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INTRODUCTION

In Huntington's disease (HD), progressive cognitive and behav-
ioral changes are core features of the disease, and subtle cognitive
changes can be detected as early as 15 years before the motor-based
clinical diagnosis is made [1]. Throughout the disease progression,

cognitive features evolve from subtle to mild and major cognitive

impairment [2-4].
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Abstract

Background and purpose: Cognitive impairment is a central feature of Huntington's dis-
ease (HD), but it is unclear to what extent more aggressive cognitive phenotypes exist in
HD among individuals with the same genetic load and equivalence in other clinical and
sociodemographic variables.

Methods: We included Enroll-HD study participants in early and early-mid stages of HD
at baseline and with three consecutive yearly follow-ups for whom several clinical and so-
ciodemographic as well as cognitive measures were recorded. We excluded participants
with low and large CAG repeat length (CAG <39 & > 55), with juvenile or late onset HD,
and with dementia at baseline. We explored the existence of different groups according
to the profile of cognitive progression using a two-step k-means cluster analysis model
based on the combination of different cognitive outcomes.

Results: We identified a slow cognitive progression group of 293 participants and an
aggressive progression group (F-CogHD) of 235 for which there were no differences at
the baseline visit in any of the measures explored, with the exception of a slightly higher
motor score in the F-CogHD group. This group showed a more pronounced annual loss of
functionality and a more marked motor and psychiatric deterioration.

Conclusions: The rate of progression of cognitive deterioration in HD is strongly variable
even between patients sharing, among other variables, equivalent CAG repeat length,
age, and disease duration. We can recognize at least two phenotypes that differ in terms
of rate of progression. Our findings open new avenues to study additional mechanisms

contributing to HD heterogeneity.
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In HD, CAG repeats length is inversely associated with the age at
onset and age at death, with the severity, and with the rate of clinical
progression [5-8]. CAG repeat length, however, accounts for only
60% of the interindividual variability in the age at onset, and it is clin-
ically evident that there is great heterogeneity in the way the disease
progresses among patients with equivalent CAG repeat length [9].
The influence of mechanisms other than those mediated by CAG re-
peat length appears to contribute significantly to this variability [10].
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Several genetic and environmental modifiers have been identified.
Among these, the role of specific gene locus, single nucleotide poly-
morphisms, CAA interruptions, RNA toxicity, DNA repair polymor-
phisms, and environmental factors stand out [6, 11-14].

Cognitive presentation and progression in HD have also been as-
sociated with CAG repeat length [15, 16]. However, the timing and
pattern of progression of cognitive deterioration in HD vary greatly
between patients, even when disease stage, age, education level,
and CAG repeat length are similar [2, 10, 17]. Again, this heterogene-
ity suggests that mechanisms other than CAG repeat length, disease
stage, or the disease burden also contribute to cognitive heteroge-
neity in HD [18]. This idea is in line with what we observe in cog-
nitive impairment in other forms of neurodegenerative dementias,
where multiple phenotypes exist for the same disease or primary
etiopathological mechanism (i.e., phenotypes of Alzheimer disease
or frontotemporal degeneration).

The identification of cognitive endophenotypes differing be-
tween individuals with equivalent disease burden would allow in-
vestigation of potential underlying contributors and selection of
the most appropriate outcome measures in the context of clinical
trials [17].

The main aim of our study was to explore whether different
cognitive phenotypes—in terms of rate of progression of global
cognition—occurs in early and early-mid stages of HD, and whether
these phenotypes are more or less dependent on critical clinical and
sociodemographic variables such as CAG repeat length, age, disease

duration, or medication.

METHODS
Participants and study design

All the clinical and sociodemographic data were obtained from the
fifth released dataset of the Enroll-HD study: A Prospective Registry
Study in a Global Huntington's Disease Cohort (CHDI Foundation)
[19]. The Enroll-HD study is a longitudinal, observational, multi-
national study (NCT01574053) conceived as a global clinical re-
search platform designed to facilitate clinical research in HD. All
participants provided informed consent in accordance with the
International Conference on Harmonization-Good Clinical Practice
guidelines, and all participating centers were required to obtain ap-
proval from their local ethics committee. Further details are avail-
able at the website: enroll-hd.org.

We focused on participants who presented the common clinical
characteristics used in the context of disease-modifying clinical tri-
als [20]. Accordingly, we included only symptomatic participants in
the early and early-mid stages (Shoulson and Fahn stages | or I1) [21].
This criterion was determined by a diagnostic confidence level of
4 at baseline, indicating the presence of unequivocal motor abnor-
malities of HD with a confidence level of 99%, and a total functional
capacity (TFC) score at baseline of >6 [22]. To avoid the influence
of CAG expansions in the low-penetrance range (CAG=36-39) and

the influence of large expansions (CAG > 55), we only included par-
ticipants in the range of CAG repeats between 40 and 55. To avoid
the influence of juvenile and late onset forms of the disease, we in-
cluded participants who were aged between 21 and 60vyears [23, 24]
at diagnosis or when the first symptom of HD appeared. Moreover,
from among the available data, we selected participants for whom
baseline and three consecutive annual follow-up visits containing all
the required assessments described below were available.

We excluded participants who had a history of severe traumatic
brain injury, neurological disorders other than HD, epilepsy, drug
abuse, noncompensated systemic disease (i.e., diabetes), or a Mini-
Mental State Examination (MMSE) score at baseline suggestive of
significant cognitive impairment (MMSE < 26) [25].

To explore whether findings were characteristic of the HD pop-
ulation or whether they also occurred in the general population, we
included a group of healthy controls (HC). This group was made up of
gene-negative relatives and healthy controls with sociodemographic
characteristics similar to those of the HD participants (details in
Appendix S1). A parallel exploratory analysis was conducted with
this sample. To avoid the possible influence of intermediate alleles
in this population, we included only HC with a CAG length of <27.

A total of 528 HD participants and 566 HC fulfilled all the in-
clusion/exclusion criteria. The items comprising these criteria are
described in detail in Appendix S1.

Assessments

We collected baseline data regarding CAG repeat length, age, age at
diagnosis, disease duration, years of education, first main symptom,
and motor phenotype (choreatic, rigid-akinetic, or mixed). The CAG-
Age Product (CAP) score, a measure of disease burden relative to
lifelong exposure to mutant Huntingtin (mHTT), was calculated using
the following formula: age x (CAG - 33.5) [26]. To determine differ-
ences in the frequency with which different CAG expansion sizes
predominated in the sample, we defined four categories: (i) CAG re-
peat length between 40 and 42; (ii) CAG=43-46; (iii) CAG=47-50;
and (iv) CAG >50 [6].

At every visit (at baseline and at 12-, 24-, and 36-month follow-
ups), we collected data from the Unified Huntington's Disease Rating
Scale-Total Motor Score (UHDRS-TMS) [22], the TFC, the functional
independence score (FIS), pharmacological treatment, severity of
neuropsychiatric symptoms according to the Problems Behavior
Assessment for Huntington's Disease-Short Form (PBA-s) [27], the
Symbol Digit Modalities Test (SDMT), the Stroop word-reading test
(SWRT), and the MMSE. The assessments are described in detail in
Appendix S1.

Cluster analysis

We explored the possible existence of different cognitive groups
based on the rate of progression of changes at 36-month follow-up
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in global cognition and in two measures which, given their sensi-
tivity to change in HD, are always used in the context of clinical
trials, and are used to obtain composite measures such as the com-
posite UHDRS [28]. Thus, the SDMT, the SWRT and the MMSE
were used in a two-step k-means cluster analysis. The optimal
number of clusters was calculated using the average silhouette
method [29]. The second step was to classify the whole sample
according to the final number of clusters. To apply this model, we
calculated the difference score between baseline and 36 months
for each cognitive outcome. We then normalized these difference
scores to z-scores, and all the resulting z-scores were used in the
cluster analysis.

Statistical analysis

Clinical and sociodemographic variables were subjected to inde-
pendent t-test comparisons for continuous variables and ;(2 for cat-
egorical variables. Repeated measures analysis of variance (ANOVA)
and t-tests were conducted to explore the effects between the cog-
nitive groups over time, as linear models are valid for any distribution
for samples of size 500, as is the case in the present work irrespec-
tive of normality of residuals [30].

Using)(2 tests, we compared the frequency of several variables in
each group. These variables were (i) pharmacological treatments; (ii)
the frequency with which different expansion sizes predominated in
each; (iii) the first motor, cognitive, neuropsychiatric, or mixed symp-
toms related to HD; and (iv) the frequency with which motor phe-
notypes (choreatic, rigid-akinetic, or mixed) predominated at time
of disease onset.

We analyzed the association of demographic, clinical, and cog-
nitive variables at baseline with cognitive outcomes at 36 months
using a stepwise forward logistic regression. The first step included
age, sex, education, CAG repeat length, UHDRS-TMS, and TFC. In
the second step, scores from the MMSE, SDMT, and SWRT were
added to the model. In the third step, the scores from the PBA-s were
added. Goodness of fit was assessed with the Hosmer-Lemeshow
test, with a nonsignificant finding ruling out gross lack of fit [31]. All
the statistical analyses were done using the SPSS statistical package

v28.0.0.0, and a p<0.05 was considered significant.

RESULTS
Cluster analysis

The sample consisted of 528 early-to-early-mid HD patients with a
mean age (SD) at baseline of 49.5 (10.1), a mean CAG repeat length
of 43.7 (3.1), a mean age at onset of 43.9 (9.0) years, and a mean
disease duration of 5.45 (4.2) years; 47.9% were women. Table 1
shows all the demographic and clinical characteristics of the cohort.
The two-step cluster analysis revealed two main groups (silhouette
index=0.546; Appendix S1), differentiated by a relatively benign or

slow (S-CogHD) versus a more aggressive or fast cognitive progres-
sion profile (F-CogHD).

The S-CogHD consisted of 293 participants (55% of the sample;
46.1% women), and the F-CogHD group consisted of 235 partici-
pants (45% of the sample; 50.2% women). As seen in Table 1, the
two groups showed equivalent scores at baseline in almost all the
variables. The only difference between groups at baseline was
found in the UHDRS-TMS, which was 3.88 (3.88) points higher in
the F-CogHD group (t5,3=3.39, p<0.005). A figure depicting the
frequencies of used medication, initial symptoms, and CAG groups is
presented as Appendix S1.

Each cognitive test was subjected to arepeated measures ANOVA
using the factors “group” (S-CogHD and F-CogHD) and “time” (base-
line, 12 months, 24 months, and 36 months). For the MMSE score,
a significant group by time interaction was found (F3) 505 =48.97,
p<0.001). Post hoc t-test comparisons showed that this effect was
driven by significant differences between groups in the mean MMSE
score at 12 months, in the rate of annual change from baseline to 12
months (t;,,=-6.02, p<0.001), and in the rate of annual change at
36 months (t;,,=-5.96, p<0.001). Accordingly, these data revealed
a mean rate of change in the MMSE at 36 months with respect to the
baseline visit of -0.1 (1.7) points in the S-CogHD group, and 2.3 (2.3)
points in the F-CogHD group (t;,3=-11.8, p<0.001; see Table 1).
Paired t-tests showed the MMSE remained stable at follow-up visits
in the S-CogHD group. Conversely, in the F-CogHD group, a signif-
icant pattern of annual decline was found at 12 months (t235:7.7,
p<0.001), and at 36 months (t,,.=6.1, p<0.001), and between 36
months and baseline (t,;;=14.9, p<0.001; see Figure 1).

For the SDMT, repeated measures ANOVA using the same fac-
tors showed an equivalent group-by-time interaction (Fs, 505=99.55,
p<0.001) as found in the MMSE. This effect was driven by signif-
icant differences in the mean SDMT score at 12 months, and in
the rate of annual change at 12 months (t,,;=-8.27, p<0.001), at
24 months (t;,g=-3.39, p<0.005), and at 36 months (t;,;=-5.67,
p<0.001). A mean rate of change at 36 months with respect to the
baseline of -1.32 (5.3) was found in the S-CogHD group, and -9.54
(6.0) in the F-CogHD group (t;,,=-16.3, p<0.001). A pattern of sig-
nificant decline between visits in the SDMT performance was found
in both groups. In the S-CogHD group, a significant decline was
found between 12 and 24months (t,q;=2.23, p<0.05), between
24 and 36 months (t,,,=3.46, p<0.005), and between baseline and
36 months (t,,,=4.24, p<0.001). This pattern of decline was more
pronounced in the F-CogHD group and was found between baseline
and 12-month follow-up (t,;;=9.89, p <0.001), between 12- and 24-
month follow-up (t235=6.35, p<0.001), between 24- and 36-month
follow-up (t,35=10.39, p<0.001), and between baseline and 36-
month follow-up (t,;;=24.2, p<0.001).

On the SWRT, repeated measures ANOVA showed an equiv-
alent group by time interaction as found with the MMSE and the
SDMT (F; 5,5=75.38, p<0.001). This effect was driven by signif-
icant differences between groups in the mean SWRT score at 12
months, and in the rate of annual change at 12 months (t;,;=-6.22,
p<0.001), at 24 months (t;,g=-3.58, p<0.001), and at 36 months
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FIGURE 1 Trajectories of main cognitive, motor, and functional assessments along 3-year follow-up in the two different cognitive
groups. The figure shows the differences in the progression profile throughout follow-up in the S-CogHD and F-CogHD groups. The top
row shows the cognitive outcomes and the bottom row the motor and functional outcomes. Bars represent the mean+SEM. FIS, functional
independence score; MMSE, Mini-Mental State Examination; SDMT, Symbol Digit Modalities Test; SWRT, Stroop word-reading test; TFC,
total functional capacity; UHDRS-TMS, Unified Huntington's Disease Rating Scale-Total Motor Score. [Colour figure can be viewed at

wileyonlinelibrary.com]

(tspg=-5.57, p<0.001). A mean rate of change at 36 months with re-
spect to baseline of -4.57 (11.3) points was found in the S-CogHD
group, and of -19.05 (11.9) in the F-CogHD group (t;,z=-14.1,
p<0.001). A pattern of significant decline between visits was seen in
the SWRT performance in both groups. In the S-CogHD group, this
decline was found between 24 months and 12months (t,,,=3.06,
p<0.005), between 36 months and 24 months (t,,,=3.38, p<0.005),
and between 36 months and baseline (t,o;=6.91, p<0.001). This
pattern of decline was more pronounced in the F-CogHD group and
was found between baseline and 12 months (t,;;=9.98, p<0.001),
24months (t,;;=7.11,p<0.001),and 36 months(t,,; =9.37,p <0.001),
and between baseline and 36 months (t,,;=24.35, p<0.001).

Participants in the F-CogHD group also showed a greater annual
decrease in the UHDRS-TMS, the FIS, and the TFC. Regarding medi-
cation, no differences were found at baseline. Anticonvulsants were
more frequently used at 36-month follow-up (;(2=3.91, p=0.048)
and neuroleptics and antichoreic medications were more frequently
used in this group after the 12-month visit.

Regarding neuropsychiatric symptoms (Appendix S1), scores
for apathy were higher in the F-CogHD group at 24-month and 36-
month visits, and disoriented behavior was also higher in this group
at the 36-month visit. Over the follow-up visits, the S-CogHD group
showed a significant amelioration in depressive mood at 12 months
and in anxiety at 24 months. They also showed worsening of perse-
verative behavior at 12 months, but this was not followed by worsen-
ing in the subsequent visits. The F-CogHD group showed significant
worsening in perseverative behavior at 24 months, in apathy at 24
and 36 months, and in aggressive behavior, obsessive-compulsive
behavior, and disoriented behavior at 3é months. Paired t-test com-
parisons between visits in the S-CogHD group showed significant

increases in apathy (t,,,=-2.39, p<0.05) and perseverative behavior
(tyo3=-3.2, p<0.005) between baseline and 36-month visit. In the
F-CogHD group, the same comparison showed significant increases
in apathy (t,;.=-3.9, p<0.001), perseverative behavior (t,;;=-4.1,
p<0.001), obsessive-compulsive behavior (t,,;=-3.1, p<0.005),
and disoriented behavior (t,;;=-5.1, p<0.001).

Risk of fast decline

The logistic regression showed that the risk of belonging to the
F-CogHD group was associated with age (odds ratio [OR]=1.03,
95% confidence interval [Cl]=1.003-1.065, p=0.033), UHDRS-
TMS (OR=0.96, 95% CI=0.94-0.98, p<0.001), PBA Perseveration
(OR=0.89, 95% Cl=0.79-0.99, p=0.036), and PBA Obsessive-
Compulsive Disorder (OCD) scores (OR=1.13, 95% Cl=1.01-1.27,
p=0.033).

As baseline scores on the cognitive tests were not associated
with the risk of showing fast decline at the 36-month follow-up, we
analyzed whether cognitive change at 12 months would be signifi-
cant to predict decline 36 months after baseline assessment. For this
purpose, we developed a linear regression-based reliable change
index (RCI) approach in which scores at 1-year follow-up were re-
gressed on age, sex, education, and baseline scores separately for
the MMSE, SDMT, and SWRT [32]. A linear approach was selected
because it shows both true positive and true negative ratios similar
to the logistic approach and also a mean accuracy close to 95% for
samples of size 500 [33].

In each RCI, participants were labeled as showing reliable change
if the standardized discrepancy between expected and observed
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scores (i.e., z-scores) at 1-year follow-up was equal to or lower than
-1.64 (see Appendix S1). Participants were labeled as showing reli-
able cognitive decline (RCD) if they showed reliable change on one
or more of the three cognitive variables, and the RCD variable was
entered in a logistic regression together with age, baseline UHDRS-
TMS, SDMT, SWRT, MMSE, PBA Perseveration, and PBA OCD
scores to analyze the risk of fast decline at the 36-month follow-up.
This analysis showed that the risk of cognitive decline 36 months
after baseline was best predicted by the RCD variable (OR=3.36,
95% Cl=1.99-5.64, p<0.001), followed by PBA OCD scores
(OR=0.87, 95% Cl=0.78-0.98, p=0.019), UHDRS-TMS (OR=1.03,
95% Cl=1.02-1.05, p<0.001), and age (OR=0.97, 95% Cl=0.96-
0.99, p=0.009). Again, none of the baseline cognitive scores was sig-
nificant to predict decline at 36-month follow-up. Using Bonferroni
correction, only RCD and UHDRS-TMS would remain statistically
significant.

The exploratory analysis in HC was performed in a sample of
566 participants. Their mean age was 49.13 (13.69) years, and thus
comparable to that of the HD sample (t;,,=-0.04, p=0.965). The
k-means analysis found two main groups consisting of 135 (HC-
Cluster-1) and 431 (HC-Cluster-2) participants, respectively. HC-
Cluster-1 was slightly older than HC-Cluster-2 (t;,,=1.19, p=0.048),
and at baseline, they had lower scores on the SDMT than partici-
pants in HC-Cluster-2 (t;,,=-2.18, p<0.05). They also had higher
scores on the MMSE than participants in HC-Cluster-2 (t566:7.45,
p<0.001). To sum up, in HC, dissimilar patterns of progression were
explained by subjects being older and performing worst at baseline.
The specific details and figures regarding the analysis in this group
are presented as Appendix S1.

DISCUSSION

Our findings show that within a sample of HD patients representing
the usual target population in clinical trials, two distinct cognitive
phenotypes can be identified based on the progression of cognitive
decline at 36 months. These cognitive phenotypes were not deter-
mined as a function of CAG repeat length, age, disease duration, or
other core clinical variables at baseline. The S-CogHD group showed
a pattern of slow yearly cognitive and functional decline, whereas
the F-CogHD group exhibited a significantly more aggressive pat-
tern of progression. These findings were not replicated in the HC
group.

Identifying these two cognitive phenotypes has important impli-
cations. First, it will allow us to explore in future studies the biolog-
ical mechanisms that mediate the expression of these phenotypes.
Second, it will be of importance in the design and analysis of clinical
trials, because to date, main endpoints in interventional trials do not
take into account the possible existence of a substantial heterogene-
ity in cognitive trajectories among patients.

That no differences were found in regard to the frequency of

the various CAG repeat ranges, basal CAG repeat length, age, or

disease duration emphasizes that disease burden and disease du-
ration are not the only mechanisms involved in the expression of
more aggressive forms of the disease. Among the various mecha-
nisms that could contribute to this variability, it is worth considering
the accumulated evidence on factors that contribute to phenotypic
variability in HD [5-7, 9-14]. But these results may also serve to
bring into focus other possibilities that also deserve to be explored.
This includes, for example, studying the role of other secondary
proteinopathies (i.e., tau pathology) whose specific role in HD is
largely unknown [34-37].

Regarding the UHDRS-TMS, despite the difference of 3.8 points
observed, it does not provide confirmation that patients in the F-
CogHD group presented worse motor symptoms than patients in
the S-CogHD, because 3.8 points may not be clinically evident.
However, it does not go unnoticed that this worse motor score
could also reflect a more aggressive global clinical phenotype in
the F-CogHD group [28]. Taking into account that in both groups
the patients are in the same range in terms of disease stage, this
difference does not seem to indicate that we are dealing with two
clearly different groups in terms of the clinical evolution of the dis-
ease. We found that reliable change at 1-year follow-up is a bet-
ter predictor of fast cognitive decline at 36 months than baseline
age and UHDRS-TMS. These results show that cognitive variables
could be used to predict cognitive change more accurately than
motor scores. These results are in line with the results reported
in mild cognitive impairment, in which cognitive scores are better
predictors of progression to Alzheimer disease than demographic
variables or biomarkers [38]. However, further studies must explore
whether, independently of disease burden, different phenotypes in
terms of global progression (motor, cognitive, and functional) may
also exist and of course should explore in detail to what extent
this minimum difference of 3.8 points could contribute to a worse
performance in cognitive tasks—something that, in our opinion, is
frankly improbable.

The main limitation of our study is that it does not allow ex-
ploration of the possible biological mechanisms contributing to
the findings. Exploring the proportion of cases with CAA inter-
ruptions, or the frequency of certain genetic variants and haplo-
types, may have shed light on the biological processes subserving
our findings. Another limitation is that the cognitive profiling was
performed using standardized but limited cognitive testing ap-
proaches. In this sense, we recognize that the MMSE may not be a
very sensitive and useful measure in the context of HD, but it is an
accepted measure of global cognition and, given that the MMSE is
not used here for diagnostic purposes, we consider that it provides
interesting information to be taken into account [18]. Thus, future
studies with more exhaustive neuropsychological examinations
should explore the cognitive profile of these subgroups and the
extent to which certain anomalies in processes not covered in the
current study are already detectable at baseline. Finally, an import-
ant limitation is the lack of an independent replication sample to

check our findings.
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To sum up, we provide new evidence regarding the heterogene-
ity of cognitive progression in the early and early-middle stages of
HD. This heterogeneity, which is evident in a clinical setting to any-
one familiar with the study of cognition in people with HD, has previ-
ously been studied in a very limited way. Here, we demonstrate that
regardless of a number of clinical and sociodemographic variables,
HD can be associated with very different cognitive trajectories in
terms of progression over 3years. Therefore, we must go deeper in
identifying the mechanisms that could contribute to this cognitive
heterogeneity, and we must emphasize the need to assume the ex-
istence of multiple possible phenotypes, forms of presentation, and
progression of the disease, as has already been evidenced in other

neurodegenerative processes.
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