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A B S T R A C T

Introduction: Huntington's Disease (HD) cognitive dysfunction occurs before unequivocal motor signs become
apparent. The predominant early cognitive abnormal domains may include deficits in psychomotor speed, ne-
gative emotion recognition and executive functioning. Our study is aimed to investigate the executive control of
cognition in pre-manifest (pre) HD subjects, by means of a task-switching protocol.
Methods: We recruited 30 pre-HD subjects and 18 age-, sex- and education-matched Healthy Controls (HC).
Subjects were assigned to two experimental groups: 15 pre-HD1 with a Total Motor Score (TMS) ≤4 (far from
onset) and 15 pre-HD2 with a 5≤ TMS≤9 (near to onset and Diagnostic Confidence Level (DCL) still< 4). Two
different tasks were performed in rapid and random succession, so that the task was either changed from one
trial to the next one (switch trials) or repeated (repetition trials). Switch trials are usually slower than repeti-
tions, causing a so-called Switch Cost (SC).
Results: Pre-HD subjects had worse performance than HC in the switch and repetition trials, as indicated by
increased SC and reaction times. In particular, pre-HD2 showed impaired switching abilities with reaction times
slower than pre-HD1 and HC.
Conclusions: Our study highlighted a task-switching impairment since HD was still at a pre-manifest stage. Such
abnormalities worsen when pre-HD subjects start to show subtle motor manifestations, still nonspecific and
insufficient to define the clinical diagnosis of HD (DCL<4). Considering that such abilities have obvious im-
plications for activities of daily living, early cognitive rehabilitation programs addressing such deficits might be
useful in the premanifest stage of the disease.

1. Introduction

Huntington's disease (HD) is a progressive neurodegenerative dis-
order characterized by motor symptoms (i.e. involuntary movements,
incoordination), cognitive impairment and psychiatric behavior [1].

Motor manifestations are related to progressive neurodysfunction
and neurodegeneration in basal ganglia, particularly in the striatum
and its spiny projections toward the globus pallidus and substantia
nigra [2]. However, other brain abnormalities are observed: white
matter atrophy is observed from early disease stages [3,4], followed by
marked brain atrophy in the thalamus, hypothalamus, and frontal re-
gions [5,6].

These cerebral modifications lead to a wide range of cognitive im-
pairments in the premanifest (i.e., asymptomatic persons carrying the
HD gene) and the manifest stage (i.e., symptomatic individuals pre-
senting motor and/or cognitive and/or psychiatric symptoms) [1,2].

Cognitive dysfunction begins many years before motor onset; the

primary neuropsychological impairment in the premanifest stage of the
disease can involve difficulties in emotion recognition and emotional
awareness [7–9] as well as in executive functioning [10,11], whereas
manifest subjects exhibit a more general and widespread cognitive
deterioration including memory, attention, language, and disorienta-
tion until overt dementia in the late stage of the disease.

However, cognitive evidence still remains inconsistent in pre-
manifest HD subjects, particularly regarding executive impairments
[12,13], because such abilities include numerous sub-components, each
with different characteristics and neural substrates.

Executive functions (EF) are important abilities needed for complex
goal-directed behavior and adaptation to environmental changes [14].
Executive skills include different sub-functions, for example inhibition,
attentional shifting, behavioral flexibility, planning and problem sol-
ving. It is widely accepted that EF are critical to everyday functioning in
life: people who have difficulty inhibiting themselves, planning, pro-
blem solving and/or being flexible, will also show major deficits in
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social, academic and vocational functioning.
The task-switching paradigm has proven to be very useful in the

study of some components of executive functioning [15] and has been
widely used to investigate the executive control of cognition (for a re-
view see Refs. [15,16]). Neuroimaging studies have demonstrated that
the task-switching performance recruits various prefrontal cortex (PFC)
regions [17]. It has been also shown that this task is very sensitive to
sleep manipulation [18] as well as to some neurodegenerative diseases
[19,20].

In this type of procedure, two different tasks are performed in rapid
succession and according to a random sequence of task presentation, so
that the to-be executed task can change from one trial to the next
(“switch” trial), or can be repeated (“repetition” trial). Task-switches
are usually slower and less accurate than task repetitions, and this
difference is often referred to as the “task-switch cost” (SC). This cost is
seen as the reflection of the time needed for the executive control
processes to reconfigure the cognitive system for the execution of a new
task [21]. Thus, the SC can be reasonably considered the operational
measure of executive control.

The task-switching protocol has been largely used in Parkinson's
Disease (PD) and in Multiple Sclerosis (MS), showing its usefulness and
sensitiveness in assessing different executive sub-processes in early
phases of the disease [20,22].

On the contrary, only one study tried to assess switching abilities in
HD [23]. In this study, the authors provided evidence for a switching
deficit in manifest HD patients, with higher reaction times mainly for
switch trials with respect to repetition trials, particularly when the
preparation time interval was short. The authors concluded that basal
ganglia could have a relevant role in executive dysfunction, influencing
response processes underpinning executive functioning. The main lim-
itation of that study relied on the fact that only the manifest stage was
taken into consideration, without investigating the premanifest stage of
HD.

In our study, we aimed to assess whether (and how) primary ex-
ecutive impairment may be detected in the premanifest stage of HD, by
means of a task-switching protocol based on its well-known sensitive-
ness to evaluate different sub-processes of executive functioning.
Moreover, task-switching skills are associated with fronto-striatal brain
functioning, a circuitry that can be impaired early in HD [6,24].

2. Materials and methods

2.1. Participants

We recruited 30 premanifest HD (pre-HD) subjects, from July 2017
to December 2017, belonging to two groups: 15 participants with Total
Motor Score (TMS) ≤4 (premanifest, pre-HD1) and 15 participants
with 5≤ TMS≤9 (prodromal, pre-HD2), compared to 18 healthy
controls (HC) matched to age, gender and education. All subjects had
an CAG/Age Product (CAP) [25] score below 400 [26]. HD was

genetically confirmed in all cases (all with CAG expansion≥ 40). De-
mographic, clinical and genetic characteristics are reported in Table 1.

The pre-HD groups underwent a neurological examination and were
assessed using the Unified Huntington's Disease Rating Scale (UHDRS)
[27]. All pre-HD subjects were free of medication at time of the as-
sessment. We excluded HD subjects with any known neurological
condition (other than HD), medical condition that might influence
cognition (i.e. deafness, visual impairment or blindness), a history of a
developmental disorder (e.g. attention-deficit hyperactivity disorder
(ADHD), learning disability), a history of substance or alcohol depen-
dence or current abuse and a history of or a current psychotic disorder.
The participants were recruited at LIRH Foundation and C.S.S. Mendel
Institute in Rome. This observational study was designed in accordance
with the ethical principles of the Declaration of Helsinki and was ap-
proved by the local ethical committee: as a consequence, all partici-
pants signed an informed consent.

2.2. Clinical and neuropsychological assessment

Both HD subjects and healthy controls underwent a brief pre-
liminary cognitive evaluation, to assess general cognitive performance,
which included the Symbol Digit Modalities Test (SDMT), the Trail
Making Test part A and B (TMT A – B), the Stroop test (color naming,
word reading, interference), and the Verbal Fluency test (both semantic
and phonemic versions). Cognitive tests were administered in a stan-
dardized manner, in accordance with ENROLL-HD guidelines (www.
enroll-hd.org) [27].

Moreover, we evaluated behavioral symptoms by means of the
Symptoms Checklist-90-R (SCL-90R) [28], a relatively brief self-report
questionnaire designed to evaluate a broad range of psychological
problems and symptoms of psychopathology. It includes many dimen-
sions, for example: depression, anxiety, hostility/irritability, obsessive-
compulsive symptoms, paranoid ideation, psychoticism. Finally, the 12-
item Short-Form Health Survey (SF-12) was used to assess general
health status.

2.3. Task-switching

Participants were tested individually in a well-lit, sound-proof
room. They were seated in front of a 15-inch computer monitor, at a
distance of 50 cm, and at the beginning of each session, task instruc-
tions were both displayed on the screen and explained verbally to each
of them, emphasizing the need for both accuracy (avoiding errors) and
speed (minimize reaction times).

Participants performed two tasks in rapid sequence, in randomized
order; in these tasks, a cue (the “square” or “diamond” respectively) in
each trial indicated the task to perform on the subsequent target sti-
mulus that appeared inside the cue. The two tasks consisted of judging
if a digit stimulus was odd or even (task A), or if it was greater or
smaller than 5 (task B). Participants used their left and right index

Table 1
Demographic and clinical characteristics (mean ± standard deviation) of the study sample.

Premanifest HD (pre-HD1) Prodomal HD (pre-HD2) Healthy Controls (HC) p

Number 15 15 18 n.s
Gender (F-M) 5 F–10M 10 F–5M 8 F–10M n.s
Age (years ± SD) 32.38 ± 7.62 36.26 ± 10.78 31.67 ± 13.09 n.s
Education 14.33 ± 4.22 12.4 ± 3.33 14.11 ± 1.68 n.s
CAG Expansion 43.07 ± 2,25 42,87 ± 1,96 n.s
CAP 236.51 ± 60,32 262,77 ± 84,68 n.s.
TMS 3,33 ± 0,9 6,87 ± 1,6 p < .0001
TFC 13 13 n.s
FA 25 25 n.s
IS 100 100 n.s

HD: Huntington Disease; TMS: Total Motor Score; TFC: Total Functional Capacity; FA: Functional Assessment; IS: Independent Scale; Disease burden score: age *
(CAG length - 35.5); n.s: not significant.
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fingers to respond: odd digits and digits smaller than 5 were mapped
onto the left index finger response, whereas even digits and digits larger
than 5 were mapped onto the right index finger response. The same two
response keys on the computer keyboard (‘A’ for left and ‘L’ for right
index finger) were used for both tasks. Stimuli presentation and re-
sponse recordings were managed by means of custom software
(Superlab, version 4.0.2 for Windows). Each participant initially per-
formed a practice session (1 block of 80 trials) followed by an experi-
mental session consisting of 320 trials, arranged in 4 blocks of 80 trials
each.

On each trial a cue was presented for 1000ms and then it was fol-
lowed by a target stimulus which remained on the monitor until the
participant's response. If the participant made an error, an auditive
feedback error was given. A schematic illustration of the sequence of
events in the present task-switching paradigm is reported in Fig. 1.

2.4. Statistical analyses

Statistical comparisons between pre-HD1 (TMS ≤4), and pre-HD2
groups (5≤ TMS ≤9) on functional status (TFC, FA, and IS), were
carried out by means of the Student's t-test.

Regarding clinical and neuropsychological scales and task-switching
protocol, all dependent variables were submitted to one-way ANOVA
directly comparing performance of different Groups (pre-HD1, pre-
HD2, controls).

With regards to the neuropsychological evaluation, in the verbal

fluency test (semantic and phonemic) we considered the median of
correct responses, intrusion and perseveration. Regarding the Stroop
Test (word reading, color naming and interference) and SDMT we
considered the median of correct responses. Finally, in TMT (version A
and B), we measured median reaction times to complete the test.

With regards to task-switching protocol, median reaction times (in
ms; median RT) to both repetition and switch trials, switch costs (SCs),
and angular transformations of the proportion of errors were taken into
consideration as dependent variables. SCs were computed as the dif-
ference between median switch RT and median repetition RT. For each
subject, proportions of errors were computed by including both in-
correct and missing responses. Before statistical analysis, this variable
was submitted to an angular transformation, y= arcsen [sqr(p)], where
sqr(p) is the square root of the proportion. Alpha level was fixed to
≤0.05, and in case of significant main effects, post-hoc comparisons
(Fisher's least significant difference test, LSD) were carried out.

3. Results

3.1. Functional and motor status

Student's t-test revealed no statistically significant differences be-
tween pre-HD1 and pre-HD2 groups, in any of the considered variables
related to the functional status of the patients (TFC, FA, and IS). As
expected, significant difference emerged in TMS (p < .0001) between
pre-HD1 (3.33 ± 0.9) and pre-HD2 (6.87 ± 1.6). Table 1 shows

Fig. 1. Task-switching paradigm. On the upper panel, an example of a sequence of repetition and switch trials is reported. On the lower panel, the timing of the
events within a single trial is specified. Target stimuli consisted of bold white digits from 1 to 9 (excluding 5), subtending approximately 3°× 5° of visual angle. Task
cues stimuli consisted of outlined white squares or diamonds, indicating the A (even–odd) and B (smaller–larger-than-5) tasks, respectively; they subtended ap-
proximately 7°× 7° of visual angle.
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demographic and clinical characteristics of the study sample.

3.2. Clinical and neuropsychological assessment

SCL-90R. No statistically significant differences between groups
were observed in any of the SCL-90R variables.

SF-12. No statistically significant differences between groups were
observed in any of the SF-12 variables.

Verbal Fluency test - Semantic version. In the semantic version, a
significant Group effect (F2,45= 3.81; p= .03; ηp2= 0.14) was ob-
served, showing a higher number of intrusions in the pre-HD2 group
(0.40 ± 0.73) compared to pre-HD1 (0.07 ± 0.25) and controls
(0 ± 0). Post-hoc comparisons revealed a significant difference be-
tween pre-HD1 and pre-HD2 (p= .04), and between pre-HD2 and
controls (p= .01). Any other effect was found either in the number of
correct responses, and perseverations.

Verbal Fluency test - Phonemic version. No effects have been reported
in any of the dependent variables of the test.

Stroop test. The one-way ANOVA showed a significant Group effect
on number of correct responses at Stroop Color (F2,45= 7.73; p= .001;
ηp2= 0.25) and Stroop Interference (F2,45= 17.81; p < .0001;
ηp2= 0.44) components, indicating a lower accuracy in pre-HD2 than
in pre-HD 1 and control group, both color (pre-HD1=78.6 ± 14.63 vs
pre-HD2=73.8 ± 14.14 vs HC=91.33 ± 11.37) and interference
(pre-HD1=46.87 ± 11.11 vs pre-HD2=41.87 ± 10.51 vs
HC=65.89 ± 14.43) components. Here, post-hoc comparisons in-
dicated a significant difference both between pre-HD 1 and controls
(p= .009), and between pre-HD2 and controls (p < .0001) in number
of correct responses at Stroop color naming, and a significant difference
both between pre-HD1 and controls (p < .0001), and pre-HD2 and
controls (p < .0001) in number of correct responses at Stroop
Interference.

Trial Making Test. One-way ANOVA showed a significant Group ef-
fect (F2,45= 3.51; p= .03; ηp2= 0.13) relative to time to complete the
TMT A task, evidencing higher values in pre-HD2 (33.40 ± 12.45)
than in pre-HD1 (24.87 ± 5.7) and controls (25.78 ± 9.93). Post-hoc
comparisons indicated a significant difference both between pre-HD1
and pre-HD 2 groups (p= .02), and pre-HD2 and controls (p= .03).

No statistically significant differences between the groups were seen
for TMT B.

Symbol Digit Modalities Test (SDMT) The one-way ANOVA revealed a
significant Group effect (F2,45= 4.56; p= .01; ηp2= 0.16), indicating a
lower number of correct responses in pre-HD2 (49.53 ± 8.83) than
pre-HD1 (54.8 ± 9.93) and control (64.11 ± 19.5) groups. Post-hoc
comparisons revealed a significant difference only between pre-HD 2
and controls (p= .005).

Table 2 shows neuropsychological scores.

3.3. Task switching protocol

Switch costs (SC). One-way ANOVA showed a significant Group ef-
fect (F2,45= 4.81; p= .01; ηp2= 0.17) evidencing a higher SC in pre-
HD2 (360.98 ± 7.98) than in pre-HD1 (192.84 ± 10.32) and control
(76.56 ± 7.98) groups. Post-hoc comparisons revealed a significant
difference only between pre-HD 2 and controls (p= .003) (see Fig. 2).

Reaction times (RT)-Repetition trials. One-way ANOVA revealed a
significant Group effect (F2,45= 8.69; p= .001; ηp2= 0.28) indicating
a higher reaction time at Repetition trials in pre-HD2 (920.8 ± 14.90)
than pre-HD1 (895.5 ± 14.13) and control (683.97 ± 10.74) groups.
Post-hoc comparisons revealed a significant difference both between
pre-HD1 and controls (p= .002) and pre-HD2 and controls (p= .001)
(see Fig. 3a).

Reaction times (RT)-Switch trials. Also, a significant Group effect
(F2,45= 11.66; p < .0001; ηp2= 0.34) was observed at Switch trials
indicating a higher reaction times in pre-HD2 (1201.133 ± 19.99)
than pre-HD 1 (1099.7 ± 15.76) and controls (755.61 ± 12.63). Post- Ta
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hoc comparisons revealed a significant difference both between pre-
HD1 and controls (p= .001) and pre-HD2 and controls (p < .0001)
(see Fig. 3b).

Error proportion. With respect to accuracy, the one-way ANOVA
revealed a significant Group effect (F2,45=3.21; p= .05; η p
2= 0.12) indicating a higher proportion of errors in pre-HD1 Switch
trials (1.40 ± 0.32) than pre-HD2 (1.27 ± 0.45) and control
(1.35 ± 0.35) groups. Post-hoc comparisons revealed a significant
difference between pre-HD1 and pre-HD2 groups (p= .01). No sig-
nificant effects were observed in error proportion in repetition trials
(see Fig. 4).

4. Discussion

To our knowledge, the present study has been the first to assess
executive control in the premanifest HD by means of a task-switching
protocol.

The neuropsychological screening assessment indicated a deficit of
sustained attention (with and without interference) in all pre-HD sub-
jects compared to HC; moreover, prodromal HD individuals (pre-HD2
group) showed an impairment of divided/visual attention and a higher
number of intrusions in the semantic fluency test with respect to pre-
HD1 group and HC.

Regarding task-switching abilities, our results showed that HD
subjects had worse performance than controls, as indicated by an in-
crease in both SC and RT. Statistical analyses carried out separately on
switch and repetition trials showed that the performance of the pre-HD
group was significantly worse than HC for both types of trials. In par-
ticular, a significant increase in SC only for pre-HD2 compared to pre-
HD1 and HC was reported. Moreover, all subjects with pre-HD showed
RT higher than HC in both repetition and switch trials. Regarding ac-
curacy, pre-HD2 only showed a reduced error number in the execution
of the task compared to the pre-HD1 group in switch trials. This phe-
nomenon can be interpreted as a mechanism of behavioral compensa-
tion, since pre-HD2 could employ more time to make a decision com-
pared to pre-HD1, and this could secure a higher accuracy rate.

The present results highlighted early and specific executive control
impairment in premanifest disease, especially related to the ability to
shift between different cognitive tasks in a rapid and flexible way, and
adjust behavior to continuous and unexpected environmental changes.

These early difficulties in executive control processes could be ex-
plained as a consequence of altered functioning of the PFC and its

cortical and subcortical connections. In HD, fronto-striatal circuits are
particularly vulnerable to gene mutation [6]; different studies, indeed,
showed early brain changes with a specific pattern of fronto-striatal
alteration [5,29] that could be functionally linked to executive func-
tioning (as, for example, to task-switching abilities). Different func-
tional Magnetic Resonance Imaging (fMRI) studies [11,30] showed
compensatory increased activity in a fronto-striatal network (including
lateral prefrontal cortex, anterior cingulate cortex, caudate and pu-
tamen) over time in pre-HD during the working memory task, a sub-
process of executive functions. These data suggest an early longitudinal
change in the fronto-striatal network, with deterioration over time,
which could explain executive dysfunction and behavioral changes (i.e.
perseveration, irritability) in the early phase of the disease.

Executive functions are a set of cognitive processes necessary for the
cognitive control of complex goal-directed behaviors and needed when
we have to quickly and flexibly adapt to changing circumstances [14].
They include different cognitive sub-processes, i.e. inhibition, inter-
ference control, monitoring and cognitive flexibility. In clinical

Fig. 2. Switch Cost (mean ± SEM) in all three groups.
Post-hoc comparison: *p = 0,003.
HC: Healthy Controls; pre-HD1: pre-manifest Huntington's Disease subjects with
a Total Motor Score (TMS) ≤4; pre-HD2: pre-manifest HD subjects with a
5≤ TMS≤9.

Fig. 3. A: Reaction time (in ms) in Repetition Trial (mean ± SEM) in all three
groups.
Post-hoc comparison: *p = 0,001; #p = 0,002.
HC: Healthy Controls; pre-HD1: pre-manifest Huntington's Disease subjects with
a Total Motor Score (TMS) ≤4; pre-HD2: pre-manifest HD subjects with a
5≤ TMS≤9.
B: Reaction time (in ms) in Switch Trial (mean ± SEM) in all three groups.
Post-hoc comparison: *p = 0,0001; #p = 0,001.
HC: Healthy Controls; pre-HD1: pre-manifest Huntington's Disease subjects with
a Total Motor Score (TMS) ≤4; pre-HD2: pre-manifest HD subjects with a
5≤ TMS≤9.
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practice, the assessment of executive functioning is challenging, be-
cause a lot of time and many neuropsychological tests and/or scales are
needed. Our study, however, highlighted that the task-switching pro-
tocol is a useful and comprehensive tool to detect early executive dis-
order in HD subjects without clear motor signs of the disease. These
specific cognitive dysfunctions may deserve further longitudinal ex-
ploration in larger sized cohorts to potentially exploit new early mar-
kers of HD cognitive deterioration.

Our study has some limitations. First of all, our it is related to a self-
reported questionnaire of psychological problems (SCL-90), which may
suffer of the documented reduced subjects' awareness in HD subjects at
any stage [9,31]. However, even considering such limitation, no sub-
jects in our sample manifested with either psychiatric symptoms or
severe psychological changes (e.g. depression, anxiety, irritability, ob-
sessions, apathy, etc…). Another limitation is due to the early impaired
coordination, i.e. the abnormalities in finger tapping, potentially af-
fecting pre-HD subjects [32]. However, in our opinion the association
between valuable tasks exploring different fields of abnormalities such
as cognitive (i.e. executive functions with task switching) and motor
(i.e. finger tapping) impairment might reinforce the strategy to detect
clinical markers to eventually transfer into clinical practice.

In conclusion, our findings highlighted an early impairment in ex-
ecutive control processes involved in task-switching performance in the
pre-HD stage, which may be linked to early functional alteration of the
fronto-striatal brain networks. Such abnormalities are more evident
when pre-HD subjects start to show subtle motor manifestations, still
unspecific and insufficient to define the clinical diagnosis of HD.
Considering that these cognitive functions represent an essential do-
main to deal with life tasks, focused rehabilitation therapies including
neurocognitive programs addressing such deficits should be taken into
consideration in order to delay cognitive manifestation of the disease.

Contributors

SM developed the study concept, designed the study, interpreted
data and drafted the manuscript. GD performed testing, data collection
and data analysis. GC helped in developing the study concept and de-
sign and provided critical revision to the manuscript. FS helped in data
interpretation and provided critical revision of the manuscript. All au-
thors approved the final version of the manuscript for submission.

Declarations of interest

None.

Founding source

This work was supported by the Fondazione Cattolica Assicurazioni
(grant numbers 14872, 2017).

Acknowledgements

We thank LIRH Foundation (www.lirh.it) for supporting our re-
search on HD. We are grateful to Fondazione Cattolica Assicurazioni
and CHDI Foundation for funding the observational research of LIRH
Foundation. Thanks to the Italian Ministry of Health for supporting
clinical research at IRCCS Casa Sollievo della Sofferenza Hospital (RC-
2017 and RF-2016-02364123). We thank all HD subjects and their fa-
milies who contributed to this program and Sabrina Maffi for helping in
collecting data.

References

[1] G.P. Bates, R. Dorsey, J.F. Gusella, M.R. Hayden, C. Kay, B.R. Leavitt, et al.,
Huntington's disease, Nature reviews Disease primers 1 (2015).

[2] C.A. Ross, S.J. Tabrizi, Huntington's disease: from molecular pathogenesis to clin-
ical treatment, Lancet Neurol. 10 (1) (2011) 83–98.

[3] A. Ciarmiello, M. Cannella, S. Lastoria, M. Simonelli, Brain white-matter volume
loss and glucose hypometabolism precede the clinical symptoms of Huntington's
disease, J. Nucl. Med. 47 (2) (2006) 215.

[4] C. Fennema-Notestine, S. Archibald, M. Jacobson, J. Corey-Bloom, J. Paulsen,
G. Peavy, et al., In vivo evidence of cerebellar atrophy and cerebral white matter
loss in Huntington disease, Neurology 63 (6) (2004) 989–995.

[5] D. Eidelberg, D.J. Surmeier, Brain networks in Huntington disease, J. Clin. Invest.
121 (2) (2011) 484–492.

[6] R.C. Wolf, S. Klöppel, Clinical significance of frontal cortex abnormalities in
Huntington's disease, Exp. Neurol. 247 (2013) 39–44.

[7] S.M. Henley, M.J. Novak, C. Frost, J. King, S.J. Tabrizi, J.D. Warren, Emotion re-
cognition in Huntington's disease: a systematic review, Neurosci. Biobehav. Rev. 36
(1) (2012) 237–253.

[8] J.C. Stout, J.S. Paulsen, S. Queller, A.C. Solomon, K.B. Whitlock, J.C. Campbell,
et al., Neurocognitive signs in prodromal Huntington disease, Neuropsychology 25
(1) (2011) 1.

[9] N. Zarotti, J. Simpson, I. Fletcher, F. Squitieri, S. Migliore, Exploring emotion
regulation and emotion recognition in people with presymptomatic Huntington's
disease: the role of emotional awareness, Neuropsychologia 112 (2018) 1–9.

[10] A.D. Lawrence, B.J. Sahakian, J.R. Hodges, A.E. Rosser, K.W. Lange, T.W. Robbins,
Executive and mnemonic functions in early Huntington's disease, Brain 119 (5)
(1996) 1633–1645.

[11] G.R. Poudel, J.C. Stout, M.A. Gray, L. Salmon, A. Churchyard, P. Chua, et al.,
Functional changes during working memory in Huntington's disease: 30-month
longitudinal data from the IMAGE-HD study, Brain Struct. Funct. 220 (1) (2015)
501–512.

[12] J. Brandt, A.B. Inscore, J. Ward, B. Shpritz, A. Rosenblatt, R.L. Margolis, et al.,
Neuropsychological deficits in Huntington's disease gene carriers and correlates of
early “conversion”, J. Neuropsychiatry Clin. Neurosci. 20 (4) (2008) 466–472.

[13] J.J. O'Rourke, L.J. Beglinger, M.M. Smith, J. Mills, D.J. Moser, K.C. Rowe, et al., The
Trail Making Test in prodromal Huntington disease: contributions of disease pro-
gression to test performance, J. Clin. Exp. Neuropsychol. 33 (5) (2011) 567–579.

[14] J.L. Cummings, Frontal-subcortical circuits and human behavior, Arch. Neurol. 50
(8) (1993) 873–880.

[15] S. Monsell, Task switching, Trends Cognit. Sci. 7 (3) (2003) 134–140.
[16] G.D. Logan, Executive control of thought and action: in search of the wild ho-

munculus, Curr. Dir. Psychol. Sci. 12 (2) (2003) 45–48.
[17] T.S. Braver, J.R. Reynolds, D.I. Donaldson, Neural mechanisms of transient and

sustained cognitive control during task switching, Neuron 39 (4) (2003) 713–726.
[18] A. Couyoumdjian, S. Sdoia, D. Tempesta, G. Curcio, E. Rastellini, L. De Gennaro,

et al., The effects of sleep and sleep deprivation on task‐switching performance, J.
Sleep Res. 19 (1‐Part‐I) (2010) 64–70.

[19] A.A. Kehagia, R.A. Barker, T.W. Robbins, Revisiting the effects of Parkinson's dis-
ease and frontal lobe lesions on task switching: the role of rule reconfiguration, J.
Neuropsychol. 8 (1) (2014) 53–74.

[20] S. Migliore, G. Curcio, A. Couyoumdjian, A. Ghazaryan, D. Landi, F. Moffa, et al.,
Executive functioning in relapsing-remitting multiple sclerosis patients without
cognitive impairment: a task-switching protocol, Mult. Scler. J. (2017)
1352458517719149.

[21] N. Meiran, Reconfiguration of processing mode prior to task performance, J. Exp.
Psychol. Learn. Mem. Cognit. 22 (6) (1996) 1423.

[22] C. Crescentini, F. Mondolo, E. Biasutti, T. Shallice, Preserved and impaired task‐s-
witching abilities in non‐demented patients with Parkinson's disease, J.

Fig. 4. Error proportion in Switch Trial (mean ± SEM) in all three groups.
Post-hoc comparison: *p = 0,01.
HC: Healthy Controls; pre-HD1: pre-manifest Huntington's Disease subjects with
a Total Motor Score (TMS) ≤4; pre-HD2: pre-manifest HD subjects with a
5≤ TMS≤9.

S. Migliore et al. Parkinsonism and Related Disorders 60 (2019) 111–117

116

http://www.lirh.it
http://refhub.elsevier.com/S1353-8020(18)30392-4/sref1
http://refhub.elsevier.com/S1353-8020(18)30392-4/sref1
http://refhub.elsevier.com/S1353-8020(18)30392-4/sref2
http://refhub.elsevier.com/S1353-8020(18)30392-4/sref2
http://refhub.elsevier.com/S1353-8020(18)30392-4/sref3
http://refhub.elsevier.com/S1353-8020(18)30392-4/sref3
http://refhub.elsevier.com/S1353-8020(18)30392-4/sref3
http://refhub.elsevier.com/S1353-8020(18)30392-4/sref4
http://refhub.elsevier.com/S1353-8020(18)30392-4/sref4
http://refhub.elsevier.com/S1353-8020(18)30392-4/sref4
http://refhub.elsevier.com/S1353-8020(18)30392-4/sref5
http://refhub.elsevier.com/S1353-8020(18)30392-4/sref5
http://refhub.elsevier.com/S1353-8020(18)30392-4/sref6
http://refhub.elsevier.com/S1353-8020(18)30392-4/sref6
http://refhub.elsevier.com/S1353-8020(18)30392-4/sref7
http://refhub.elsevier.com/S1353-8020(18)30392-4/sref7
http://refhub.elsevier.com/S1353-8020(18)30392-4/sref7
http://refhub.elsevier.com/S1353-8020(18)30392-4/sref8
http://refhub.elsevier.com/S1353-8020(18)30392-4/sref8
http://refhub.elsevier.com/S1353-8020(18)30392-4/sref8
http://refhub.elsevier.com/S1353-8020(18)30392-4/sref9
http://refhub.elsevier.com/S1353-8020(18)30392-4/sref9
http://refhub.elsevier.com/S1353-8020(18)30392-4/sref9
http://refhub.elsevier.com/S1353-8020(18)30392-4/sref10
http://refhub.elsevier.com/S1353-8020(18)30392-4/sref10
http://refhub.elsevier.com/S1353-8020(18)30392-4/sref10
http://refhub.elsevier.com/S1353-8020(18)30392-4/sref11
http://refhub.elsevier.com/S1353-8020(18)30392-4/sref11
http://refhub.elsevier.com/S1353-8020(18)30392-4/sref11
http://refhub.elsevier.com/S1353-8020(18)30392-4/sref11
http://refhub.elsevier.com/S1353-8020(18)30392-4/sref12
http://refhub.elsevier.com/S1353-8020(18)30392-4/sref12
http://refhub.elsevier.com/S1353-8020(18)30392-4/sref12
http://refhub.elsevier.com/S1353-8020(18)30392-4/sref13
http://refhub.elsevier.com/S1353-8020(18)30392-4/sref13
http://refhub.elsevier.com/S1353-8020(18)30392-4/sref13
http://refhub.elsevier.com/S1353-8020(18)30392-4/sref14
http://refhub.elsevier.com/S1353-8020(18)30392-4/sref14
http://refhub.elsevier.com/S1353-8020(18)30392-4/sref15
http://refhub.elsevier.com/S1353-8020(18)30392-4/sref16
http://refhub.elsevier.com/S1353-8020(18)30392-4/sref16
http://refhub.elsevier.com/S1353-8020(18)30392-4/sref17
http://refhub.elsevier.com/S1353-8020(18)30392-4/sref17
http://refhub.elsevier.com/S1353-8020(18)30392-4/sref18
http://refhub.elsevier.com/S1353-8020(18)30392-4/sref18
http://refhub.elsevier.com/S1353-8020(18)30392-4/sref18
http://refhub.elsevier.com/S1353-8020(18)30392-4/sref19
http://refhub.elsevier.com/S1353-8020(18)30392-4/sref19
http://refhub.elsevier.com/S1353-8020(18)30392-4/sref19
http://refhub.elsevier.com/S1353-8020(18)30392-4/sref20
http://refhub.elsevier.com/S1353-8020(18)30392-4/sref20
http://refhub.elsevier.com/S1353-8020(18)30392-4/sref20
http://refhub.elsevier.com/S1353-8020(18)30392-4/sref20
http://refhub.elsevier.com/S1353-8020(18)30392-4/sref21
http://refhub.elsevier.com/S1353-8020(18)30392-4/sref21
http://refhub.elsevier.com/S1353-8020(18)30392-4/sref22
http://refhub.elsevier.com/S1353-8020(18)30392-4/sref22


Neuropsychol. 6 (1) (2012) 94–118.
[23] A.R. Aron, L. Watkins, B.J. Sahakian, S. Monsell, R.A. Barker, T.W. Robbins, Task-

set switching deficits in early-stage Huntington's disease: implications for basal
ganglia function, J. Cognit. Neurosci. 15 (5) (2003) 629–642.

[24] G. Poudel, J.C. Stout, M. Gray, P. Chua, B. Borowsky, G.F. Egan, et al., Longitudinal
changes in the fronto-striatal network are associated with executive dysfunction
and behavioral dysregulation in Huntington's disease: 30 months IMAGE-HD data,
Cortex 92 (2017) 139–149.

[25] J.B. Penney, J.P. Vonsattel, M.E. Macdonald, J.F. Gusella, R.H. Myers, CAG repeat
number governs the development rate of pathology in Huntington's disease, Ann.
Neurol. 41 (5) (1997) 689–692.

[26] S.J. Tabrizi, D.R. Langbehn, B.R. Leavitt, R.A. Roos, A. Durr, D. Craufurd, et al.,
Biological and clinical manifestations of Huntington's disease in the longitudinal
TRACK-HD study: cross-sectional analysis of baseline data, Lancet Neurol. 8 (9)
(2009) 791–801.

[27] H. Huntington, Unified Huntington's disease rating scale: reliability and con-
sistency, Mov. Disord. 11 (1996) 136–142.

[28] L.R. Derogatis, SCL-90-R: Administration, Scoring and Procedures Manual for the R
(Evised) Version and Other Instruments of the Psychopathology Rating Scale Series,
Clinical Psychometric Research, 1992.

[29] J.T. Matsui, J.G. Vaidya, H.J. Johnson, V.A. Magnotta, J.D. Long, J.A. Mills, et al.,
Diffusion weighted imaging of prefrontal cortex in prodromal huntington's disease,
Hum. Brain Mapp. 35 (4) (2014) 1562–1573.

[30] N. Georgiou-Karistianis, G.R. Poudel, R. Langmaid, M.A. Gray, A. Churchyard,
P. Chua, et al., Functional and connectivity changes during working memory in
Huntington's disease: 18 month longitudinal data from the IMAGE-HD study, Brain
Cognit. 83 (1) (2013) 80–91.

[31] E.J. Sitek, J.C. Thompson, D. Craufurd, J.S. Snowden, Unawareness of deficits in
Huntington's disease, J. Huntingt. Dis. 3 (2) (2014) 125–135.

[32] S.J. Tabrizi, R.I. Scahill, G. Owen, A. Durr, B.R. Leavitt, R.A. Roos, et al., Predictors
of phenotypic progression and disease onset in premanifest and early-stage
Huntington's disease in the TRACK-HD study: analysis of 36-month observational
data, Lancet Neurol. 12 (7) (2013) 637–649.

S. Migliore et al. Parkinsonism and Related Disorders 60 (2019) 111–117

117

http://refhub.elsevier.com/S1353-8020(18)30392-4/sref22
http://refhub.elsevier.com/S1353-8020(18)30392-4/sref23
http://refhub.elsevier.com/S1353-8020(18)30392-4/sref23
http://refhub.elsevier.com/S1353-8020(18)30392-4/sref23
http://refhub.elsevier.com/S1353-8020(18)30392-4/sref24
http://refhub.elsevier.com/S1353-8020(18)30392-4/sref24
http://refhub.elsevier.com/S1353-8020(18)30392-4/sref24
http://refhub.elsevier.com/S1353-8020(18)30392-4/sref24
http://refhub.elsevier.com/S1353-8020(18)30392-4/sref25
http://refhub.elsevier.com/S1353-8020(18)30392-4/sref25
http://refhub.elsevier.com/S1353-8020(18)30392-4/sref25
http://refhub.elsevier.com/S1353-8020(18)30392-4/sref26
http://refhub.elsevier.com/S1353-8020(18)30392-4/sref26
http://refhub.elsevier.com/S1353-8020(18)30392-4/sref26
http://refhub.elsevier.com/S1353-8020(18)30392-4/sref26
http://refhub.elsevier.com/S1353-8020(18)30392-4/sref27
http://refhub.elsevier.com/S1353-8020(18)30392-4/sref27
http://refhub.elsevier.com/S1353-8020(18)30392-4/sref28
http://refhub.elsevier.com/S1353-8020(18)30392-4/sref28
http://refhub.elsevier.com/S1353-8020(18)30392-4/sref28
http://refhub.elsevier.com/S1353-8020(18)30392-4/sref29
http://refhub.elsevier.com/S1353-8020(18)30392-4/sref29
http://refhub.elsevier.com/S1353-8020(18)30392-4/sref29
http://refhub.elsevier.com/S1353-8020(18)30392-4/sref30
http://refhub.elsevier.com/S1353-8020(18)30392-4/sref30
http://refhub.elsevier.com/S1353-8020(18)30392-4/sref30
http://refhub.elsevier.com/S1353-8020(18)30392-4/sref30
http://refhub.elsevier.com/S1353-8020(18)30392-4/sref31
http://refhub.elsevier.com/S1353-8020(18)30392-4/sref31
http://refhub.elsevier.com/S1353-8020(18)30392-4/sref32
http://refhub.elsevier.com/S1353-8020(18)30392-4/sref32
http://refhub.elsevier.com/S1353-8020(18)30392-4/sref32
http://refhub.elsevier.com/S1353-8020(18)30392-4/sref32

	Task-switching abilities in pre-manifest Huntington's disease subjects
	Introduction
	Materials and methods
	Participants
	Clinical and neuropsychological assessment
	Task-switching
	Statistical analyses

	Results
	Functional and motor status
	Clinical and neuropsychological assessment
	Task switching protocol

	Discussion
	Contributors
	Declarations of interest
	Founding source
	Acknowledgements
	References




