are able to detect subtle deficit in pre-clinical populations such
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as in Huntington’s disease.'” However, the sensitivity to longi-
tudinal cognitive change could be limited. For example, 17/19
tests from the CANTAB failed to record significant deterior-
ation in Huntington’s disease participants over a decade of
follow-up as part of a neural transplant trial.'® Despite its abil-
ity to distinguish subjects with cognitive impairments from
healthy controls, most CANTAB tests are not specific enough
to distinguish one cognitive function from another.*’

To overcome these shortcomings, we hypothesize that ap-
plying the principles of experimental cognitive neurosciences
to digitized assessments in clinics is required to move the field
forward. For example, functional MRI design®' tends to
equalize all parameters except the one of interest when com-
paring conditions. To avoid bias from stimuli presentation
and order effect, all stimuli are randomized. We thus devel-
oped a brief (around 15 min) digitized cognitive battery,
the SelfCog, setting up a constant paradigm to assess lan-
guage, visual, executive and memory functions as well as mo-
tor performance. At each trial, after the presentation of two
images, the participant is asked to press one of the two re-
sponse keys. Only the instruction changes across the tasks.
We recorded both the accuracy and the response time.
Thus, the SelfCog makes it possible to isolate cognitive pro-
cessing times from motor response times, which can greatly
vary from one patient to another. To limit the retest ef-
fect'*—the fact that performance improves at the second ex-
posure when experiments are presented twice—new images
are presented at each assessment while keeping the cognitive
load constant. Considering the need for a single primary end-
point in clinical studies, the SelfCog proposes a sub-score for
each function and an overall combined global score balanced
between the different functions. The SelfCog has to date been
developed for application in French, German and English, and
its use is accessible to non-experts with minimal training.'?

In this study, we focused on Huntington’s disease to assess
the initial validity and value of the SelfCog in clinical prac-
tice. It is an autosomal dominant NDD characterized by mo-
tor, cognitive and psychiatric impairments.**>*® Unlike
most NDDs, disease onset can be estimated by genetic test-
ing, facilitating the study of animal models for the develop-
ment of experimental and clinical therapeutics.”* In this
context, Huntington’s disease represents an excellent candi-
date and model of NDD to test the value of the SelfCog in
evaluating the disease progression. We assessed the construct
validity of the SelfCog with commonly used classical
paper-and-pencil cognitive tasks and structural brain im-
aging. We showed its test—retest reliability and utility for
micro-monitoring cognitive decline over 1 year in a sub-
group of Huntington’s disease participants.

Materials and methods

Eighty-five Huntington’s disease patients and 52 healthy
controls were included in a prospective multicentre
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Table | Demographics and neurological descriptions for controls and Huntington’s disease participants at MO and M|

P-values of controls versus

Controls Huntington’s disease participants Huntington’s disease participants
Age 50.65 + 10.20 (26.16—69.96) 52.06 + 10.8 (23.19-78.06) 0.45
Sex 27F/25M 33F/52M 0.13
Education level 14.06 + 2.83 (8.00-24.00) 13.98 +2.92 (9.00-20.00) 0.87
Laterality 2A/6L/44R 7L/78R 0.15
CAG - 43.76 + 3.69 (38.00-62.00)*
Age at onset - 47.49 + 10.82 (20.02—73.83)b
Disease duration - 453 +3.81 (0.00-19.18)°
DBS - 400.03 + 97.81 (129.62-672.50)*
TFC 13.00 + 0.00 (13.00—13.00) 10.52 + 1.78 (7.00-13.00) <2e7'®
TMS 0.56 + 1.15 (0.00-5.00) 29.68 + 14.58 (1.00-60.00) <2e'®

Unless otherwise specified, quantitative values are means + standard deviations and range [ ]. F, female; M, male; A, ambidextrous; L, left; R, right; TFC, Total Functional Capacity; TMS,
Total Motor Score; CAG, cytosine—adenine—guanine; DBS, disease burden score = Age X (CAG repeat—35.5). *One missing data point. ®Five missing data points.

international observational study as part of the European
Repair-HD consortium (Table 1; https:/cordis.europa.eu/
project/id/602245) dedicated to the development of clinical
assessments to test novel therapies. Participants were re-
cruited from four sites: two focused on cross-sectional follow-
up (MO) at Manchester, UK (2=10), and Muenster,
Germany (n = 34), and two extended evaluations to optional
longitudinal follow-up at Cardiff, UK (7z=19), and Créteil,
France (n=74), by eventually adding Month 1 (M1) and
Month 12 (M12) evaluations. This yielded the follow-up of
74 Huntington’s disease participants and 50 controls up to
M1 (Supplementary Table 1) and 51 Huntington’s disease
participants and 40 controls up to M12 (Supplementary
Table 2). There was no significant difference in demographic
data between participants included at MO and the remaining
participants evaluated at M12 (Supplementary Table 3).
The inclusion criteria for Huntington’s disease were (i)
confirmed cytosine—adenine—guanine (CAG) expansion (>
36 CAG repeats) and (ii) stages 1 or 2 of the disease accord-
ing to the Unified Huntington’s Disease Rating Scale
(UHDRS) Total Functional Capacity (TFC) scores (TFC >
7).%° Matched healthy controls were spouses or partners of
Huntington’s disease participants, gene-negative siblings or
persons unrelated to the Huntington’s disease participants
with a Mattis Dementia Rating Scale (MDRS) global score >
136.%° Exclusion criteria for controls included alcohol or sub-
stance abuse and neurological co-morbidity. Participants’
demographics and pathological disease burden scores
(DBS)?” are reported in Table 1. Written informed consent
was obtained from each participant. The Core Assessment
Protocol for Innovative Therapy-HD Beta study was ap-
proved by the ethical committee (NCT 03119246, https://
clinicaltrials.gov/ct2/show/NCT03119246?
cond=Huntington+Disease&cntry=FR&draw=2).

The neurological evaluation comprises the Total Motor Score
(TMS) for which raters are certified annually*® and the TEC
from the UHDRS.® Participants performed also classical
paper-and-pencil cognitive tasks with the Letter Verbal

Fluency Task over 1 min,* the Symbol Digit Modalities
Test (SDMT), the Stroop test (colour, word and interference),
the Mattis Dementia Rating Scale (MDRS),?® the categorical
fluency task and the Hopkins Verbal Learning Memory Test
(HVLMT)."® To minimize learning effects, alternative parallel
forms were used in a fixed order for each assessment of the
Hopkins Verbal Learning Test (HVLT).'! A subgroup of pa-
tients underwent MRI brain imaging.

The SelfCog (IDDN FR.001.230010.000.5.A.2020.000.
31230) consists in a digitized task divided in five subsequent
subtests that explore motor, visuospatial, language, executive
and memory functions (Fig. 1). Each subtest included a short
training phase (including four trials) and then a test phase of
40 trials. The whole SelfCog totalled 200 test trials in around
15 min.

For each trial of each subtest, the input stimuli (two
images presented on the screen) and output responses (press-
ing a key) are similar, the only variations being in the instruc-
tions. To make each assessment unique and to minimize
learning effects related to multiple exposures while maintain-
ing an equivalent level of difficulty, we built a randomization
algorithm to select stimuli from a list of 585 possible pairs of
black line pictures, designed according to the constraints of
each subtest and language (French, English and German)
(see Supplementary Appendix 1 for details). Images ap-
peared on a computer screen in two white squares on a
grey background and remained displayed until the partici-
pant either pressed a button according to the instructions
or reached a timeout defined for each subtest. Participants
were instructed to respond as fast as possible while trying
to avoid errors. Stimulus presentation and response record-
ing were performed in Python, using the PsychoPy toolbox
(https:/www.psychopy.org/).

Participants were assessed at MO and optionally at M1 and
M12. However, as motor and functional assessments are
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Instructions

Press the key on the
side where an object is
displayed

Are the two objects
displayed the same?
L: No, R: Yes

Do both objects have the
same onset?
L: No, R: Yes

Press the key on the side where an
animal appears. When two objects
or two animals appear, press R

nld

Press the key on the side
corresponding with the picture
you have already seen

Figure | Schematic of the SelfCog battery. Each trial consists of two pictures. The participant is asked to press the key on a computer
keyboard that corresponds to its answer. Instructions vary for each task. The order of the subset was kept fixed.

not known to be sensitive to the retest effect,'* assessment at
M1 was offered only for the cognitive assessment, while the
full set of assessments was offered at MO and M12 at sites
with the capacity to perform them. The M1 assessment al-
lows to compare psychometric properties and retest effect
of the SelfCog and classical paper-and-pencil tests.'*

For each subtest, we measured both accuracy (number of cor-
rect responses) and the mean response time (RT) of correct an-
swers. The motor subtest, with minimal cognitive load,
measures the motor RT to press a button. To ensure this point,
we showed that the SelfCog motor RT of Huntington’s disease
patients correlated with UHDRS motor scores (TMS: r=0.28;
P =0.02 as well as the TMS finger—hand: »=0.39; P = 0.001).
To calculate cognitive processing times at each assessment, we
subtracted the mean motor RT from the mean RT of correct re-
sponses of each cognitive subtest. To deal with speed—accuracy
trade-off>*—the balance between making decisions slowly
with high accuracy and quickly with high error rate—we calcu-
lated the Inverse Efficiency Score (IES)®! for each cognitive
function. IES consists of the mean cognitive RT (in seconds) di-
vided by the test accuracy, a higher IES indicating a lower

performance. We also calculated the global cognitive ITES
(mean of all cognitive IES).

Missing data in classical cognitive paper-and-pencil tests
were imputed using 10 iterations of the non-parametric
random forest imputation algorithm®?* (Supplementary
Table 4). The comparison of performance on paper-and-
pencil and SelfCog tests between healthy controls and
Huntington’s disease participants at MO was assessed using
linear models. The associations between SelfCog and clas-
sical scores in Huntington’s disease participants at MO
and the reliability of these measures in all participants
between MO and M1 evaluations were calculated using
Spearman’s correlation coefficients and false discovery
rate (FDR)-corrected P-values. We also used linear
mixed-effects models to assess both retest effect (between
MO and M1) and longitudinal evolution (between M1 and
M12). This latter analysis aimed to estimate the cognitive
decline while controlling for the familiarization effect.'*
Individual participants were added as random intercepts.
Tukey’s post hoc comparisons were performed. We com-
puted repeated-measures Cohen’s d to measure effect sizes
of cognitive changes between M1 and M12. Bootstrapped
confidence intervals were estimated with 5000 bootstrap
resamples performed per effect size estimated. Statistical
models were adjusted for age, sex, education level and study
site.
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Data management was conducted, and statistical analyses
and graphics were generated with R version 4.0.4 (R Core
Team,>* RStudio (http:/www.rstudio.com/).

The detailed description of MRI acquisition and processing
is provided in Supplementary Appendix 2. Images were ana-
lysed using tools from the FMRIB Software Library (FSL).>*
Brain MRI scans were obtained for 51 Huntington’s disease
participants at MO and for 24 at M12 in France and
Germany (Supplementary Tables 5 and 6). Structural
3D-T1 data were analysed with the standard (MO) and
adapted (for longitudinal analysis) processing stream of
FSL-voxel-based morphometry (VBM) (https:/fsl.fmrib.ox.
ac.uk/fsl/fslwiki/FSLVBM).>*>”  Diffusion-weighted im-
aging data were processed and analysed with a tract-based
spatial statistics (TBSS) pipeline at baseline®® and using an
optimized registration approach to register baseline and
follow-up fractional anisotropy (FA) images for the longitu-
dinal analysis.>” The output used in the statistical longitudin-
al MRI data analysis consisted of the subtraction of the
baseline from the follow-up images to obtain a difference im-
age for each subject for grey matter (GM) volumes and white
matter (WM) FA.

We applied a voxel-wise general linear model (GLM)
with non-parametric permutation tests (10000 for FSL-
VBM and 5000 for TBSS). We identified the GM or WM
areas contributing to the regression models of the SelfCog
scores and of the classical test performance at baseline in
Huntington’s disease participants. A second regression ana-
lysis was performed between the change in SelfCog scores or
classical test scores and change in GM volumes or FA in
Huntington’s disease participants. Family-wise error cor-
rection for multiple comparisons was performed, imple-
menting threshold-free cluster enhancement using a
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significance threshold of P <0.05. Age at baseline assess-
ment, sex, site, DBS (in case of FSL-TBSS analysis) and
also the total intracranial volume (in case of FSL-VBM ana-
lysis) were entered as covariates of no interests for all im-
aging analyses.

The association between longitudinal change in both
SelfCog and in the classical tests’ performance (delta M12-
M1) and the whole brain atrophy obtained with SIENA
was evaluated in Huntington’s disease participants using lin-
ear regression. Statistical analyses were adjusted for age, sex,
MRI site and DBS.

Results

The Supplementary Table 7 showed the mean percentage of
missing response for the SelfCog at each session of evalu-
ation (M0, M1 and M12). Although there are higher missing
responses in Huntington’s disease participants compared to
controls, the mean percentage is below 5%.

No statistical analysis revealed an effect of the study site in the
SelfCog performance (P > 0.05 for all tests). Group compari-
sons for demographics and neurologic evaluations as well as
for classical and SelfCog tests at MO are reported in Tables
1 and 2. All classical and SelfCog tasks distinguished the per-
formance of Huntington’s disease participants from controls.
In the SelfCog task, Huntington’s disease participants were
slower and less accurate, resulting in higher SelfCog IES com-
pared to controls (all Ps <0.001, Table 1). In Huntington’s
disease participants, all SelfCog IES correlated with
paper-and-pencil tasks (Fig. 2A). The global cognitive

Table 2 Mean cognitive performance at M0 and Pearson’s correlations between M0 and M1

Huntington’s disease

P-values of controls versus

Huntington’s disease Pearson’s r correlation

Controls participants participants MO/MI
Global cognitive IES 1.67 + 0.40 (0.90-2.83) 344+ 1.70 (1.76-12.20) 219" 0.69
Visual IES 0.86 + 0.38 (0.28-2.84) 1.89 + .11 (0.28-6.13) 1.03 7% 0.43
Language IES 3.58 + 1.02 (1.96-6.85) 7.48 +4.91 (2.98-38.53) 1.12 e7%7 0.60
Executive |ES 0.776 + 0.29 (0.36-2.03) 1.56 + 0.89 (—0.28-4.15) 1.49 &7 0.67
Memory IES 1.46 + 0.39 (0.80-2.96) 2.84+ 1.65 (1.01-11.23) 1.05 e~%7 0.60
MDRS 141.79 +2.33 (136.00-146.00)  132.10 + 7.57 (109.00—144.00) 547" 0.79
Letter fluency 40.99 + 10.21 (10.00-67.00) 28.22 + 8.80 (7.00-47.00) 57372 0.79
Categorical fluency 21.64 + 5.84 (11.00-44.00) 14.39 + 4.67 (6.00-27.00) 136" 0.76
SDMT 52.08 + 1 1.16 (23.00-81.00) 30.32 + 10.06 (4.00-59.00) <2e7'® 0.94
Stroop colour 78.39 + 10.53 (56.00-99.00) 49.63 + 12.40 (27.00-80.00) <2e7'® 0.90
Stroop word 99.72 + 13.45 (60.00-136.00)  68.12 + 17.47 (34.00—110.00) <2e7'® 0.88
HVLMT IR 28.50 + 3.48 (21.00-35.00) 19.55 + 5.74 (8.00-34.00) <2e7'¢ 0.8l
HVLMT DR 10.31 + 1.70 (6.00-12.00) 5.87 + 2.96 (0.00-12.00) <2e7'¢ 0.82

IES, Inverse Efficiency Score; SDMT, Symbol Digit Modalities Test; MDRS, Mattis Dementia Rating Scale; HVLMT, Hopkins Verbal Learning Memory Test; IR, immediate recall; DR,

delayed recall.
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Figure 2 Correlations between the performance at the SelfCog and the cognitive tests with brain atrophy in Huntington’s
disease participants (n = 51). (A) Spearman’s correlations between SelfCog’s IES and performance at the classical tests in Huntington’s disease
patients. White colour indicates non-significant correlation (P < 0.05 after FDR correction). (B) VBM results: association between GM volumes
and global cognitive, language and memory IES in Huntington’s disease patients. Results are presented at P < 0.05 and corrected for multiple
comparisons from colour yellow (P < 0.0001) to red (P < 0.05). Increased global cognitive IES was associated with smaller GM volume in the right
occipital cortices. Language IES was associated with GM volume in the right basal ganglia and occipital cortex, in the left temporal cortex and in the
bilateral cerebellar lobules VI. Memory IES showed a more widespread negative relationship with GM volume in the bilateral frontal occipital,
parietal and temporal areas and in the right basal ganglia. (C) TBSS results projected on a template of FA (in green): association between FA and

global cognitive IES. Violet colour indicates significant results.

IES correlated with all paper-and-pencil tasks and the
UHDRS TFC (R*=0.10, P=0.009), the TMS (R*=0.09,
P =0.01) and the functional (R* =0.12, P =0.004) scores.
Significant relationships between the SelfCog IES and
brain imaging data are displayed in Fig. 2B (GM analysis)
and in Fig. 2C (WM analysis) and in Table 3. The associa-
tions between SelfCog accuracy and RT and
paper-and-pencil tests are presented in Supplementary Fig.
1 and Supplementary Table 8 (GM analysis) and
Supplementary Fig. 2 and Supplementary Table 9 (WM ana-
lysis). Higher global cognitive IES was associated with smal-
ler GM volumes in the right cuneus and right middle/
superior occipital cortices as well as with lower FA in the
posterior part of the corpus callosum. Language IES was as-
sociated with GM volumes in the right basal ganglia (caud-
ate, putamen, pallidum), in the right cuneus, in the right
middle/superior occipital cortices and in the left middle/su-
perior temporal cortices and in the left and right cerebellar
lobules VI. Language accuracy showed a positive association
with GM volumes from extended regions of the basal gan-
glia, occipital, parietal, temporal and cerebellar cortices.
Memory IES showed a negative relationship with GM vo-
lumes from extended regions of the bilateral frontal areas,
the right basal ganglia (putamen, pallidum) and the bilateral

occipital, parietal and temporal cortices. Memory accuracy
was associated with GM volumes in the left frontal areas
and left inferior/middle occipital cortices.

Concerning classical paper-and-pencil tests, the MDRS
scores were positively associated with GM volumes in the ba-
sal ganglia (caudate, putamen, pallidum) and in the occipital,
parietal and temporal cortices. The colour Stroop scores
were associated with GM volumes in the occipital, parietal
and basal ganglia. The Stroop interference and SDMT scores
were associated with GM volumes in the inferior left tem-
poral and occipital cortices, whereas GM volumes in the
left basal ganglia were associated with the SDMT only.
The immediate recall (IR) of the Hopkins Memory Test
was positively associated with GM volumes in the bilateral
frontal areas.

The TBSS regressions analysis demonstrated an associ-
ation of lower FA with higher global IES in the posterior
part of the corpus callosum (Table 3). Lower FA in these
WM areas was also associated with lower performance
on paper-and-pencil tests (MDRS; Stroop—colour and
interference, SDMT, Hopkins RI and RD) with additional
anterior inter-hemispheric lower FA associated with the
MDRS and the colour part of the Stroop (Supplementary
Table 9).
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http://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcad043#supplementary-data
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Table 3 Clusters showing decreased grey matter
integrity associated with cognitive scores in
Huntington’s disease participants at M0

MNI
coordinates
Cluster  Corrected
GM clusters X y z size P
Global—IES
R middle occipital lobe 28 —68 24 192 0.026
Language—IES
R caudate 12 8 12 267 0.031
R middle occipital lobe 28 —68 24 71 0.043
L cerebellum (6) -26 -56 -28 50 0.04
R cerebellum (6) 32 -54 -30 38 0.041
L middle temporal -52 -52 |6 18 0.047
lobe
Memory—IES
L and R medial -6 60 8 21807 0.002
superior frontal lobe
R middle occipital lobe 36 -72 38 884 0.023
L middle occipital lobe —34 -84 2 254 0.037
R precuneus 2 -54 60 211 0.042
R putamen 28 8 0 153 0.037
L middle occipital lobe —28 —-92 16 34 0.047
L lingual -28 —-60 -4 31 0.043
L fusiform g -36 -70 —l6 24 0.047

Cluster size, number of voxels, L, left; R, right; g, gyrus. Grey matter clusters significantly
associated with cognitive scores (Prrce <0.05). Coordinates indicate the location of the
cluster peak in Montreal Neurological Institute (MNI) convention.

Test-retest reliability between MO and M1 ranged for
SelfCog IES from r=0.34 to r=0.60 (Supplementary
Table 10). Most tests showed an improvement of perform-
ance at M1 compared to MO in controls and Huntington’s
disease participants (Supplementary Fig. 3), with the excep-
tion of IES in controls for which the confidence intervals in-
cluded zero.

In contrast to controls [all Ps > 0.05 except for the composite
Unified Huntington’s Disease Rating Scale (cUHDRS):
<>B</i>=0.53, SE=0.22, P<0.02, which improves],
Huntington’s disease participants’ functional and motor
capacities declined over a year as well as their cUHDRS score
(TFC: <w>B</i>=-0.85, SE=0.16, P<0.0001, FAS:
<1>B</i>=-1.36, SE=0.32, P=0.0001, TMS: P =0.05;
<1>P</i>=2.81, SE=1.04, P <0.01; cUHDRS: <>p</i>=
-0.85,SE=0.19, P <0.0001).

Cognitive decline over a year was detected using
paper-and-pencil tasks such as Stroop interference (P =
0.02) and MDRS (P<0.001) (Fig. 3A, Supplementary
Tables 11 and 12) in Huntington’s disease participants but
not in controls (for which performance in the Stroop word
reading task even improved, P =0.05). All IES increased in
Huntington’s disease participants (Ps < 0.05, Fig. 3A) but re-
mained stable in controls (all Ps >0.05). Changes in global
cognitive IES, executive IES, memory IES and scores of the
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MDRS and the three tasks of the Stroop test were higher in
Huntington’s disease participants than in controls (P <
0.05). Post hoc analyses using longitudinal mixed models
showed that there was no significant interaction between
baseline DBS and time.

In tests showing a decline over a year, the global cognitive
IES had the largest effect size (Cohen’s d) and was associated
with the smallest estimated sample size required for a clinical
trial (Fig. 3A and B). Effect sizes estimated for memory and
executive IES were comparable to those of MDRS and
Stroop interference.

Brain atrophy progression was associated with language
(P=0.03) and global (P=0.003) IES (Supplementary
Fig. 4) and language (P =0.006) and visual (P =0.015) ac-
curacy. In our cohort, the rate of brain atrophy was ~1%
per year. Only language IES was associated with change in
FA in the posterior part of the corpus callosum in the right
hemisphere (Supplementary Fig. 4). We did not observe
any significant association between changes in scores on
the SelfCog or classical paper-and-pencil tasks and changes
in GM volumes or FA.

Discussion

Using the methodological approach derived from neurosci-
ence concepts, we have developed and assessed prospectively
a brief digitized cognitive battery named SelfCog in four sites
in three different languages (French, English and German) in
Huntington’s disease. The SelfCog detected cognitive decline
over 1 vyear with greater sensitivity than classical
paper-and-pencil cognitive tests with good psychometric
properties of SelfCog including construct validity and reli-
ability. Lower performance was associated with GM atrophy
and FA decrease coherent with cerebral damage of the condi-
tion. These results make the SelfCog an excellent candidate
for use in future therapeutic trials and in clinical practice.
In addition, it advocates for the clinical cognitive field
move towards a larger application of the neuroscience
methods.

The SelfCog offers a conceptual break into the neuro-
psychological landscape by its original design inspired by
the experimental cognitive neuroscience principles.
Functional MRI experiments, as well as experimental cogni-
tion, classically equalize all the inputs (stimuli) and outputs
(responses) when comparing conditions except the one of
interest. This allows functions to be compared with each
other, with a single paradigm.?! In contrast, most cognitive
paper-and-pencil tasks use a variety of sensory-motor mo-
dalities of the stimuli or modes of responses, such as word
reading in the Stroop test and matching written figures to
numbers in the SDMT for example.® This makes it impos-
sible to disentangle which function is impaired between read-
ing, visual perception, speech and motor response in such
example. The variety of impairments in cognitive functions
in Huntington’s disease has shown that exhaustive evalu-
ation should take into account at least language, executive


http://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcad043#supplementary-data
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A
Test p value Cohen’s d p value
Interaction between HD change HD change
Control and HD Visits M1 to M12 Visits M1 to M12
Global Cognitive IES <001 —=— -0.51 (-0.68 - -0.3) <.0001
SDMT 0.18 — -0.47 (-0.76 - -0.15 0.01
MDRS 0.02 — - -0.41 (-0.68 - -0.09 < 0.001
Memory IES 0.02 —-— -0.37 (-0.53 --0.16 <0.01
Stroop Interference 0.04 — -0.37 (-0.67 - -0.07 0.02
Language IES 0.08 —— -0.36 (-0.54 - -0.1 <0.01
Categorical Fluency 0.09 — -0.32 (-0.6 - -0.03 0.08
Letter Fluenc 0.29 — -0.31 (-0.59 - -0.03) 0.02
Executive |E 0.05 —. -0.25 (-0.53 - 0.04 0.04
Visual IES 0.12 - -0.23 (-0.36 - -0.02) 0.04
Stroop Color 0.05 — -0.23 (-0.5 - 0.07 0.11
Stroop Word 0.02 — -0.21 (-0.52 - 0.1 0.17
HVLMT DR 0.24 — . -0.07 (-0.36 - 0.2 0.52
HVLMT IR 0.53 om -0.05(-0.33 - 0.22) 0.71
MTTTTITITTITT1
-06 -03 0 03 0.6
Repeated measures Cohens's d
B
HD Sample Sizes estimated per group, ;
for a 1-year clinical study at 90% Sample Sizes
15004 \ 30% Efficacy Variable 50% Efficacy
510 Global IES 184
584 210
689 MDRS 248
989 356
1004 Memory IES 361
1000 1025 Stroop Interference 369
1108 Letter Fluency 399
2439 Executive |IES 878
Visual IES 921

Sample Size

500

30 40 50 60 70 80

Efficacy

Figure 3 Effect sizes and Huntington’s disease sample size estimations at a power of 90%. Fifty-one Huntington’s disease and

40 control participants were included in this analysis. (A) Longitudinal Cohen’s d effect sizes and 95% confidence intervals for each cognitive test
between baseline and Month | (MI) and between M| and MI2 evaluations in 51 Huntington’s disease patients. (B) Huntington’s disease sample
size estimations at a power of 90% at 30 and 50% effectiveness. IES, Inverse Efficiency Score; HVLT, Hopkins Verbal Memory Test; SDMT, Symbol
Digit Modality Test.

functions, memory, visuo-perceptive function like in the neuroscience can distinguish the stages of perception, func-
CAPIT-HD, the CANTAB or the Huntington’s Disease— tion processing, decision-making and motor responses to
Cognitive Assessment Battery (HD-CAB).'> However, analyse the function of interest in statistical accumulation
none of them was able to provide a unique composite end- models.*” These models are not applicable in the type of

point reflecting the global cognitive capacity. Additionally, neuropsychological assessment we provide here, given the
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low amount of data by individuals. An alternative consists in
neutralizing the steps common to each condition by subtract-
ing the motor condition which also includes a perceptual and
decision phase and by analysing the remaining components,
namely, language, memory, visuo-spatial processing and ex-
ecutive functions. This is crucial as motor and cognitive cap-
acities may evolve differently following intracerebral
interventions*' or pharmaceutical treatment.** Motor de-
cline might mask possible benefits in clinical trials towards
improving attention, ** executive functions** or global cogni-
tive functioning.*>**® The response times obtained from the
motor subtest being significantly correlated with the Total
Motor Score® in the participants make the motor score a va-
lid motor baseline.

An additional principle of the neuroscience experiments
is the randomization.*” The sequence of the stimuli com-
bined with the participants’ fatigue may induce a bias. In
addition, participants in clinical studies are exposed subse-
quent times to evaluation. Therefore, the potential retest
effect is a major concern and might be decomposed be-
tween a familiarization effect and a learning effect.'® The
familiarization effect is inherent to any human activity;
the second time of acting is always easier than the first
one. The learning effect consists of the recall of the stimuli
of the experiments. In clinical trials, some participants may
have been exposed previously to the paper-and-pencil
tasks, while for others, the tasks are totally novel. Here,
to reduce the inherent discrepancy between previously ex-
posed (familiarized) and never exposed (unfamiliarized)
patients, we proposed a sequence of evaluation with MO
used to maximize the familiarization at M1. We thus
used a MO-M1 dual baseline to control for the familiariza-
tion effect and measured longitudinal decline by compar-
ing the M1-M12 assessments.'>'* To avoid the learning
effect, we conceived a stimuli randomization algorithm se-
lecting a set of 200 pictures appropriate for each task
among the 585 of our pictures’ bank; a new form is gener-
ated for each assessment while keeping the task demand
constant. To our knowledge, this strategy has never been
applied to cognitive clinical assessments. As a result, we
were able to show that the SelfCog is less prone to test-re-
test (or learning) effects than the paper-and-pencil test.
This was especially true for control participants who
showed none of the familiarization effects that are often
observed between the first and second visits. Nor did they
show a learning effect, as evidenced by the lack of improve-
ment in any subtasks over 12 months, even in the memory
subtask. All these design characteristics provide a remark-
able discriminant and convergent validities of individual
cognitive SelfCog’s scores in Huntington’s disease and
healthy control participants with coherent correlations of
performance of each cognitive performance in the
SelfCog and classical paper-and-pencil tests.

The translational perspective is a crucial issue in the devel-
opment of tests adapted to clinical trials, as demonstrated by
the success of the strategy under the development of the
CANTAB.*® Animal experiments simplify instructions and
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response mode as much as possible with non-verbal inputs
and outputs.*” The use of non-verbal stimuli in the SelfCog
could provide an opportunity for back-translation to pre-
clinical studies (except for the language subtest), which in
turn has the potential to enhance the validity of animal mod-
els. This is crucial for therapeutics development pro-
grammes, which could benefit from the use of tasks with
analogues in rodents, non-human primates and humans.**>*°

We have chosen to develop a digitized test to meet the re-
quirements of cognitive end-points needed to monitor the
evolution of symptoms in clinical trials. The review of
Mestre and collaborators® pointed out that none of the cog-
nitive scales used in Huntington’s disease met the criteria for
a ‘recommended’ status. In contrast with classical
paper-and-pencil cognitive tests, the digitized SelfCog bat-
tery provides a precise recording of accuracy and RT, which
enhances the cognitive evaluation. The speed-accuracy
trade-off makes it difficult to interpret between the RT slow-
down to avoid errors and RT increase without any concern
on their accuracy. To address the speed—accuracy trade-off
problem, we combined response times and accuracy in a sin-
gle score (IES), which showed greater sensitivity to change
than the two measures separately.'®’! We then assessed
the sensitivity of the SelfCog to measure cognitive decline
by conducting a longitudinal study in a subset of partici-
pants, as cross-sectional studies often lead to overestimation
of the sensitivity to detect a longitudinal change.”? IES of the
SelfCog estimated cognitive decline with the largest longitu-
dinal effect sizes compared to classical cognitive tests. This
decline was independent from study site or mother tongue.
IES also showed reduced longitudinal intra- and inter-subject
variability as evidenced by the relatively small confidence in-
tervals of their effect sizes. The global cognitive IES meets the
requirement to provide a single primary end-point to be used
in clinical trials.*'* Rather than providing an ad hoc con-
struct like the sum of the cognitive assessments of the
UHDRS which overweight the Stroop test,® it combines
with equal weight language, executive, visual and memory
functions. This allows intra- and inter-comparison of
participants’ cognitive performance over time, regardless of
their cognitive profile. Such balance presumably explains its
largest effect size compared to all other cognitive evaluation
within the study. The global SelfCog IES correlated with the
TEC functional score, which denotes its ecological validity.®
It may predict the participant’s capacity to behave in daily
life and highlights its relevance in Huntington’s disease.
The MDRS, SDMT and Stroop tests also well captured
cognitive change. However, the MDRS is a multidimensional
test of limited use nowadays for monitoring Huntington’s
disease symptoms because it suffers from a floor effect, of
translational difficulties and of too long assessment (taking
around 30 min to complete).’ Despite its efficacy in monitor-
ing the disease progression, the Stroop test is hampered
by reading capacities and cross-linguistic differences which
may explain the lack of systematic decline in longitudinal
studies.'? Finally, the SDMT, considered as one of the best
markers of decline in Huntington’s disease, combines visual,
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executive and motor functions, thus precluding their
disentangling.’?

Finally, a key aspect to cognitive assessment is their con-
sistency with the brain deterioration as shown by brain im-
aging. Both the SelfCog and the paper-and-pencil test
scores were associated with the brain atrophy and the struc-
tural impairment of the white matter pathways. This adds
evidence for the convergent validity of the battery. For ex-
ample, the scores of the memory subtest of the SelfCog and
the recall of the HVLMT were both associated with grey
matter volumes of the frontal regions involved in memory
performance. The striatum volume or the FA in the splenium
of the corpus callosum®*°* was associated with global IES,
the memory IES and the language IES scores and accuracy
of the SelfCog. In the longitudinal analysis, the rate of atro-
phy was associated with the evolution of the global cognitive
and visual accuracy and both language IES and accuracy.
The rate of brain atrophy of around 1% per year in
Huntington’s disease is similar to that reported by others.”?
Likewise, the change in fractional anisotropy in the splenium
of the corpus callosum over time was associated with the lan-
guage decline in the SelfCog, the corpus callosum being
known as particularly sensitive to early damage in
Huntington’s disease.>”*>=7

Our results support previous associations between re-
duced grey matter volumes in the occipital lobe and cognitive
impairment in Huntington’s disease.”*>*® However, at base-
line and longitudinally, the global cognitive score was not as-
sociated with striatal volumes. This might reflect that the
cognitive score reflects all cognitive functions including the
ones connected to the striatum but also to the cortex (im-
paired even at the premanifest stages). As mentioned earlier,
whereas the striatum is the best measurable marker of the
disease evolution as it requires less participants than the
other markers to demonstrate a decline, it does not exclude
that in the other structure the evolution is not linear and
may be asynergic. The full impact of the disease on the brain
including the cortex might be more difficult to capture. In
addition, the number of available MRI scanning was lower
to the behavioural scores, and such discrepancy might have
blurred the picture.

Conclusion

Overall, SelfCog provides a good balance of brevity, stand-
ardization and comprehensiveness for monitoring cognitive
functions in Huntington’s disease. It confirms the usefulness
of neuroscience principles in moving beyond current digi-
tized assessments based on paper-and-pencil task transla-
tion. The SelfCog composite global cognitive score could
be used as an end-point in clinical trials aiming to slow
down cognitive impairment progression or as a variable of
diagnostic or prognostic interest in the disease combined
with motor and psychiatric variables and possibly combined
with neuroimaging or biofluid biomarkers. In addition,
SelfCog allows a specific monitoring of each cognitive
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function and thus allows the detection of asynchronous evo-
lutions related to the variability of the disease or to the het-
erogeneity of the impact of Huntington’s disease
treatments.”” There are some limitations in this study. One
of them is the relatively small cohort size although being
able to detect the cognitive decline. Future studies need to
confirm our results in new cohorts of HD participants.
Despite this, the finding of large effect sizes and associations
with brain structure shows the potential of the task in asses-
sing and monitoring cognitive function. The coding of the
stimuli using a randomization algorithm allows for good
performance consistency between French, English and
German and makes translation into other languages plaus-
ible within a reasonable time frame. Moreover, in most clin-
ical trials targeting participants before the onset of the
disease, it would be important to verify its validity in pre-
manifest participants. Future studies should also examine
its validity in late-stage HD participants and its suitability
for a home-based follow-up of individuals with HD.
Currently, the SelfCog is likely to allow both screening
whether patients need a neuropsychological consultation
and repeated assessment to monitor subtle cognitive change
between hospital visits and in clinical trials. By addressing
the concern of the comparison of the progression of the dif-
ferent cognitive impairments while controlling the motor
component, the interpretation of the performance will be
simplified. Recognizing that Huntington’s disease exhibits
the triad of symptoms observed in most NDDs,** with pro-
gressive deterioration of cognitive, psychiatric and motor
functions, excellent applicability to other diseases can be as-
sumed. Future studies should assess the capacity of the
SelfCog to be sensitive to the different neurodegenerative
processes and to disease stage.

Supplementary material

Supplementary material is available at Brain Communications
online.
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