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Abstract

Background Cognitive decline in Huntington‘s disease (HD) remains an area of
inconsistencies, especially far from disease onset.
Objective To clarify the course of cognition in premanifest HD.
Methods Twenty-six premanifest HD, 19 manifest HD, and 87 control subjects
were followed for ten years, using an extensive cognitive battery. Differences in
baseline levels and change over time, on four factors (motor speed, global cog-
nition, executive functioning (EF), and memory) were examined, using multilevel
regression analyses. Converters were additionally analysed as a separate group.
Also, the influence of motor speed and predicted years to disease onset on the
cognitive factors was studied.
Results Manifest HD subjects showed lower baseline scores compared to controls
on the motor speed (p=0.002), memory (p<0.001) and EF (p<0.001). They
additionally deteriorated over the ten-year follow-up on memory (p=0.01). Con-
verters deteriorated on EF (p=0.04). Further analyses of premanifest subjects far
from and close to predicted onset revealed lower baseline scores for the close group
on EF, as compared to controls (p=0.001). They also deteriorated on memory
(p=0.01). Motor speed substantially mediated the results of the three cognitive
factors; when added as covariate to the model several baseline and slope differ-
ences for the cognitive factors ceased to be significant.
Conclusions Memory and EF are highly sensitive for ascertaining deterioration in
premanifest HD gene carriers, especially in subjects close to onset. Lack of dete-
rioration for the subjects further away from onset suggests that both domains are
largely unaffected in those far from onset. Also, motor influence on cognition is
substantial and should be taken into account in cognitive HD research.
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INTRODUCTION

Huntington‘s disease (HD) is an autosomal dominant neurodegenerative disease
causing selective neuronal damage resulting in motor abnormalities, psychiatric dis-
turbances and cognitive decline1. Due to its genetic basis subjects at risk for HD
can be tested for presence of the HD gene2. Consequently, gene carriers without a
clinical diagnosis of disease onset, so-called premanifest carriers, can be identified
and studied. In recent years the transition from premanifest to manifest HD has
become a main area of interest. As we move forward towards clinical trials with
possible disease modifying effects it is important to better understand the course
of HD symptoms, including that of cognition.

Since the localization of the HD gene3 a large number of studies on cognition in
premanifest HD have been published. Many cross-sectional studies have reported
differences between premanifest and control subjects, with defective emotion recog-
nition and reduced psychomotor speed being the most robust findings4 5 6. Con-
cerning attention, memory and executive functioning inconclusive findings have
been reported. For example, Verny et al.7 found premanifest deficits on executive
functioning and memory tasks compared to controls, whereas Witjes-An et al.8 and
Soliveri et al.9 did not report such differences. In subjects close to their predicted
age of disease onset, memory and executive deficits have been quite consistently
found. In individuals further from predicted onset results are less robust, although
psychomotor speed reduction and impaired emotion recognition have been ob-
served10 11.

Few studies have assessed cognitive functioning in HD during follow-up periods of
more than five years12 13 14 15, despite the potentially informative nature of longer
longitudinal studies, given the slow progressive nature of HD. These studies showed
large differences in the kind and extent of the included cognitive batteries, duration
of follow-up and number of participants included. Moreover, results are heteroge-
neous. Snowden et al.12 found that colour naming on the Stroop task declines,
Jurgens et al.15 reported diminished concentration on a subtest of the Wechsler
Memory Scale, in contrast to Brandt et al.13 who found no cognitive decline over
time.

As the development and progression of cognitive impairment associated with pre-
manifest HD remains an area of uncertainty, specifically in the period far from
disease onset, longitudinal research with substantial follow-up periods and com-
prehensive test batteries is important to increase our understanding of cognitive
functioning in this critical period in HD. We assessed cognitive functioning at five
time points during ten years of follow-up, allowing us to model the course of cog-
nitive functioning and to compare the decline of (pre)manifest HD subjects with
that of healthy controls. During the follow-up period we expect the HD groups
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to decline on tasks of memory and executive functioning compared to controls.
For further analyses the premanifest group will be divided in those who converted
to manifest disease over the study period, and those who remained premanifest.
Furthermore, we will investigate the difference in cognitive change between pre-
manifest HD subjects far from predicted disease onset and those close to onset as
compared to controls, as we hypothesized that the predicted duration until disease
onset at baseline is inversely associated with the rate of decline on certain cognitive
scores. The effect of motor functioning on cognition will also be investigated.

METHODS

Subjects

At baseline 134 subjects participated (46 gene-carriers, 88 controls)8 (Figure 1),
106 completed three-year follow-up16 and 72 participants completed seven-year
follow-up15. Ten-year follow-up was completed by 68 participants (26 gene carri-
ers, 42 controls). In this study we investigated all subjects over ten-year follow-up.
Gene carriers were grouped at baseline into either premanifest HD gene carriers or
manifest HD patients using the total motor score (TMS) of the Unified Hunting-
ton‘s Disease Rating Scale (UHDRS)17: subjects with scores below 6 points were
considered to be premanifest, scores of 6 and higher were considered manifest18.
Control subjects were tested non gene-carrying relatives.
Drop-outs over the ten-year period are described in Figure 1. Of the 134 subjects
one female gene-carrier was excluded from analyses as the TMS was not ascertained
at baseline, precluding a correct assignment to one of the HD groups. One male
control was excluded as he suffered from cardiovascular disease and consequent
cognitive dysfunction. The remaining 132 subjects were included and grouped as
follows: 19 manifest HD, 26 premanifest HD (of whom 5 converted to manifest
HD over the study period), and 87 control subjects.
Predicted years to disease onset were estimated using the formula by Langbehn
et al.19. The formula (age*(CAG repeat length-35.5)) was used to calculate dis-
ease burden for the HD groups. The sadness score of the UHDRS behavioural
section was used as depression measure. The study was approved by the local
ethics committee and all participants gave written informed consent according to
the Declaration of Helsinki.
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Figure 1: Flowchart of the participants and drop-outs over 10 years of follow-up

Procedure

Following the baseline visit subjects attended follow-up visits after 18 months,
three, seven and ten-years. During baseline, three and ten-year follow-up visits
an extended cognitive battery was administered. For 18 months and seven-year
follow-up a shorter battery was applied.
All participants underwent UHDRS motor, behavioral and functional assessments
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at all visits. The motor part was administered by a trained clinician. The cog-
nitive battery included tests objectifying almost all cognitive domains. For global
functioning the Mini Mental State Examination (MMSE) and the Wechsler Adult
Intelligence Scale revised (WAIS-R) were used, the latter generating a total intelli-
gence quotient (TIQ), performance (PIQ) and verbal (VIQ) intelligence quotients.
Memory tests included the Wechsler Memory Scale (WMS) and the Dutch ver-
sion of the California Verbal Learning test, namely the ‘Verbale Leer- en Geheugen
test (VLGT)’. From the WMS a memory quotient (MQ) can be derived. The
VLGT consists of a main list to be learned (list A) and directly reproduced, and
an interference condition (list B). Subjects are tested on direct recall, short term
recall, long term recall and long term recognition. The Boston Naming (BNT)
task was used for measuring picture naming abilities. For executive functioning
the Stroop test (color, word and interference conditions), Symbol Digit Modalities
test (SDMT), letter fluency (‘f’, ‘a’, ‘s’), and Trail Making test (TMT) (A and
B) were used. A reaction time (RT) test, where participants were instructed to
react as quickly as possible by releasing a ‘rest’ button and pressing a reaction
button after hearing a tone (condition 1, 14 times) and seeing a light (condition
2, 14 times), was administered resulting in a RT score, from now on referred to
as ‘motor speed’. For detailed description of study procedures see Witjes-Ané et
al.8.

Statistical analyses

IBM SPSS for Windows 20.0 was used for data analysis. Group comparisons
for demographic variables were done using ANOVA, χ2 and Kruskal-Wallis tests
for continuous, categorical and skewed data, respectively. Data pre-processing
involved reverse coding for TMT A&B and RT and logarithm (loge) transforma-
tion of non-normally distributed scores (i.e. TMT A&B, MMSE, BNT, and the
short- and long-term recall and recognition subtests of the VLGT). For longitudinal
analyses all cognitive scores were standardized to z-scores. These z-scores were
subsequently combined into factors by averaging the component test results.
To make the data on the extensive cognitive battery more comprehensible and to
reduce Type I error caused by multiple testing (19 individual cognitive tests were
administered) we decided to perform a factor analysis to combine inter-correlated
cognitive tests into factors. Based on results from previous cognitive studies in HD,
we were interested in the progression of performance on one motor construct and
three cognitive constructs (global cognitive functioning, memory, executive func-
tioning) in our cohort. The tests that are known, according to existing cognitive
HD research, to capture these constructs were pre-selected to be entered in the
factor analysis. The correlation coefficients of the variables had to be substantially
large (correlation coefficient 0.30) to be assigned to a specific factor. Principal
components analysis (using varimax orthogonal rotation) revealed four factors: (1)
‘motor speed’ (i.e., RT z-score) (2) ‘global cognition’ (composed of WAIS TIQ,
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MMSE, verbal fluency), (3) ‘memory’ (composed of WMS MQ, VLGT list A, list
B, short- and long-term recall and recognition) and (4) ‘executive functioning’
(composed of SDMT, Stroop interference, TMT B).
Because the time points were dependent for each participant, multilevel regression
analyses (i.e. linear mixed models) were used to investigate differences in baseline
levels and slopes between groups on the four factors. Firstly, a crude model was
constructed (model 1). Secondly, a multivariate model was constructed adjusting
for age, gender, and the three categories of education (model 2). Lastly, we re-
peated the multilevel regression analyses for the three cognitive factors, in which
we additionally adjusted for motor speed, in order to study the pure effect indepen-
dent from the decline in reaction time20 (model 3). We calculated the strength
of the mediating effects of motor speed by averaging the percentage change in
beta-coefficients of the significant test results between models 2 and 3. In the
multilevel analyses we used a compound symmetry covariance structure consisting
of up to five time points (i.e. lower level) and the subjects (i.e. higher level).
The four factors were used as continuous variables, and standardized mean differ-
ences versus controls (with standard error [SE]) are presented (Figure 2). Main
analyses compared the whole premanifest HD group and the manifest HD group
to controls for differences at baseline and rate of decline (i.e. slope; time*group
interaction effects). Secondary analyses involved the premanifest HD group being
divided into those who continued to be premanifest during the study, i.e. contin-
ual premanifest HD, and those who converted to manifest HD, i.e. converters, for
comparison to controls. Additionally, the subjects whom were in the premanifest
HD group at baseline were divided into ‘close to onset’ and ‘far from onset’ using a
median-split of ‘predicted years to onset’ (median is 15.2 years), and compared to
controls to test for possible influence of closeness to predicted disease onset on the
cognitive factors. Post-hoc multilevel analysis on the separate cognitive tests were
performed to investigate which cognitive tests are responsible for significant results
in the factor analyses. Beta-coefficients in the tables can be interpreted as follows:
baseline differences refer to how many standard deviations an HD group differs
from the controls at baseline, and slope differences refer to how many standard
deviations the change in the HD groups differed from the change in the control
group over the ten-year period. All tests were two-tailed with p<0.05 denoting
statistical significance.
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Figure 2: Scores for continual premanifest HD, converters, manifest HD and controls on
the cognitive factors over 10-years of follow-up
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RESULTS

Baseline demographics

The mean (± SD) age at baseline of the whole group of HD subjects combined
was 39 (± 11) years and 64% were female (Table 1). At baseline the groups
were comparable for gender, educational level, total functional capacity (TFC),
and depression scores. premanifest HD subjects were younger than manifest HD
(p=0.03) and control (p=0.04) subjects. The manifest HD group had a higher
TMS than the controls (p<0.001). The burden of the manifest HD subjects was
higher compared to the premanifest HD subjects (p=0.008). Raw cognitive scores
are given in supplementary Table 1.
The subjects who completed the ten-year follow-up (n=68) were comparable to the
drop-outs (n=64) on age at baseline (p=0.92), gender (p=0.48) and education
(p=0.12). The drop-outs showed lower TFC (p=0.006) and higher TMS scores
(p=0.02) (data not shown).

Table 1: Baseline demographics for the groups

Controls
N=87

Premanifest HD
N=26

Manifest HD
N=19

p-value

Age, yrs 42 (11) 35 (7) 44 (14) 0.02
Gender, m/f 39 (45)/48 (55) 7 (27)/19 (73) 9 (47)/10 (53) 0.23
CAG repeat length 20 (4) 43 (3) 44 (3) <0.001
Higher education 27 (31) 9 (35) 4 (21) 0.12
Depression score 0 (0; 1) 0 (0; 2) 0 (0;1) 0.06
TMS 6 (7) 3 (2) 18 (8) <0.001
TFC 13 (13;13) 13 (13;13) 13 (13;13) 0.06
Disease burdena 259 (89) 332 (79) 0.008
Predicted onsetb, yrs 16 (8)

Note. Data are mean (SD) for continuous variables, number (%) for gender and education and
median (interquartile range) for TFC and depression score. ANOVA was used for comparisons of
age, CAG and TMS variables χ2-tests for gender and education variables and Kruskal-Wallis tests
for depression score and total functional capacity variable. TFC = total functional capacity, TMS
= total motor score. aBased on formula ‘(CAG-35.5)*age)’ by Penney et al. (1997). bBased on
survival analysis formula by Langbehn et al. (2004).

Baseline differences and change over time for premanifest HD
and manifest HD on the four factors

The baseline differences and change over the ten-year follow-up period for the pre-
manifest HD and manifest HD groups compared with the controls are presented
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in Table 2. The analyses adjusted for age, gender and education showed lower
baseline scores for the manifest HD group on the motor speed factor (Table 2B).
The scores were on average 0.72 SD (SE=0.22; p=0.002) lower than the scores of
the controls. For the executive functioning and memory factors the same pattern
was found; for executive functioning factor the scores were 0.79 SD (SE=0.17;
p<0.001) lower and for the memory factor 0.61 SD (SE=0.17; p<0.001) lower.
Only for the latter factor both HD groups showed a difference in change over time
compared to that of controls. The manifest HD group deteriorated with on average
0.61 SD (SE=0.24; p=0.01) over ten-year follow-up. The premanifest HD group
deteriorated with 0.32 SD (SE=0.15; p=0.04). Post-hoc analysis to investigate
which individual cognitive tests caused significant factor results revealed that for
the memory factor both short and long term memory on the VLGT and the WMS
MQ showed lower baseline scores for the manifest subjects compared to the controls
(SD between 0.79 and 0.69, p-values between 0.001 and <0.001) (Supplementary
Table 2A). Concerning change over time the premanifest subjects deteriorated on
long term recognition of the VLGT (0.48 SD [SE=0.23, p=0.04]), and the man-
ifest subjects deteriorated in the WMS MQ (0.70 SD [SE=0.23; p=0.003]). The
significant baseline difference on the executive functioning factor was driven by
worse baseline scores for the SDMT (0.85 SD [SE=0.20; p<0.001]) and TMT-B
(0.77 SD [SE=0.20; p<0.001]).

To partition out the influence of motor functioning on cognition motor speed was
added as an additional covariate to the multilevel regression analyses on the cog-
nitive factors (Table 2C). Now, only the manifest HD group showed lower baseline
scores compared to controls on the executive functioning (-0.73 SD (SE=0.17);
p<0.001) and memory (-0.62 (SE=0.17); p<0.001) factors. The adjustment for
motor speed resulted in a reduction in size of the statistically significant beta-
coefficients by on average 20.2%. This indicates a substantial mediating effect of
the reduction in motor speed over time on the cognitive factors. Supplementary
Table 2B shows the data of the individual cognitive tests adjusted for age, gender,
education and the motor factor. Here, post-hoc analyses revealed that the memory
factor was driven by significant baseline differences for the manifest group com-
pared to the controls on both the direct and the short and long term recall of the
VLGT (SD between 0.76 and 1.08; p-values between 0.01 and <0.001) and the
WMS MQ (0.75 SD [SE=0.21; p<0.001). The executive functioning factor was
driven by worse baseline scores for the manifest group on both the SDMT (0.82
SD [SE=0.20; p<0.001]) and the TMT-B (0.74 SD [SE=0.21; p<0.001]).
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Table 2: Changes over 10-year follow-up in cognitive and motor factors
for premanifest and manifest HD compared to controls

Controls
N=87

Premanifest HD
N=26

Manifest HD
N=19

p-value

2a Crude

Motor

Baseline difference Ref. -0.16 (SE 0.20) -0.80 (SE 0.24)** 0.004
Slope difference Ref. -0.13 (SE 0.18) 0.27 (SE 0.34) 0.51

Global Cognition
Baseline difference Ref. 0.00 (SE 0.15) -0.39 (SE 0.17) 0.08
Slope difference Ref. -0.03 (SE 0.13) -0.49 (SE 0.21) 0.07

Executive functioning

Baseline difference Ref. -0.12 (SE 0.18) -0.95 (SE 0.20)*** <0.001
Slope difference Ref. 0.12 (SE 0.10) -0.26 (SE 0.16) 0.08

Memory

Baseline difference Ref. -0.03 (SE 0.15) -0.68 (SE 0.18)*** 0.001

Slope difference Ref. -0.34 (SE 0.15)* -0.60 (SE 0.24)* 0.01

2b. Adjusted age, gender, education

Motor

Baseline difference Ref. -0.08 (SE 0.20) -0.72 (SE 0.22)** 0.007
Slope difference Ref. -0.13 (SE 0.18) 0.25 (SE 0.34) 0.55

Global Cognition
Baseline difference Ref. 0.04 (SE 0.14) -0.32 (SE 0.16) 0.12
Slope difference Ref. -0.03 (SE 0.13) -0.51 (SE 0.21) 0.05

Executive functioning

Baseline difference Ref. -0.27 (SE 0.16) -0.79 (SE 0.17)*** <0.001
Slope difference Ref. 0.11 (SE 0.10) -0.28 (SE 0.16) 0.08

Memory

Baseline difference Ref. -0.08 (SE 0.15) -0.61 (SE 0.17)*** 0.002

Slope difference Ref. -0.32 (SE 0.15)* -0.61 (SE 0.24)* 0.007

2c. Adjusted age, gender, education, motor speed

Global Cognition
Baseline difference Ref. 0.03 (SE 0.14) -0.28 (SE 0.16) 0.21
Slope difference Ref. 0.06 (SE 0.14) -0.49 (SE 0.25) 0.11

Executive functioning

Baseline difference Ref. -0.25 (SE 0.15) -0.73 (SE 0.17)*** <0.001
Slope difference Ref. 0.11 (SE 0.10) -0.21 (SE 0.19) 0.24

Memory

Baseline difference Ref. -0.12 (SE 0.15) -0.62 (SE 0.17)*** 0.002
Slope difference Ref. -0.17 (SE 0.15) -0.44 (SE 0.28) 0.20

Note. Data are standardized mean differences versus controls (standard errors). In all multilevel

regression analyses a compound symmetry covariance matrix (CS) was used. * p<0.05, ** <0.01,
*** <0.001 indicate significant differences compared to the control group in post-hoc tests.
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Table 3: Changes over 10-year follow-up in cognitive and motor factors for premanifest subgroups compared to
controls

Controls
N=28

PMHD
N=21

MHD
N=40

P-value Controls
N=28

Close
N=10

Far
N=11

P-value

3A. Continual premanifest subjects and converters
compared to control subjects

3B. Premanifest subjects close to and far from
predicted disease onset compared to control subjects

Motora

Baseline diff. Ref. 0.03 (SE 0.22) -0.16 (SE 0.39) 0.90 Ref. 0.15 (SE 0.26) -0.16 (SE 0.26) 0.63
Slope diff. Ref. -0.08 (SE 0.19) -0.36 (SE 0.41) 0.64 Ref. 0.04 (SE 0.22) -0.42 (SE 0.27) 0.25

Global Cognitiona

Baseline diff. Ref. 0.08 (SE 0.16) -0.04 (SE 0.28) 0.86 Ref. 0.11 (SE 0.19) -0.01 (SE 0.19) 0.83
Slope diff. Ref. 0.06 (SE 0.14) -0.36 (SE 0.25) 0.30 Ref. 0.07 (SE 0.16) -0.14 (SE 0.17) 0.60

Executive functioninga

Baseline diff. Ref. -0.29 (SE 0.17) -0.14 (SE 0.30) 0.22 Ref. 0.11 (SE 0.19) -0.64 (SE 0.19)**0.003

Slope diff. Ref. 0.27 (SE 0.10)* -0.59 (SE 0.19)**<0.001 Ref. 0.04 (SE 0.12) 0.18 (SE 0.14) 0.40
Memorya

Baseline diff. Ref. -0.15 (SE 0.16) 0.06 (SE 0.28) 0.62 Ref. -0.13 (SE 0.19) -0.08 (SE 0.19) 0.75

Slope diff. Ref. -0.21 (SE 0.16) -0.83 (SE 0.30) 0.02 Ref. -0.16 (SE 0.19) -0.53 (SE 0.21)* 0.04

Table continues on next page.
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Table 3: (Continued) Changes over 10-year follow-up in cognitive and motor factors for premanifest subgroups
compared to controls

Controls
N=28

PMHD
N=21

MHD
N=40

P-value Controls
N=28

Close
N=10

Far
N=11

P-value

3A. Continual premanifest subjects and converters
compared to control subjects

3B. Premanifest subjects close to and far from
predicted disease onset compared to control subjects

Global Cognitionb

Baseline diff. Ref. 0.06 (SE 0.16) -0.07 (SE 0.28) 0.90 Ref. 0.08 (SE 0.19) -0.03 (SE 0.19) 0.90
Slope diff. Ref. 0.12 (SE 0.14) -0.24 (SE 0.30) 0.47 Ref. 0.08 (SE 0.16) 0.03 (SE 0.20) 0.88

Executive functioningb

Baseline diff. Ref. -0.27 (SE 0.17) -0.16 (SE 0.29) 0.25 Ref. 0.08 (SE 0.19) -0.60 (SE 0.19)**0.004

Slope diff. Ref. 0.21 (SE 0.11) -0.46 (SE 0.22)* 0.01 Ref. 0.01 (SE 0.12) 0.25 (SE 0.15) 0.25
Memoryb

Baseline diff. Ref. -0.19 (SE 0.16) -0.04 (SE 0.28) 0.51 Ref. -0.14 (SE 0.19) -0.17 (SE 0.19) 0.57
Slope diff. Ref. -0.15 (SE 0.16) -0.31 (SE 0.33) 0.47 Ref. -0.13 (SE 0.18) -0.25 (SE 0.22) 0.45

Note. Data are standardized mean differences versus controls (standard errors). In all multilevel regression analyses a compound symmetry

covariance matrix (CS) was used. * p<0.05, ** <0.01, *** <0.001 indicate significant differences compared to the control group in post-hoc
tests. a is adjusted for age, gender, education; b is adjusted for age, gender, education, motor speed.
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Baseline differences and change over time for continual pre-
manifest HD and converters on the four factors

Next we analysed converters (n=5) separated from the continual subjects preman-
ifest HD (n=21). The baseline and slope data for the analysis with the converters
separated from the original premanifest HD group are shown in Table 3A. Figure
2 depicts data for all four groups. The analysis adjusted for age, gender and edu-
cation showed a deterioration over time on the executive functioning factor for the
converter group (-0.59 SD (SE=0.19); p=0.002) as compared to controls, while
the continual premanifest HD group improved with on average 0.27 SD (SE=0.10;
p=0.01) compared to controls. The converters group also deteriorated over time
on the memory factor, with 0.83 SD (SE=0.30; p=0.006).
Post-hoc analysis on the individual cognitive tests adjusted for age, gender and
education (Supplementary Table 3A) showed the significant slope difference for
memory factor was caused by significant deterioration for the converter group
compared to the controls on the WMS MQ of 0.88 SD (SE=0.27; p=0.001). The
executive functioning factor was driven by the SDMT, where the converters dete-
riorated with on average 0.70 SD (SE=0.26, p=0.008).

With the introduction of motor speed as additional covariate the deterioration
for the converter group, now 0.46 SD (SE=0.22, p=0.04), remained (Supplemen-
tary table 3B). The improvement of the continual premanifest HD group of now
0.21 SD (SE=0.11, p=0.052) was only borderline significant. Post-hoc analyses
on component tests of the executive functioning factor revealed that the deterio-
ration for the converter group was solely caused by lower scores for this group on
the SDMT, of on average 0.64 SD (SE=0.30, p=0.04).

Baseline differences and change over time for subjects close to
and far from predicted disease onset compared controls on the
four factors

Table 3B presents the baseline and slope differences of the motor speed and cog-
nitive factors for the premanifest HD group divided into close to and far from
predicted disease onset. For the executive functioning factor, analysis adjusted
for age, gender and education showed lower baseline scores for the close to onset
group of 0.64 SD (SE=0.19; p=0.001) compared to controls. The ‘close’ group
also showed a deterioration over the ten-year follow-up of 0.53 SD (SE=0.21;
p=0.01) on the memory factor compared to controls. Investigation of the indi-
vidual cognitive tests making up the factors revealed that the significant slope
difference for the memory factor was based on the ‘close’ group deteriorating with
on average 0.61 SD (SE=0.19); p=0.001) compared to controls over the ten-
year follow-up (Supplementary Table 4A). Significant baseline differences on the
executive functioning factor were the result of lower baseline scores of 0.77 SD
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(SE=0.23; p=0.001) for the ‘close’ group compared to the control group on the
SDMT.

When motor speed was added to the analyses on the cognitive factors results
showed that lower baseline scores for the close to onset group on the executive
functioning factor persisted. The scores were on average 0.60 SD (SE=0.19;
p=0.002) lower as compared to control subjects. Again, this result was mainly
based on the ‘close’ group scoring 0.73 SD (SE=0.22; p=0.001) lower on the
SDMT compared to the controls (Supplementary Table 4B).

DISCUSSION

The present study reports on ten-year follow-up of cognitive functioning in preman-
ifest and manifest HD. We found that manifest HD subjects scored significantly
worse than controls on the factors of motor, executive functioning and memory.
Over the ten-year follow-up they also showed deterioration on the memory factor,
while change over time on the other factors was comparable to that of controls.
Additionally, the premanifest subjects who converted to manifest disease were the
only group to show significant deterioration over the ten-year follow-up period
compared to the control subjects on the executive functioning factor and to lesser
extent on the memory factor, whereas the premanifest participants who remained
without clinical diagnosis showed no such change.

That the manifest HD group had lower mean baseline scores on the motor speed,
executive and memory factors is not surprising as deficits in these areas of func-
tioning are well established21 22. Longitudinally, this group showed deterioration
on the memory factor, which is in line with other longitudinal studies on cognition
in manifest HD15 23. When we controlled for motor functioning all factors ceased
to show deterioration for this group. That in our fully adjusted model the deterio-
ration on all cognitive factors did not differ from that of the control group seems
counterintuitive, due to the neurodegenerative nature and the known cognitive
deficits in manifest HD24. The most likely explanation is the selective attrition
that takes place in longitudinal studies, where the subjects most vulnerable to
cognitive decline have a larger chance of becoming lost to follow-up. Indeed, in
our manifest HD group 14 out of the initial 19 were lost to follow-up, which likely
resulted in a pronounced underestimation of the cognitive decline in this group.

The cognitive course over time for the subjects who were premanifest at baseline
was most remarkable. Those who converted to manifest disease showed deteri-
oration on both the memory and the executive functioning factors, as compared
to controls. The decline on the executive factor was however most pronounced,
a decline that was even greater than that of the manifest subjects. These results
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are supported by the findings of Solomon et al.14 who also performed a ten-year
follow-up study. They used three cognitive tasks (i.e. subtests from the WAIS-
R) and six motor and psychomotor tasks and found that their converter group
showed greater rates of decline on the motor and psychomotor tasks compared
with non-converters. Similarly, Rupp et al.25 also reported faster deterioration for
their converter group, especially in tests of psychomotor abilities.
In contrast, the subjects in our study who remained premanifest over the ten year
follow-up showed no deterioration on any of the cognitive factors or the individual
cognitive tests. They even showed a slight improvement over time on the executive
functioning factor compared to controls, which was lessened to borderline signifi-
cant when we introduced the motor speed factor to the analysis. This result could
reflect a biphasic or non-linear pattern of progress of executive functioning, where
premanifest subjects are able to maintain test requirements to the same, or even
better, extent as controls, but where a rapid decline occurs close to or directly
after disease onset. Non-linear progression of premanifest test performance has
also been suggested by other authors. Snowden et al.12 and Paulsen et al.26 found
that decline on certain cognitive measures (i.c. memory and executive functioning)
seems to accelerate close clinical disease onset. Rupp and colleagues also observed
an improvement for their premanifest group, which was far from predicted disease
onset25. Rupp et al. attributed this to learning effects, however, this is a less likely
explanation for our premanifest group as no significant improvement was found on
the other factors. However, the influence of practice effects cannot be ruled out,
especially since alternative versions were only available and used for certain, but
not all, tests (i.c. SDMT and TMT). As Duff et al. have demonstrated27, the
influence of practice effects in repeated testing should be considered as a clarifica-
tion for our results. Another explanation could again be the selective drop-out of
subjects who are cognitively and functionally already impaired, even though only 4
of the original premanifest subjects were lost to follow-up. Overall, our results indi-
cate that tests of memory, and to a somewhat larger extent, executive functioning
are likely to be most sensitive to subtle deteriorations during the premanifest and
transition phases of HD.

Splitting the original premanifest group (including those who converted to mani-
fest HD over time) into ‘far’ (more than 15.2 years from predicted disease onset)
and close (15.2 or less years to onset) strengthened our hypothesis of non-linear
progression for the memory and executive functioning factors. We found worse
performance for the close group compared to the control group. This finding
implicates that cognitive decline, and more specifically executive dysfunctioning
and memory decline, is present and can be detected even before overt (motor-
symptomatic) disease onset, an assumption that is also shared by other authors28.
Our findings strengthen the idea proposed by Papp et al.11 amongst others, that
premanifest subjects should not be regarded as one group, but that at least two
different subgroups (i.e. close to and far from predicted disease onset) exist that in-
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deed demonstrate different cognitive profiles. Further analyses revealed that poorer
performance on the SDMT contributed most to executive dysfunction. This finding
corroborates other findings where the SDMT proved most sensitive to the earliest
cognitive change in premanifest HD23 29 30. Our results suggest that the SDMT
is a sensitive instrument to track disease progression over time, especially around
clinical onset.

Besides the progression of cognitive factors over a ten-year period we were also
interested in the effect that motor functioning has on cognition, especially in the
premanifest phase of HD. As for most cognitive tests some kind of motoric response
(e.g. writing, drawing, speaking) is required, and as subtle motor disturbances have
already been found in premanifest groups20 31, this effect is worth investigating.
We approached this by using the test that we hypothesized to be mainly motoric
and relatively free of cognitive effort; the simple reaction time (RT) test (i.e. re-
sponding as quickly as possible to a tone or a light in two separate conditions by
pushing a response button) as a covariate in our analyses. We found evidence
for substantial mediating effects of motor speed on all three cognitive factors.
When we adjusted for motor speed, results on particularly the global cognition and
memory factors ceased to be significant. Also, p-values became less significant.
That differences weaken and disappear with the introduction of a motor measure,
underlines the importance of taking this motor influence into account while inves-
tigating cognition in HD. Studies that do not take into account the influence of
motor function in the HD groups could potentially result in an overestimation of
the ‘pure’ cognitive effect.
This is one of the few cognitive studies where the effect of motor functioning on
cognitive test scores is quantitatively studied. However, we acknowledge that the
choice for motor speed was an arbitrary choice and that we did not a-priori in-
vestigate whether this variable indeed (only) measures motor speed. There is a
possibility that this variable also measures some kind of cognitive construct as our
memory results were also affected by the introduction of the motor speed variable.
Memory tasks are often less dependent on motor abilities than executive tasks, as
they often only require a verbal response. On the other hand, from our supple-
mentary data on the individual cognitive tests we can see that the WMS MQ is
especially affected by the introduction of the motor speed variable. One of the
sub-tests making up the WMS MQ is visual reproduction, where the patients is
required to draw from memory, and this element could be especially sensitive to
motor speed influence. The other memory tests, e.g. direct and long term recall
from the VLGT, seem to be less affected by the introduction of the motor vari-
able, strengthening our hypothesis that we are controlling for motor functioning.
Nonetheless, future research is needed to more thoroughly investigate the potential
influence of motor functioning on cognitive testing.

However, we feel that our attempt to quantify the influence of motor functioning on
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cognitive scores has provided some interesting insights on differential influences on
cognitive measures in HD, even though our results should be interpreted with cau-
tion. If our hypothesis that our motor factor measures pure motor speed is correct,
our results indicate that commonly used tests for global functioning and memory
used in HD are sensitive for the progressive motor disturbances characteristic for
HD, which reduces their ability to pick up cognitive decline. It is unlikely that
no decline on these measures occurs in the premanifest phase, as memory decline,
and to a lesser extent also global functioning decline, have consistently been found
in premanifest HD gene carriers24 32 33. Indeed, without the correction for motor
speed, both converters and subjects close to predicted disease onset also showed
deterioration compared to controls on the memory factor. Our findings suggest
however, that these results could have been mediated by motor functioning and
are likely to be smaller in extend. Nonetheless, tests of executive functioning, and
the SDMT in particular, do show sensitivity for motor disturbances, but remain
sensitive enough to pick up cognitive decline, which makes them best suited for
use in longitudinal follow-up studies and clinical trials.

Our study adds to the existing literature as one of the longest follow-up stud-
ies on cognition in both manifest and premanifest HD. The diverse battery of
cognitive tests is also a strong aspect of this study. Moreover, adjusting for the
influence of motor speed has provided insights about the negative impact of motor
functioning on cognition. However, some limitations have to be mentioned. Dur-
ing the study half of the initial participants were lost to follow-up, introducing a
potential attrition bias. Therefore, results of both manifest subjects and converters
should be interpreted with caution as the numbers in these groups were small and
variability in test scores is substantial. Additionally, the influence of medication
use (e.g. neuroleptics) was not investigated in this study, even though the effect
can be both beneficial and disadvantageous. To avoid overestimation of results,
future studies are advised to administer a motor task alongside cognitive tasks, to
be able to disentangle the influence of motor disturbances on cognitive functioning
in HD.

We conclude that both memory and executive functioning are sensitive in pick-
ing up premanifest decline in subjects close to their predicted disease onset. The
latter cognitive domain is specifically sensitive, with the SDMT proven to be the
most sensitive individual test. Our results imply that the course of executive func-
tioning in the premanifest stage is not uniform and that in subjects furthest away
from disease onset changes are difficult to detect. Additionally, we have found
evidence for influence of motor speed on cognitive outcome measures.
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Table 4: Supplementary table: Raw cognitive test scores at baseline and ten-year follow-up

Baseline Ten-year follow-up
Controls
N=87

Continual
Premani-
fest HD
N=21

Converters
N=5

Manifest
HD
N=19

Controls
N=42

Continual
Premani-
fest HD
N=17

Converters
N=4

Manifest
HD N=5

MMSE 29 (28;29) 28 (28;29) 29 (28;29) 28 (27;29) 29 (28;30) 29 (28;30) 29 (28;30) 28 (27;28)
SDMT 52 (9) 50 (10) 51 (17) 42 (12) 52 (8) 52 (7) 48 (10) 38 (16)
Verbal fluency 32 (11) 34 (10) 33 (14) 32 (9) 36 (12) 41 (14) 35 (7) 26 (12)
Stroop colour 76 (12) 75 (9) 76 (15) 67 (15) 79 (12) 79 (11) 64 (25) 66 (18)
Stroop word 100 (16) 99 (14) 93 (9) 94 (22) 103 (15) 102 (11) 76 (22) 86 (23)
Stroop interf. 44 (8) 43 (9) 46 (10) 39 (13) 46 (10) 47 (9) 41 (10) 38 (14)
TMT A (sec.) 32 (10) 38 (13) 35 (21) 48 (21) 27 (8) 26 (8) 38 (23) 44 (18)
TMT B (sec.) 54 (19) 57 (21) 54 (25) 87 (42) 49 (18) 51 (27) 69 (48) 84 (43)
VLGT list A 58 (9) 59 (9) 54 (7) 48 (11) 56 (13) 57 (12) 48 (18) 50 (12)
VLGT list B 7 (2) 7 (2) 9 (2) 7 (2) 6 (2) 7 (2) 6 (2) 5 (3)
VLGT ST recall 13 (12;15) 13 (11;15) 13 (9;14) 13 (11;13) 13 (10;15) 13 (10;14) 7 (5;7) 10 (9;10)
VLGT LT recall 13 (11;15) 14 (11;15) 12 (11;15) 10 (8;14) 14 (12;15) 14 (12;15) 8 (4;8) 11 (10;11)
VLGT LT recog. 15 (15;16) 16 (15;16) 15 (15;16) 15 (14;16) 16 (15;16) 16 (15;16) 15 (11;15) 13 (12;13)
Boston naming 27 (25;28) 27 (26;28) 29 (25;29) 26 (24;27) 27 (25;28) 26 (26;28) 29 (27;29) 28 (26;29)
WMS MQ 120 (13) 114 (17) 118 (13) 109 (18) 131 (12) 122 (18) 114 (23) 107 (12)
WAIS TIQ 104 (11) 101 (14) 104 (14) 95 (12) 114 (13) 110 (15) 109 (19) 101 (5)
WAIS PIQ 105 (11) 104 (13) 101 (12) 94 (14) 117 (14) 117 (12) 108 (18) 101 (13)
WAIS VIQ 103 (10) 99 (14) 106 (15) 96 (11) 110 (10) 104 (14) 109 (17) 98 (11)
Reaction time 418 (65) 432 (84) 435 (91) 473 (108) 450 (104) 488 (106) 457 (46) 432 (52)

Note. Data are standardized mean differences versus controls (standard errors). In all multilevel regression analyses a compound symmetry

covariance matrix (CS) was used. * p<0.05, ** <0.01, *** <0.001 indicate significant differences compared to the control group in post-hoc
tests. LT=long term, MMSE=mini mental state examination, PIQ=performal intelligence quotient, SDMT=symbol digit modalities test,
ST=short term, TIQ=total intelligence quotient, TMT=trail making test, VIQ=verbal intelligence quotient, VLGT=verbale leer- en geheugen
test, WAIS=Wechsler adult intelligence scale, WMS MQ=Wechsler memory scale memory quotient.
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Table 5: Supplementary table: Changes over ten-year follow-up on cognitive tests for premanifest HD and manifest
HD subjects compared to controls

Controls
N=87

Premanifest HD
N=26

Manifest HD
N=19

P-value Premanifest HD
N=26

Manifest HD
N=19

P-value

A. Adjusted - Age, gender, education B. Adjusted - Age, gender, education, motor speed

MMSE
Baseline diff. Ref. -0.18 (SE 0.16) -0.31 (SE 0.19) 0.19 -0.16 (SE 0.17) -0.25 (SE 0.19) 0.32
Slope diff. Ref. 0.02 (SE 0.23) -0.53 (SE 0.36) 0.33 0.09 (SE 0.24) -0.43 (SE 0.44) 0.54

SDMT

Baseline diff. Ref. -0.29 (SE 0.19) -0.85 (SE 0.20)***<0.001 -0.28 (SE 0.18) -0.82 (SE 0.20)***<0.001
Slope diff. Ref. 0.08 (SE 0.14) -0.23 (SE 0.22) 0.43 0.08 (SE 0.14) -0.13 (SE 0.27) 0.72

Verbal fluency
Baseline diff. Ref. 0.27 (SE 0.22) 0.03 (SE 0.24) 0.47 0.22 (SE 0.21) 0.05 (SE 0.24) 0.58
Slope diff. Ref. 0.02 (SE 0.15) -0.54 (SE 0.24) 0.08 0.08 (SE 0.16) -0.48 (SE 0.30) 0.19

Stroop colour

Baseline diff. Ref. -0.15 (SE 0.20) -0.68 (SE 0.22)** 0.01 -0.12 (SE 0.20) -0.60 (SE 0.22)** 0.02
Slope diff. Ref. -0.08 (SE 0.14) -0.18 (SE 0.24) 0.69 -0.02 (SE 0.15) -0.12 (SE 0.28) 0.91

Stroop word
Baseline diff. Ref. -0.31 (SE 0.23) -0.41 (SE 0.29) 0.20 -0.29 (SE 0.22) -0.35 (SE 0.28) 0.26
Slope diff. Ref. 0.19 (SE 0.14) -0.15 (SE 0.24) 0.28 0.25 (SE 0.15) -0.09 (SE 0.29) 0.22

Stroop interference
Baseline diff. Ref. -0.26 (SE 0.21) -0.51 (SE 0.26) 0.1 -0.22 (SE 0.20) -0.38 (SE 0.26) 0.24
Slope diff. Ref. -0.03 (SE 0.01) 0.16 (SE 0.16) 0.16 0.20 (SE 0.17) -0.44 (SE 0.32) 0.14

TMT A

Baseline diff. Ref. -0.25 (SE 0.13) -0.36 (SE 0.15)* 0.03 -0.25 (SE 0.13) -0.35 (SE 0.15)* 0.02
Slope diff. Ref. 0.10 (SE 0.15) -0.47 (SE 0.24) 0.09 0.22 (SE 0.16) -0.15 (SE 0.30) 0.30

Table continues on next page.
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Table 5: (Continued) Supplementary table: Changes over ten-year follow-up on cognitive tests for premanifest HD
and manifest HD subjects compared to controls

Controls
N=87

Premanifest HD
N=26

Manifest HD
N=19

P-value Premanifest HD
N=26

Manifest HD
N=19

P-value

A. Adjusted - Age, gender, education B. Adjusted - Age, gender, education, motor speed

TMT B

Baseline diff. Ref. -0.27 (SE 0.19) -0.77 (SE 0.20)*** 0.001 -0.26 (SE 0.18) -0.74 (SE 0.21)*** 0.002
Slope diff. Ref. 0.02 (SE 0.16) -0.33 (SE 0.27) 0.44 0.02 (SE 0.17) -0.13 (SE 0.32) 0.91

VLGT list A

Baseline diff. Ref. -0.17 (SE 0.19) -0.79 (SE 0.22)** 0.001 -0.19 (SE 0.20) -0.76 (SE 0.23)** 0.004
Slope diff. Ref. 0.07 (SE 0.22) 0.12 (SE 0.43) 0.92 0.19 (SE 0.23) 0.08 (SE 0.45) 0.70

VLGT list B
Baseline diff. Ref. -0.17 (SE 0.23) 0.00 (SE 0.41) 0.77 -0.16 (SE 0.23) -0.01 (SE 0.44) 0.78
Slope diff. Ref. 0.08 (SE 0.26) -0.98 (SE 0.57) 0.19 0.19 (SE 0.27) -0.96 (SE 0.58) 0.16

VLGT short term recall

Baseline diff. Ref. -0.37 (SE 0.23) -0.68 (SE 0.40) 0.10 -0.42 (SE 0.22) -1.08 (SE 0.41)** 0.01
Slope diff. Ref. -0.09 (SE 0.20) 0.26 (SE 0.43) 0.73 -0.03 (SE 0.20) 0.54 (SE 0.43) 0.44

VLGT long term recall

Baseline diff. Ref. -0.13 (SE 0.18) -0.69 (SE 0.20)** 0.004 -0.15 (SE 0.19) -0.76 (SE 0.21)*** 0.002
Slope diff. Ref. -0.07 (SE 0.19) -0.26 (SE 0.39) 0.78 0.03 (SE 0.20) -0.22 (SE 0.39) 0.83

VLGT long term recognition
Baseline diff. Ref. 0.03 (SE 0.17) -0.38 (SE 0.19) 0.11 0.02 (SE 0.17) -0.37 (SE 0.20) 0.15

Slope diff. Ref. -0.48 (SE 0.23)* -0.75 (SE 0.44) 0.043 -0.40 (SE 0.24) -0.82 (SE 0.45) 0.07
BNT

Baseline diff. Ref. 0.12 (SE 0.18) -0.43 (SE 0.21) 0.07 0.11 (SE 0.19) -0.40 (SE 0.21) 0.11
Slope diff. Ref. 0.05 (SE 0.18) 0.10 (SE 0.32) 0.92 0.03 (SE 0.18) -0.24 (SE 0.34) 0.75

Table continues on next page.
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Table 5: (Continued) Supplementary table: Changes over ten-year follow-up on cognitive tests for premanifest HD
and manifest HD subjects compared to controls

Controls
N=87

Premanifest HD
N=26

Manifest HD
N=19

P-value Premanifest HD
N=26

Manifest HD
N=19

P-value

A. Adjusted - Age, gender, education B. Adjusted - Age, gender, education, motor speed

WMS MQ

Baseline diff. Ref. -0.26 (SE 0.18) -0.70 (SE 0.21)** 0.003 -0.34 (SE 0.18) -0.75 (SE 0.21)*** 0.001

Slope diff. Ref. -0.27 (SE 0.14) -0.70 (SE 0.23)** 0.004 -0.13 (SE 0.15) -0.50 (SE 0.28) 0.17
WAIS TIQ

Baseline diff. Ref. 0.02 (SE 0.18) -0.78 (SE 0.20)*** 0.001 -0.03 (SE 0.19) -0.76 (SE 0.20)*** 0.001
Slope diff. Ref. -0.09 (SE 0.13) -0.42 (SE 0.24) 0.18 0.06 (SE 0.13) -0.53 (SE 0.26) 0.09

WAIS PIQ

Baseline diff. Ref. -0.08 (SE 0.20) -0.84 (SE 0.22)*** 0.001 -0.13 (SE 0.20) -0.85 (SE 0.22)*** 0.001

Slope diff. Ref. 0.03 (SE 0.16) -0.74 (SE 0.29)* 0.043 0.12 (SE 0.17) -0.65 (SE 0.33) 0.09
WAIS VIQ

Baseline diff. Ref. 0.07 (SE 0.18) -0.62 (SE 0.19)** 0.004 0.04 (SE 0.18) -0.61 (SE 0.20)** 0.007

Slope diff. Ref. -0.09 (SE 0.12) -0.57 (SE 0.22)* 0.039 0.03 (SE 0.13) -0.76 (SE 0.25)** 0.007

Note. Data are standardized mean differences versus controls (standard errors). In all multilevel regression analyses a compound symmetry
covariance matrix (CS) was used. BNT = Boston naming task, MMSE = mini mental state examination, PIQ = performal intelligence
quotient, Ref. = Reference group, RT = reaction time. SDMT = symbol digit modalities test, TIQ = total intelligence quotient, TMT = trail
making test, VIQ = verbal intelligence quotient, VLGT = verbale leer- en geheugen test, WAIS = Wechsler adult intelligence scale,
WMS MQ = Wechsler memory scale memory quotient. * p<0.05, ** p<0.01, *** p<0.001 indicate significant differences compared to controls
in post-hoc tests.
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Table 6: Supplementary table: Changes over ten-year follow-up on cognitive tests for continual premanifest HD and
converter subjects compared to controls

Controls
N=87

Continual
Premanifest HD

N=21

Converters
N=5

P-value Continual
Premanifest HD

N=21

Converters
N=5

P-value

A. Adjusted - Age, gender, education B. Adjusted - Age, gender, education, motor speed

MMSE
Baseline diff. Ref. -0.19 (SE 0.18) -0.22 (SE 0.32) 0.48 -0.19 (SE 0.18) -0.17 (SE 0.32) 0.53
Slope diff. Ref. 0.06 (SE 0.24) -0.15 (SE 0.45) 0.90 0.14 (SE 0.25) -0.26 (SE 0.32) 0.73

SDMT
Baseline diff. Ref. -0.30 (SE 0.20) -0.20 (SE 0.36) 0.30 -0.29 (SE 0.20) -0.23 (SE 0.35) 0.31

Slope diff. Ref. 0.27 (SE 0.14) -0.70 (SE 0.26)** 0.002 0.20 (SE 0.15) -0.64 (SE 0.30)* 0.03
Verbal fluency

Baseline diff. Ref. 0.38 (SE 0.24) 0.12 (SE 0.42) 0.28 0.33 (SE 0.23) 0.06 (SE 0.41) 0.36
Slope diff. Ref. 0.14 (SE 0.16) -0.47 (SE 0.30) 0.15 0.18 (SE 0.17) -0.45 (SE 0.35) 0.19

Stroop colour
Baseline diff. Ref. -0.17 (SE 0.22) -0.15 (SE 0.38) 0.71 -0.13 (SE 0.21) -0.22 (SE 0.38) 0.75

Slope diff. Ref. 0.11 (SE 0.15) -0.88 (SE 0.28)** 0.003 0.03 (SE 0.15) -0.33 (SE 0.32) 0.54
Stroop word

Baseline diff. Ref. -0.20 (SE 0.25) -0.51 (SE 0.42) 0.39 -0.18 (SE 0.24) -0.55 (SE 0.41) 0.36

Slope diff. Ref. 0.37 (SE 0.15)* -0.63 (SE 0.28)* 0.002 0.32 (SE 0.16) -0.24 (SE 0.33) 0.08
Stroop interference

Baseline diff. Ref. -0.26 (SE 0.23) -0.17 (SE 0.39) 0.51 -0.22 (SE 0.23) -0.17 (SE 0.39) 0.60
Slope diff. Ref. 0.30 (SE 0.17) -0.47 (SE 0.32) 0.047 0.27 (SE 0.18) -0.23 (SE 0.37) 0.23

TMT A
Baseline diff. Ref. -0.29 (SE 0.15) -0.07 (SE 0.26) 0.15 -0.28 (SE 0.14) -0.09 (SE 0.25) 0.15

Slope diff. Ref. 0.27 (SE 0.16) -0.62 (SE 0.30)* 0.02 0.33 (SE 0.17) -0.39 (SE 0.36) 0.07

Table continues on next page.
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Table 6: (Continued) Supplementary table: Changes over ten-year follow-up on cognitive tests for continual pre-
manifest HD and converter subjects compared to controls

Controls
N=87

Continual
Premanifest HD

N=21

Converters
N=5

P-value Continual
Premanifest HD

N=21

Converters
N=5

P-value

A. Adjusted - Age, gender, education B. Adjusted - Age, gender, education, motor speed

TMT B
Baseline diff. Ref. -0.28 (SE 0.20) -0.09 (SE 0.36) 0.38 -0.27 (SE 0.20) -0.11 (SE 0.36) 0.43
Slope diff. Ref. 0.17 (SE 0.18) -0.61 (SE 0.33) 0.09 0.10 (SE 0.18) -0.47 (SE 0.38) 0.36

VLGT list A
Baseline diff. Ref. -0.22 (SE 0.21) -0.12 (SE 0.38) 0.56 -0.25 (SE 0.21) -0.21 (SE 0.38) 0.46
Slope diff. Ref. 0.11 (SE 0.23) -0.12 (SE 0.47) 0.89 0.14 (SE 0.24) 0.63 (SE 0.56) 0.48

VLGT list B
Baseline diff. Ref. -0.35 (SE 0.25) 0.57 (SE 0.42) 0.10 -0.36 (SE 0.25) 0.51 (SE 0.41) 0.11
Slope diff. Ref. 0.28 (SE 0.27) -0.88 (SE 0.55) 0.13 0.29 (SE 0.28) -0.18 (SE 0.64) 0.54

VLGT short term recall
Baseline diff. Ref. -0.43 (SE 0.25) -0.38 (SE 0.41) 0.19 -0.44 (SE 0.25) -0.45 (SE 0.41) 0.15
Slope diff. Ref. -0.01 (SE 0.21) -0.53 (SE 0.42) 0.46 -0.01 (SE 0.21) -0.11 (SE 0.49) 0.98

VLGT long term recall
Baseline diff. Ref. -0.21 (SE 0.20) -0.01 (SE 0.36) 0.57 -0.23 (SE 0.20) -0.13 (SE 0.36) 0.53
Slope diff. Ref. 0.05 (SE 0.20) -0.70 (SE 0.41) 0.22 0.04 (SE 0.20) -0.05 (SE 0.47) 0.98

VLGT long term recognition
Baseline diff. Ref. 0.02 (SE 0.17) -0.04 (SE 0.31) 0.99 0.00 (SE 0.17) -0.13 (SE 0.31) 0.92
Slope diff. Ref. -0.44 (SE 0.23) -0.70 (SE 0.47) 0.07 -0.45 (SE 0.23) -0.07 (SE 0.54) 0.16

BNT
Baseline diff. Ref. 0.09 (SE 0.20) 0.07 (SE 0.19) 0.63 0.11 (SE 0.20) 0.26 (SE 0.36) 0.70
Slope diff. Ref. 0.07 (SE 0.19) -0.00 (SE 0.35) 0.93 -0.00 (SE 0.19) 0.24 (SE 0.41) 0.84

Table continues on next page.
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Table 6: (Continued) Supplementary table: Changes over ten-year follow-up on cognitive tests for continual pre-
manifest HD and converter subjects compared to controls

Controls
N=87

Continual
Premanifest HD

N=21

Converters
N=5

P-value Continual
Premanifest HD

N=21

Converters
N=5

P-value

A. Adjusted - Age, gender, education B. Adjusted - Age, gender, education, motor speed

WMS MQ
Baseline diff. Ref. -0.33 (SE 0.19) -0.08 (SE 0.35) 0.23 -0.41 (SE 0.19) -0.17 (SE 0.35) 0.10

Slope diff. Ref. -0.13 (SE 0.15) -0.88 (SE 0.27)** 0.006 -0.06 (SE 0.15) -0.49 (SE 0.32) 0.30
WAIS TIQ

Baseline diff. Ref. 0.02 (SE 0.20) 0.10 (SE 0.35) 0.96 -0.02 (SE 0.20) -0.00 (SE 0.35) 0.99
Slope diff. Ref. -0.01 (SE 0.14) -0.41 (SE 0.24) 0.24 0.02 (SE 0.14) 0.30 (SE 0.32) 0.65

WAIS PIQ
Baseline diff. Ref. 0.05 (SE 0.21) -0.26 (SE 0.37) 0.74 -0.00 (SE 0.21) -0.36 (SE 0.37) 0.62
Slope diff. Ref. 0.09 (SE 0.17) -0.50 (SE 0.31) 0.20 0.12 (SE 0.18) 0.08 (SE 0.40) 0.79

WAIS VIQ
Baseline diff. Ref. -0.05 (SE 0.19) 0.42 (SE 0.35) 0.45 -0.08 (SE 0.20) 0.36 (SE 0.35) 0.52
Slope diff. Ref. 0.01 (SE 0.13) -0.51 (SE 0.23) 0.08 0.05 (SE 0.13) -0.11 (SE 0.30) 0.86

Note. Data are standardized mean differences versus controls (standard errors). In all multilevel regression analyses a compound symmetry
covariance matrix (CS) was used. BNT = Boston naming task, MMSE = mini mental state examination, PIQ = performal intelligence
quotient, Ref. = Reference group, RT = reaction time. SDMT = symbol digit modalities test, TIQ = total intelligence quotient, TMT = trail
making test, VIQ = verbal intelligence quotient, VLGT = verbale leer- en geheugen test, WAIS = Wechsler adult intelligence scale,
WMS MQ = Wechsler memory scale memory quotient. * p<0.05, ** p<0.01, *** p<0.001 indicate significant differences compared to controls
in post-hoc tests.
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Table 7: Supplementary table: Changes over ten-year follow-up on cognitive tests for premanifest HD subjects far
from and close to predicted onset compared to controls

Controls
N=87

Premanifest HD
N=26

Manifest HD
N=19

P-value Premanifest
HD
N=26

Manifest HD
N=19

P-value

A. Adjusted - Age, gender, education B. Adjusted - Age, gender, education, motor speed

MMSE
Baseline diff. Ref. -0.14 (SE 0.21) -0.25 (SE 0.21) 0.45 -0.15 (SE 0.22)a -0.24 (SE 0.22)a 0.50
Slope diff. Ref. 0.10 (SE 0.28) -0.09 (SE 0.31) 0.87 0.10 (SE 0.32)a 0.03 (SE 0.37)a 0.95

SDMT

Baseline diff. Ref. 0.19 (SE 0.23) -0.77 (SE 0.23)** 0.001 0.16 (SE 0.22) -0.73 (SE 0.22)** 0.003
Slope diff. Ref. 0.12 (SE 0.17) 0.02 (SE 0.18) 0.78 0.13 (SE 0.17) -0.04 (SE 0.20) 0.69

Verbal fluency
Baseline diff. Ref. 0.41 (SE 0.28) 0.23 (SE 0.28) 0.31 0.33 (SE 0.28) 0.20 (SE 0.28) 0.45
Slope diff. Ref. -0.03 (SE 0.19) 0.09 (SE 0.20) 0.88 -0.03 (SE 0.19) 0.28 (SE 0.23) 0.45

Stroop colour
Baseline diff. Ref. 0.13 (SE 0.26) -0.47 (SE 0.25) 0.13 0.13 (SE 0.25) -0.44 (SE 0.25) 0.15
Slope diff. Ref. -0.16 (SE 0.18) 0.02 (SE 0.20) 0.63 -0.17 (SE 0.17) 0.22 (SE 0.21) 0.28

Stroop word
Baseline diff. Ref. -0.11 (SE 0.29) -0.46 (SE 0.30) 0.31 -0.10 (SE 0.29) -0.46 (SE 0.29) 0.30
Slope diff. Ref. 0.22 (SE 0.18) 0.14 (SE 0.20) 0.42 0.18 (SE 0.19) 0.34 (SE 0.22) 0.24

Stroop interference
Baseline diff. Ref. 0.02 (SE 0.27) -0.54 (SE 0.27) 0.14 0.02 (SE 0.27) -0.51 (SE 0.27) 0.16

Slope diff. Ref. -0.03 (SE 0.01) -0.08 (SE 0.20) 0.09 -0.09 (SE 0.20) 0.66 (SE 0.24)** 0.02
TMT A

Baseline diff. Ref. -0.07 (SE 0.17) -0.42 (SE 0.17) 0.06 -0.09 (SE 0.17) -0.42 (SE 0.17) 0.05
Slope diff. Ref. 0.14 (SE 0.19) 0.03 (SE 0.21) 0.76 0.15 (SE 0.19) 0.30 (SE 0.23) 0.38

Table continues on next page.
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Table 7: (Continued) Supplementary table: Changes over ten-year follow-up on cognitive tests for premanifest HD
subjects far from and close to predicted onset compared to controls

Controls
N=87

Premanifest HD
N=26

Manifest HD
N=19

P-value Premanifest
HD
N=26

Manifest HD
N=19

P-value

A. Adjusted - Age, gender, education B. Adjusted - Age, gender, education, motor speed

TMT B
Baseline diff. Ref. 0.06 (SE 0.24) -0.55 (SE 0.24) 0.06 0.04 (SE 0.24) -0.53 (SE 0.24) 0.08
Slope diff. Ref. -0.00 (SE 0.21) 0.04 (SE 0.23) 0.99 -0.07 (SE 0.21) 0.13 (SE 0.25) 0.80

VLGT list A
Baseline diff. Ref. -0.19 (SE 0.25) -0.22 (SE 0.25) 0.58 -0.20 (SE 0.25) -0.27 (SE 0.26) 0.48
Slope diff. Ref. 0.17 (SE 0.27) -0.08 (SE 0.31) 0.75 0.18 (SE 0.27) 0.21 (SE 0.33) 0.71

VLGT list B
Baseline diff. Ref. -0.33 (SE 0.28) 0.03 (SE 0.30) 0.47 -0.31 (SE 0.27) 0.02 (SE 0.30) 0.50
Slope diff. Ref. 0.27 (SE 0.31) -0.18 (SE 0.37) 0.55 0.27 (SE 0.31) 0.09 (SE 0.39) 0.70

VLGT short term recall
Baseline diff. Ref. -0.39 (SE 0.27) -0.46 (SE 0.29) 0.18 -0.38 (SE 0.27) -0.51 (SE 0.29) 0.15
Slope diff. Ref. 0.03 (SE 0.24) -0.27 (SE 0.28) 0.58 0.03 (SE 0.24) -0.12 (SE 0.30) 0.91

VLGT long term recall
Baseline diff. Ref. -0.24 (SE 0.24) -0.11 (SE 0.24) 0.57 -0.25 (SE 0.24) -0.17 (SE 0.24) 0.53
Slope diff. Ref. 0.06 (SE 0.23) -0.25 (SE 0.27) 0.59 0.06 (SE 0.23) -0.04 (SE 0.28) 0.95

VLGT long term recognition
Baseline diff. Ref. 0.06 (SE 0.21) -0.06 (SE 0.21) 0.91 0.08 (SE 0.21) -0.13 (SE 0.21) 0.72
Slope diff. Ref. -0.60 (SE 0.27) -0.36 (SE 0.30) 0.07 -0.60 (SE 27) -0.08 (SE 0.32) 0.08

BNT
Baseline diff. Ref. 0.30 (SE 0.24) -0.02 (SE 0.24) 0.43 0.29 (SE 0.24) 0.00 (SE 0.24) 0.48
Slope diff. Ref. 0.00 (SE 0.22) 0.21 (SE 0.24) 0.88 0.02 (SE 0.22) 0.03 (SE 0.27) 0.99

Table continues on next page.
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Table 7: (Continued) Supplementary table: Changes over ten-year follow-up on cognitive tests for premanifest HD
subjects far from and close to predicted onset compared to controls

Controls
N=87

Premanifest HD
N=26

Manifest HD
N=19

P-value Premanifest
HD
N=26

Manifest HD
N=19

P-value

A. Adjusted - Age, gender, education B. Adjusted - Age, gender, education, motor speed

WMS MQ
Baseline diff. Ref. -0.29 (SE 0.24) -0.28 (SE 0.23) 0.28 -0.31 (SE 0.23) -0.41 (SE 0.23) 0.12

Slope diff. Ref. .00 (SE 0.18) -0.61 (SE 0.19)** 0.005 0.03 (SE 0.17) -0.40 (SE 0.21) 0.15
WAIS TIQ

Baseline diff. Ref. 0.03 (SE 0.24) 0.05 (SE 0.24) 0.98 -0.00 (SE 0.24) -0.01 (SE 0.24) 0.99

Slope diff. Ref. 0.17 (SE 0.16) -0.40 (SE 0.17)* 0.02 0.19 (SE 0.16) -0.16 (SE 0.19) 0.28
WAIS PIQ
•Baseline diff. Ref. 0.18 (SE 0.25) -0.21 (SE 0.25) 0.48 0.14 (SE 0.25) -0.28 (SE 0.25) 0.40
•Slope diff. Ref. 0.14 (SE 0.20) -0.24 (SE 0.22) 0.34 0.15 (SE 0.20) 0.04 (SE 0.24) 0.74

WAIS VIQ
•Baseline diff. Ref. -0.07 (SE 0.24) 0.16 (SE 0.23) 0.72 -0.08 (SE 0.24) 0.12 (SE 0.24) 0.81

•Slope diff. Ref. 0.18 (SE 0.15) -0.42 (SE 0.16)** 0.007 0.20 (SE 0.15) -0.26 (SE 0.18) 0.10

Note. Data are standardized mean differences versus controls (standard errors). In all multilevel regression analyses a compound symmetry
covariance matrix (CS) was used. BNT = Boston naming task, MMSE = mini mental state examination, PIQ = performal intelligence
quotient, Ref. = Reference group, RT = reaction time. SDMT = symbol digit modalities test, TIQ = total intelligence quotient, TMT = trail
making test, VIQ = verbal intelligence quotient, VLGT = verbale leer- en geheugen test, WAIS = Wechsler adult intelligence scale,
WMS MQ = Wechsler memory scale memory quotient. * p<0.05, ** p<0.01, *** p<0.001 indicate significant differences compared to controls
in post-hoc tests.
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