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Abstract
Objective
To investigate the relationships between CAG repeat length in the huntingtin gene and cog-
nitive performance in participants above and below the disease threshold for Huntington
disease (HD), we performed a cross-sectional analysis of the Enroll-HD database.

Methods
We analyzed data from young, developing adults (≤30 years of age) without a history of
depression, apathy, or cognitive deficits. We included participants with and without the gene
expansion (CAG ≥36) for HD. All participants had to have a Total Functional Capacity Score
of 13, a diagnostic confidence level of zero, and a total motor score of <10 and had to be >28.6
years from their predicted motor onset. We performed regression analyses to investigate the
nonlinear relationship between CAG repeat length and various cognitive measures controlling
for age, sex, and education level.

Results
There were significant positive relationships between CAG repeat length and the Symbol Digit
Modalities, Stroop Color Naming, and Stroop Interference test scores. There were significant
negative relationships between CAG repeat length and scores on Parts A and B of the Trails
Making Test (p < 0.05), indicating that longer CAG repeat lengths were associated with better
performance.

Discussion
An increasing number of CAG repeats in the huntingtin gene below disease threshold and low
pathologic CAG ranges were associated with some improvements in cognitive performance.
These findings outline the relationship between CAG repeats within the huntingtin gene and
cognitive development.

Classification of Evidence
This study provides Class IV evidence that CAG repeat length is positively associated with
cognitive function across a spectrum of CAG repeat lengths.
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Huntington disease (HD) is a neurodegenerative disorder
caused by a pathologic number of CAG repeats (≥40) within
the huntingtin gene that leads to a mutated huntingtin protein
(HTT).1 The huntingtin gene is highly conserved across
species, and there is a direct relationship between the number
of CAG repeats within the protein and phylogenetic prox-
imity to humans.2 Numerous genes with triplet repeats are
present in the normal, healthy population. In these genes, an
abnormal number of triplet repeats often leads to neurode-
generative disorders beyond a specific threshold.3

The wide variation in the number of triplet repeats within
specific genes can affect the function of the protein for which
they encode4-6 and can lead to broad phenotypic expression
above and below the disease threshold. The ability of triplet
repeats in specific genes to influence variation in phenotypes
has prompted hypotheses that they play a critical role in
evolution. Specifically, the huntingtin gene plays a critical role
in neurodevelopment and brain maturation.7-11 Therefore, it
is possible that the number of repeats within the huntingtin
gene may confer neurodevelopmental advantages and disad-
vantages. Previous studies have examined how the number of
repeats within certain genes can affect variation of specific
traits in animals,12 but studies in humans are limited.

This study aimed to investigate the relationship betweenCAG
repeat length and cognition in participants from the Enroll-
HD database. To evaluate developmental effects of CAG re-
peat length on cognitive performance, we limited our analysis
to subjects far from their predicted motor onset.

Methods
We performed a cross-sectional analysis of the Enroll-HD
platform to answer the primary research question of whether
CAG repeat length was associated with differences in cog-
nitive measures (Classification of Evidence Level IV). Spe-
cifically, “Enroll-HD is a global clinical research platform
designed to facilitate research in HD.13 Core datasets are
collected annually from all research participants as part of
this multi-center longitudinal observational study. Data are
monitored for quality and accuracy using a risk-based
monitoring approach. All participating sites are required to
obtain (and maintain) local ethics committee approvals”
(enroll-hd.org, Publication Policy). All participants provide
signed informed consent for their data to be included. At the
time of this analysis, the fifth periodic dataset was the most
up-to-date version of available data. This version of the da-
tabase includes 21,116 participants from >150 sites around
the world; participants may have pre–motor-manifest HD or

motor-manifest HD or may be genotype-negative partici-
pants, family controls, and healthy controls.

Participant Selection
For the current study, we aimed to include only young
participants who were still developing and who presumably
had not begun to undergo significant, measurable neuro-
degeneration. We included participants who were ≤30 years
of age,14 and these participants had to have a total motor
score of <10, a total functional score of 13, and a diagnostic
confidence level of zero according to the Unified Hunting-
ton’s Disease Rating Scale.15 Participants were included only
if they were >28.6 years from their predicted motor onset
according to the Langbehn formula.16 A recent study found
that young adults with the gene mutation that causes HD
showed subtle signs of neurodegeneration as early as 23.6
years before their predicted motor onset.11 For our analyses,
we were interested in evaluating cognition as a function of
CAG repeat length independently of neurodegeneration.
Therefore, by including participants who were >5 years from
the earliest time of the initiation of neurodegeneration, we
ensured that our analyses were investigating the effect of
CAG repeat on development in participants who were un-
likely to have begun the neurodegenerative process. From
these criteria, the longest possible CAG repeat length was
43. Last, participants were excluded if they had a history of
depression, apathy, or cognitive impairment to ensure that
these potential confounders were not significantly affecting
our results. We analyzed cross-sectional data from the
baseline Enroll visit for each participant. These exclusion
criteria are further outlined in figure 1.

Cognitive Measures
The cognitive measures used in these analyses were collected
by trained clinical personnel. Training includes, but is not
limited to, practice videos, test assessments used to certify
raters, trainings during investigator meetings, didactic teach-
ing, and online videos. Study personnel undergo periodic
recertification (enroll-hd.org). Core assessments are per-
formed during each Enroll-HD visit, and extended assess-
ments are collected to the extent possible on all participants.
The core cognitive assessments that are available in the
Enroll-HD platform are the Categorical Verbal Fluency Test,
Symbol Digit Modalities Test (SDMT), the Stroop Color
Naming Test (SCNT), and the Stroop Word Reading Test
(SWRT). For the categorical verbal fluency test, performance
was measured as the number of correctly generated words
within 60 seconds. This test is generally used to investigate
semantic memory.17 For the SDMT, the score is the number
of numbers that were correctly paired to geometric figures
within 90 seconds and is used primarily to assess visual

Glossary
HD = Huntington disease;MMSE = Mini-Mental State Examination; SCNT = Stroop Color Naming Test; SDMT = Symbol
Digit Modalities Test; SIT = Stroop Interference Test; SWRT = Stroop Word Reading Test.
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attention and processing speed.18 For the Stroop assessments,
the measure of performance is the total number of correctly
identified colors or words named by the participant. The
SCNT and SWRT are used to assess attention and executive
function.18,19 The extended cognitive assessments that are
performed as part of the Enroll-HD protocol are the Stroop
Interference Test (SIT), Parts A and B of the Trail Making
Tests, a Letter Verbal Fluency Test, and the Mini-Mental
State Examination (MMSE). We assessed the SIT, Trail
Making Tests, and the letter verbal fluency tests, but we did
not assess the MMSE. The MMSE is used primarily in older
adults to determine whether the examinees have cognitive
impairment. Given that we included only young participants
who were far from their predicted motor onset of HD and
who did not have a history of cognitive impairment, the
MMSE was not an appropriate tool to assess this patient
population. For the SIT, the measure used was the total
number of words accurately named, and this measure assesses
response inhibition.18 For the Trail Making Tests, the mea-
sure used was the total time required to complete these tasks.
The Trail Making Tests measure a number of cognitive
functions, most notably speed and fluidity of cognitive abil-
ities, as well as executive function.20 For the letter verbal
fluency test, performance was measured as the number of
correctly generated words within 60 seconds and assessed
primarily semantic memory.17

Enroll-HD assessments are not to last longer than 2.5 hours.
This is used to prevent participants from becoming overly
fatigued during assessments, which is important in the setting
of these analyses. In addition, all participants undergo DNA
genotyping at their first Enroll-HD assessment for research
purposes to quantify their CAG repeat length. This in-
formation is not made available to the participants and is not
performed as part of a clinical protocol that includes genetic
counseling. Some participants may have already undergone

genetic testing at the time of their first Enroll-HD visit, but
this information is not made available.21

Statistical Considerations
The Enroll-HD platform includes longitudinal data for par-
ticipants and is actively enrolling new participants. Conse-
quently, some participants have data available from only 1
visit, while others may have data from multiple time points.
To ensure that participants with >1 visit were not falsely
inducing significant results, we included only the last known
visit for participants who met the inclusions criteria. A cog-
nitive score that was >5 SDs from the group mean was re-
moved to decrease the impact of outliers. We then
constructed nonlinear regression models to investigate the
relationship between CAG repeat length and cognition. All
models included the covariates of age, sex, and education.
Specifically, the Enroll-HD study has adopted the In-
ternational Standard Classification of Education codes to
classify educational attainment. The impact of CAG repeat
length on cognition was presumed to be nonlinear. Conse-
quently, the independent variable of interest, CAG repeat
length, was transformed to a nonlinear variable with the use of
natural cubic splines. A separate model was run for all 8 of the
cognitive measures investigated. Therefore, all p values were
corrected for these multiple comparisons with false discovery
rate correction. A false discovery rate–corrected value of p <
0.05 was considered statistically significant for all analyses.
Some participants had missing data for specific cognitive
measurements. Only participants with the cognitive measure
of interest available were included in an individual analysis.
RStudio was used to perform all statistical analyses.

Standard Protocol Approvals, Registrations,
and Patient Consents
All sites were required to obtain and maintain local Ethics
Committee approvals. Participants must have signed

Figure 1 Flowchart of Patient Exclusions

This flowchart shows how many participants
were excluded on the basis of the exclusionary
criteria outlined in the text. DCL = diagnostic
confidence level; TFC = Total Functional Capacity
Score; TMS = total motor score; YTO = years to
onset.
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informed consent forms for their data to be included in the
datasets.21

Data Availability
These results were generated with the Enroll-HD database
(enroll-hd.org), which is funded by CHDI, Inc. This dataset is
made widely available to any interested researcher working at
a recognized research institution through a straightforward
approval process. Researchers requesting this database will be
asked to sign the respective agreements governing access and
use of these resources. Data not provided in the article be-
cause of space limitations may be shared at the request of any
qualified investigator (defined as an investigator with granted
access to the Enroll-HD database) for purposes of replicating
procedures and results.

Results
There were 502 participants included in these analyses, and
mean baseline demographics are outlined in the table. The
majority of participants (n = 385) had a CAG repeat length
below the HD disease threshold of ≥36. The most common
CAG repeat length among the entire group was 17 (n = 84).
The most common CAG repeat length among the partici-
pants with a CAG repeat above the disease threshold was 41
(n = 39), followed by 40 (n = 28).

There was a significant, nonlinear relationship between CAG
repeat length and SDMT score (F2,359.5 = 3.62, pfdr = 0.044;
figure 2A). Specifically, there was a subtle, linear increase in
SDMT scores across the spectrum of CAG repeat lengths.
Next, we found that among 431 participants (68 missing
observations and 3 outlier values), there was a significant
relationship between CAG repeat length and Part A of the
Trails Making Test (F2,295.9 = 5.54, pfdr = 0.0085; figure 2B).
For this task, the time to complete the task seemed to de-
crease from 15 to ≈30 CAG repeats. Above a CAG repeat
length of 30, the total time to complete the task was fairly
unchanged (figure 2C). There were data available for Part B of
the Trails Making Test for 431 participants (69 missing ob-
servations and 2 outlier values). Again, the relationship

between CAG repeat length and time to complete this test
was statistically significant (F2, 2,547.0 = 6.74, pfdr = 0.0053;
figure 2C); however, the trajectory of change across the
spectrum of CAG repeats appeared to be relatively linear.

There were 501 available observations for the SCNT (1
missing observation), and the relationship with CAG repeat
length was also significant (F2, 1,296.3 = 7.89, pfdr = 0.0034;
figure 2D). Again, the SCNT scores improved in a fairly linear
fashion across all CAG repeat lengths (figure 2D).

Data for the SIT were available for 484 participants (18
missing observations). The pattern of change for this task was
similar to that of the SCNT and also was statistically signifi-
cant (F2,581.6 = 5.75, pfdr = 0.0085; figure 2E). There was a
somewhat positively linear pattern of change among the 502
observations of SWRT, but these results also did not reach
statistical significance (F2, 265.0 = 1.15, pfdr = 0.36; figure 2F).
There were no distinguishable patterns between CAG repeat
length and the letter fluency task (F2,50.1 = 0.41, pfdr = 0.67;
figure 2G) or the categorical fluency task (F2,50.7 = 2.04, pfdr =
0.18; figure 2H).

Discussion
These results expand on previous reports that before the
onset of neurodegeneration, increasing CAG repeats may be
associated with improved cognitive performance.22-25 Here,
we have expanded on these reports by identifying specific
cognitive domains that seem to be associated with CAG re-
peat length and identifying other domains that do not seem to
be influenced by CAG repeat length. Specifically, there were
significant associations between CAG repeat length and
SDMT, Trail Making Tests, SCNT, and SIT scores. These
tasks all assess executive-attentional functions to some extent.
This is important because these functions are known to be
mediated by frontostriatal circuits,26 andHTT has been linked
to developmental changes in the striatum.9 Conversely, verbal
fluency tasks are often used to assess memory and verbal
functioning.17 In our present study, there did not seem to be
any association between CAG repeat length and performance
on the verbal fluency tasks or SWRT. These functions may be
more closely related to medial temporal regions of the brain,27

but widespread, predictable degeneration in these areas of the
brain is not common in HD.

The HTT is known to affect neurodevelopment below the
HD disease threshold.7-11 Furthermore, mutant HTT has
been associated with neurodevelopmental changes that were
associated with CAG repeat length.9 Previously, we reported
the effects of CAG repeat in children across the entire spec-
trum of repeats from 15 through 59 in a unique study of
children at risk for HD. We showed that higher CAG repeat
lengths were associated with higher IQ scores with a peak
around at ≈40 to 41 repeats.22 However, at CAG repeat
lengths >41, the detrimental effects of the mutantHTT led to

Table Patient Demographics

Included participants

No. 502

Age, mean ± SD, median (minimum,
maximum), y

25.0 ± 3.50, 25.0 (18.0,
30.0)

Female, n (%) 272 (54.2)

CAG, mean ± SD, median (minimum,
maximum), n

25.1 ± 9.06, 21.0 (15, 43)

Motor score, mean ± SD 0.464 ± 1.14

CAG length above disease threshold, n (%) 117 (23.3)
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lower IQ measures.28 The study of children at risk for HD is
unique in being able to evaluate children far before onset and
therefore being able to minimize any effect of the disease
process itself on IQ, underscoring that the findings support
the notion that HTT throughout the spectrum is affecting
brain development and function. Our results seem to indicate
similar findings that a higher number of CAG repeats within
the huntingtin gene (independently of disease threshold) is
associated with improvements in cognition. More important,

the cognitive skills that seem to be affected by the number of
CAG repeats are cognitive skills that may be associated with
regions of the brain such as the striatum that are known to be
developmentally influenced by CAG repeat length.9

It is important to interpret these results in the correct context.
Specifically, the participants who were evaluated in this study
were decades from their predicted motor onset and were com-
pletely asymptomatic according to the available information.

Figure 2 CAG Relationship With Cognitive Tests

Thick black regression lines represent the nonlinear relationship across all CAG repeat lengths and the cognitive tasks. This line was produced from the
individual models described. Dashed lines represent the 95% confidence interval of those models. For panels A–H, the y-axis represents the total correct of
the listed cognitive tasks. Category VF = Category Verbal Fluency Task; Letter VF = Letter Verbal Fluency Task; SCNT = Stroop Color Naming Test; SDMT =
Symbol Digit Modalities Test; SIT = Stroop Interference Test; SWRT = StroopWord Reading Test; Trails A = Part A of the Trail Making Test; Trails B = Part B of the
Trail Making Test.
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Consequently, these results demonstrate how CAG repeat
length may affect neurodevelopment and cognition before
neurodegeneration. There is no doubt that the participants with
a CAG repeat length above the disease threshold (CAG ≥36)
will eventually experience decline in these same cognitive scores
as a direct result of later neurodegeneration caused by HD.29,30

However, early in life, before the degenerative portion of the
disease, a CAG repeat length that is longer, even past the disease
threshold, seems to be associated with improved attentional-
executive function.

The first phase 3 study investigating the effectiveness of an
antisense oligonucleotide as a disease-modifying therapy for
patients with HD is underway (NCT03761849). Additional
studies are also underway or in planning stages.31,32 These
studies are primarily recruiting patients with early-manifest
HD. If successful at modifying the disease course of HD,
however, there will be an inevitable flood of participants
requesting to be treated with these medications. One pri-
mary question that still remains is how early in the disease
course of HD can treatment be safely initiated. The brain
continues to develop until ≈30 years of age.14 Therefore, if
HTT is critically involved in neurodevelopment, the current
results may provide preliminary evidence that practitioners
should consider the long-term neurodevelopmental impli-
cations of treating, for example, a 19-year-old with a CAG
repeat of 40. The scenarios outlined above are hypothetical,
and further research into the efficacy of HTT-lowering
strategies is warranted, as well as further research regarding
how HTT affects neurodevelopment. However, the results
presented provide a basis for considering the implications of
these treatments. Previous studies have outlined the neces-
sity for providers to consider the potential tradeoffs associ-
ated with using disease-modifying therapies in HD,33 and
these results may add to those future considerations. In
addition, HTT has been implicated in various functions such
as DNA repair. Therefore, it is important to consider the
possibility that HTT is affecting cognition through a non-
neurodevelopmental pathway.

There are several limitations to our work. First, we aimed to
select participants who were not yet experiencing neuro-
degeneration; however, neuroimaging studies are not con-
ducted as part of the Enroll-HD protocol. Therefore, there is
no way to determine with certainty that the included partic-
ipants were not undergoing neurodegenerative changes at the
time of assessment. It would be possible to use stricter re-
strictions on the sample based on the estimated years until
motor onset; however, this would reduce statistical power.
Furthermore, neuroanatomic changes seem to occur as early
as 6 years of age in participants carrying the gene mutation
that causes HD.9 This analysis aimed to analyze the re-
lationship between CAG repeat length and cognition in-
dependently of neurodegeneration in those participants with
a CAG repeat length of ≥36. Consequently, our strict in-
clusion criteria for this analysis may have introduced selection
bias. It is also important to note that the observed changes in

cognitive scores are quite subtle. For example, the mean dif-
ference in SDMT score between a participant with a CAG of
15 and a participant with a CAG of 40 is ≈5 to 10 points.
While this difference is statistically significant, it is difficult to
determine whether that difference is clinically significant. The
ability to determine clinical significance depends on the
conduct of a full neuropsychological assessment that includes
a patient interview in the context of how cognition affects
functionality in patients. The reported results were collected
in the setting of a research study, not for clinical purposes.
Consequently, these results are not meant to be interpreted
clinically. Rather, the data are presented to demonstrate a
relationship between CAG repeat length and cognition, which
may provide important information on the biology that may
underpin how the HTT affects neurodevelopment. Most
important, this study describes associations between CAG
repeat length and cognitive scores, and the results should not
be interpreted as outlining causation between these factors.
Despite these limitations, a major strength of this study is the
large sample size. The Enroll-HD platform is the most robust
collection of observational data of patients with HD in the
world. In addition, we used strict inclusion and exclusion
criteria to eliminate the presence of significant confounders.
Still, it is nearly impossible to account for all confounders
when using observational data.

This study demonstrates that higher CAG repeats are asso-
ciated with better cognitive outcomes during the neuro-
developmental phase of HD and before neurodegeneration.
Participants carrying an expanded CAG repeat will certainly
undergo neurodegeneration in the future, but our study
provides further evidence that HTT plays a specific role in
neurodevelopment, conferring possible advantages and dis-
advantages. Therefore, further research is warranted to better
understand the role of HTT in neurodevelopment. This may
prove to be extremely valuable as more huntingtin-lowering
treatment strategies are tested for disease modification of HD.
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