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Abstract
Objective
The huntingtin gene is critical for the formation and differentiation of the CNS, which raises
questions about the neurodevelopmental effect of CAG expansion mutations within this gene
(mHTT) that cause Huntington disease (HD). We sought to test the hypothesis that child and
adolescent carriers of mHTT exhibit different brain growth compared to peers without the
mutation by conducting structural MRI in youth who are at risk for HD. We also explored
whether the length of CAG expansion affects brain development.

Methods
Children and adolescents (age 6–18) with a parent or grandparent diagnosed with HD un-
derwent MRI and blinded genetic testing to confirm the presence or absence of mHTT.
Seventy-five individuals were gene-expanded (GE) and 97 individuals were gene-nonexpanded
(GNE). The GE group was estimated to be on average 35 years from clinical onset. Following
an accelerated longitudinal design, age-related changes in brain regions were estimated.

Results
Age-related striatal volume changes differed significantly between the GE and GNE groups,
with initial hypertrophy and more rapid volume decline in GE. This pattern was exaggerated
with CAG expansion length for CAG > 50. A similar age-dependent group difference was
observed for the globus pallidus, but not in other major regions.

Conclusion
Our results suggest that pathogenesis of HD begins with abnormal brain development. An
understanding of potential neurodevelopmental features associated withmHTTmay be needed
for optimized implementation of preventative gene silencing therapies, such that normal
aspects of neurodevelopment are preserved as neurodegeneration is forestalled.
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Huntington disease (HD) is a lethal neurodegenerative disorder
characterized by motor abnormalities, cognitive impairments,
and psychiatric problems. These symptoms are accompanied by
widespread neurodegeneration that likely starts in the
striatum.1,2 HD is caused by a CAG trinucleotide repeat ex-
pansion in the huntingtin gene (HTT), which encodes an ex-
panded polyglutamine stretch in the huntingtin protein (OMIM
143100). Animal model and molecular research studies have
demonstrated that the huntingtin protein mediates a variety of
CNS developmental processes.3–8 The presence of HTT CAG
expansion (mHTT) may compromise neuronal homeostasis
throughout development, ultimately leading to premature cell
death from otherwise nonlethal stressors such as aging.1,9 Prior
to neuronal death, mHTT may cause subclinical neuro-
developmental abnormalities.1,9 The effect of mHTT on neu-
rodevelopment has yet to be studied in humans.

With disease-modifying therapies underway,10 the HD com-
munity will have to determine optimum timing for the in-
troduction of gene-silencing therapies, requiring knowledge of
the neurodevelopmental features associated with mHTT. The
Kids-HD study includes a unique cohort of children and ado-
lescents who are at risk for adult-onset HD.11 Our main goal
was to determine if child and adolescent mHTT carriers
exhibited different brain growth as measured with MRI com-
pared to peers without mHTT. In addition, we wanted to es-
tablish if CAG repeat expansion length modulated children’s
brain morphology, as CAG expansion length is related to onset
and severity of HD.12,13 We hypothesized that the presence of
mHTTwould result in differential developmental trajectories in
areas of primary pathologic importance, that is, the striatum in
HD. We also hypothesized that the extent of developmental
abnormalities was dependent on CAG repeat length.

Methods
Participants
Children and adolescents who participated in the Kids-HD
study had a parent or grandparent with HD and were
recruited from across the United States. Adults with HD were
approached at the University of Iowa Huntington’s Disease
Center of Excellence and at annual conferences of the Hun-
tington’s Disease Society of America to gauge their interest in
having their offspring participate in the Kids-HD study. Re-
search staff also attended community events for Help4HD
and WeHaveAFace to provide study information, and bro-
chures were distributed at HD Centers of Excellence within
the United States. Participants were brought to the University
of Iowa Hospitals & Clinics to undergo testing. Recruitment
and assessments took place between May 2009 and January
2018.

Standard protocol approvals, registrations,
and patient consent
Given the ethical concerns surrounding predictive genetic
testing for HD in individuals <18 years,14 the Kids-HD study
included a pipeline to conduct genetic testing while main-
taining participant, family, clinical, and researcher blindness
to individuals’ genetic status. Parents/caregivers consented
that (1) the child’s blood sample would be analyzed for the
HD mutation; and (2) that results would not be disclosed
to anyone, including the child, themselves (parents/
caregivers), or clinical and research staff of the study. De-
identified genetic results were maintained by a team member
who had no contact with participants. Staff who had direct
contact with participants did not have access to the de-
identified genetic results. To limit risk of identification
within this report, study results will only be shown as ag-
gregated statistics and statistical model fits. All procedures
and study-related communications with participant families
were conducted in accordance with a written protocol ap-
proved by the University of Iowa Hospitals & Clinics In-
stitutional Review Board (ClinicalTrials.gov identifier
NCT01860339). Informed consent or assent was obtained
from all participants, and informed consent was obtained
from participants’ parents/guardians.

Prior to participation, parents/caregivers answered screening
questions to determine the child’s eligibility. First, parents/
caregivers were asked about their child’s knowledge of HD.
Children were ineligible if they did not have an age-
appropriate awareness that HD runs in families and that
they were at risk. Second, since we were interested in mod-
eling pre-disease developmental trajectories, participants were
screened for Juvenile Onset HD by asking parents/caregivers
if their child manifested any symptoms that could be con-
sidered consistent with HD. If any concerns were noted,
children were not eligible for the present study and were
referred a pediatric neurologist for clinical assessment. Third,
children with a history of brain tumors, epilepsy, or heart
surgery were excluded. Fourth, participants were screened for
any MRI contraindications, including hearing aids and metal
in their body that could not be removed.

Post-participation exclusion criteria included (1) being within
10 years of estimated disease onset; and (2) exhibiting clinical
motor symptoms. We excluded data from 2 individuals who
were estimated to be within 10 years from disease onset, using
the age-of-onset estimation of Langbehn and colleagues.12

The motor assessments of the Unified Huntington’s Rating
Scale (UHDRS) was used to determine if motor abnormali-
ties were already evident. The UHDRS motor assessments
includes 15 measurements relevant to HD,15 which are

Glossary
ALD = accelerated longitudinal design; HD = Huntington disease.
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summed to create a total motor score. A few children in both
the GE and GNE groups received modestly elevated motor
scores with no other clinical sign of HD, likely related to their
age (data available from Dryad, figure e-1A and B, doi.org/10.
5061/dryad.2bj22pd). The GE andGNE groups did not differ
in total motor scores (age- and sex-adjusted mean difference =
0.11, t(112) = 0.39, p = 0.697. Nor did any of the participant
exhibit motor abnormalities that are considered unequivocal
signs of the HD, as indicated by the Diagnosis Confidence
Level question on the UHDRS.

We used an accelerated longitudinal design (ALD), a com-
monly used method for studying brain development in children
and adolescents.16 ALD includes a cross-sectional and longitu-
dinal component, enabling coverage of a wide age-range within
a short study duration. Moreover, ALD is less vulnerable than
single cohort designs to unforeseen changes in study procedures
such as scanner changes.16 Participants began at different ages
and contributed data for a portion of the age-range of interest.
Consistent with ALD, some participants were examined once,
while others were assessed on multiple occasions with variable
length of follow-up. Figure 1 illustrates how the age trajectory of
cerebral volume is estimated in an ALD design.

Genetic analyses
Presence or absence of CAG expansion was established using
DNA from blood or saliva. PCR analyses were conducted by
the University of Iowa Molecular Diagnostic Laboratory to
determine the size of the expansion in exon 1 of the HTT
gene on chromosome 4p16.3.11 Blinding and confidentiality
protocols were explained above.

Image acquisition
Individuals who participated before June 2016 (n = 219) were
scanned with a 3T Siemens Trio TIM (Siemens AG, Munich,
Germany). Those enrolled after June 2016 (n = 62) were
scanned on a 3T General Electric Discovery MR750w (GE
Medical Systems, Chicago, IL). Anatomical T1-weighted
images were acquired with 1.1 mm isotropic resolution, with
the following scanning parameters for Siemens (GEparameters
in parentheses): coronal MPRAGET1 (MPRAGEPROMO),
TR = 2,300 (8.392) ms, TE = 2.87 (3.1) ms, TI = 900 (900)
ms, flip angle = 10 (12)°, FOV = 282 × 282 × 264 mm (282 ×
282 × 260), matrix = 256 × 256 × 240 (256 × 256 × 236). Real-
time prospective motion correction (PROMO) was employed
to reduce movement related artifacts.17

Image processing
We used Advanced Normalization Tools (ANTs)18 to correct
for intensity inhomogeneity within images using the N4 al-
gorithm.19 Images were then processed using BrainsTools
software,20 which optimizes tissue classification through an
iterative framework, producing robust results in a multi-site
setting. Brain regions were labeled using a joint label fusion
(JLF) approach21 as implemented in ANTs and incorporated
into BrainsTools; labels were based on the Desikan-Killiany
atlas22 which contain gray and white cortical regions and

subcortical structures. Eight scans could not be processed due
to poor image quality related to motion (n = 6; mean age = 8.4
[SD = 2.7]; 4 females) or artifacts of dental braces (n = 2;mean
age = 17 [SD = 0.06]; 1 female). Anatomical ROIs included
intracranial volume (ICV) (total gray, white and CSF volume
combined), cerebellum, cerebrum (i.e., frontal, parietal, tem-
poral and occipital volumes combined), striatum, globus pal-
lidus (including external and internal segments), amygdala and
hippocampus. Estimated volumes from the 2 hemispheres were
combined. For the cerebrum and the cerebellum, gray and
white matter were combined. Inter-scanner variation in volume
measurements were harmonized using an empirical Bayesian
approach,23 as implemented by the ez.combat toolbox in R.24

After harmonization, ROI distributions were compared with
Kolmogorov-Smirnov tests across scanner and group. The
distributions were quite similar except for minimal differences
in the cerebellum and globus pallidus (figure e-2, doi.org/10.
5061/dryad.2bj22pd). We corrected for residual scanner dif-
ferences in those regions within the statistical analyses below.

Statistical analyses
It is common to correct regional volume for ICV. However,
we observed that control group ratios of subcortical volumes
to ICV varied by age and sex. Thus, these ratios lead to no
standardization across age and sex. For clarity, we chose to
analyze absolute brain volumes rather than anatomical ratios.

We estimated non-linear regression models for the relationship
of brain volumes to age. To account for non-independence of
longitudinal measures and similarity among siblings, we fitted
mixed-effect regression models, which included random effects
per subject and per family. Within-subject and residual var-
iances were estimated separately for the GE and GNE groups
via iteratively re-weighted least squares, because there was
notably greater variation within the GE group in some cases.
We fitted the models by maximum likelihood, thus retaining
validity of nested likelihood ratio tests (LRT). F test degrees of
freedom were estimated by the Kenward-Rogers method. We
estimated non-linearity with respect to age using restricted
cubic splines,25 which provide great flexibility for describing
nonlinear patterns while still retaining legitimacy for LRT in-
ference. The degree of age nonlinearity was chosen using
a limited forward selection procedure, beginning with a linear
relationship, and successively adding up to 5 spline knots if each
added knot was nominally statistically significant (p ≤ 0.05). All
models were controlled for potential baseline effects of gene-
group by sex interactions. The models for cerebellum and
globus pallidus volume were adjusted to account for residual
scanner effects (figure e-2, doi.org/10.5061/dryad.2bj22pd).
Age by sex, age by group, and sex by group interactions were
tested in 2 steps: First we tested for linear interactions with
aging. Second, we tested collectively for interactions with the
non-linear spline components of aging. Only significant inter-
actions were retained in the models.

The potential effect of CAG repeat expansion length in the GE
groupwas tested in 2 ways. First, we tested for a main effect and

Neurology.org/N Neurology | Volume 93, Number 10 | September 3, 2019 e1023

Copyright © 2019 American Academy of Neurology. Unauthorized reproduction of this article is prohibited.

https://doi.org/10.5061/dryad.2bj22pd
https://doi.org/10.5061/dryad.2bj22pd
https://doi.org/10.5061/dryad.2bj22pd
https://doi.org/10.5061/dryad.2bj22pd
https://doi.org/10.5061/dryad.2bj22pd
http://neurology.org/n


linear age interaction of CAG across the entire expanded repeat
range (36–59), by nesting these terms within the GE group.
Second, we tested if a detectable CAG effect was apparent in
CAG repeats >50. This cutoff was chosen because CAG > 50
have been associatedwith noticeable faster disease progression in
adults,12 as well a risk of Juvenile Onset HD.26 By adding
a piecewise continuous linear term, we tested for detectable
linear effects beginning at CAG length 51. Finally, when there
was evidence of a CAG effect using either of these methods, we
further explored whether the CAG effect was better fit via re-
stricted cubic splines. There were no instances in which such
splines provided a better model fit. We fit all models using Base
SAS 9.4 and ProcMixed from the concomitant SAS/STAT 14.1.

Data availability
The de-identified data supporting the findings reported here
can be made available upon reasonable request.

Results
Table summarizes key features of the sample. In total, 172
individuals were included in the study, with 75 individuals in
the GE group (46 females; 29 males), and 97 individuals in

the GNE group (50 females; 47 males). These proportions
were not significantly different, χ2 (1, N = 172) = 1.27, p =
0.25. Eighty-seven individuals (51%) were assessed once, and
85 individuals (49%) were assessed more than once (figure
2A), providing 281 observations total (119 GE; 162 GNE;
table). The sample included significantly more observations
from females (observations = 164) than males (observations
= 117), χ2 (1, N = 281) = 7.86, p = 0.005. Note that all
imaging models were adjusted for sex. Individuals in the GE
group were on average 13.0 years old at first evaluation (SD =
3.8), and individuals in the GNE were 12.7 years old (SD =
3.6). The difference was not significant, t (160) = −0.5,
p = 0.643.

CAG repeat length ranged from 36 to 59 in the GE group and
from 15 to 34 in the GNE group (table and figure 2B). Ap-
plying the age-of-onset estimation of Langbehn and col-
leagues,12 84% of individuals in the GE range were estimated
to be at least 2 decades from disease onset, and 16% were
estimated to be within 10–20 years from onset (figure 2C).

There was a significant, non-linear difference between the GE
and GNE group in age trajectories of the striatum (figure 3A).

Figure 1 Illustration of accelerated longitudinal design

Age is shown on the x-axis and cerebrum volume (gray and
white matter combined) is shown on the y-axis. Single dia-
monds represent a single observation in an individual, while
connected diamonds show repeated observations within the
same individual. The thick, black line illustrates the growth
curve across age based on a combination of cross-sectional
and longitudinal components. To preserve gene status confi-
dentiality, the figure illustrates the combined gene-expanded
and gene-nonexpanded groups.
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This difference was independent of sex. Overall age-
dependent difference F (2, 114) = 12.62, p = 3.8 × 10−7;
nonlinear component of the difference F (1, 93.2) = 9.20, p =
0.0031. Detailed statistical models can be found in data
available from Dryad (table e-1, doi.org/10.5061/dryad.
2bj22pd). The GNE group exhibited initial striatal growth
until approximately 14 years of age, followed by decline in
striatal volume; this pattern of normal development has been
reported previously.27,28 In contrast, the developmental tra-
jectory for the GE group was strikingly different. The GE
group exhibited significant striatal hypertrophy prior to the
age of 10, compared to individuals in the GNE group (figure
3B). Then, between age 10 and 14, the striatum steadily de-
creased in volume in the GE group, but continued to increase
in the GNE group. From age 14 to 18, the rate of volume loss
was similar in both groups. The upper boundary of the 95%
confidence interval for volume differences between groups
fluctuated just above or below zero throughout this age range
(figure 3B).

The magnitude of striatal volume difference between GE
and GNE did not detectably vary as a function of CAG
repeat length for CAG repeats ≤50. However, the age by
CAG interaction was significant for CAG > 50 (figure 3C).
For the later-age (12–18) epoch, greater repeats were as-
sociated with faster rates of volume decline (figure 3C). The
estimated difference in rate of striatal volume decline was
0.062 mL per incremental CAG repeat per year, t (63.9) =
−3.50, p = 0.001 (figure 3C). The model also predicts that
early-age (6–11 years) striatal hypertrophy varies as
a function of CAG repeat length, with each incremental
repeat >50 being associated with greater hypertrophy.

However, there were few observations among young chil-
dren with such high CAG repeat expansions, and that pre-
diction should be interpreted with caution. There was no
detectable effect of CAG repeat length on other brain
regions considered in the analyses.

Like the striatum, a significant age-dependent difference be-
tween groups was observed for the globus pallidus (figure 3D).
Overall age-dependent group difference F = 6 × 65 [2, 181] p =
0·0016; nonlinear difference F = 6 × 76 [1, 147] p = 0.010). Sex
effects did not differ significantly between groups. Model details
are available in table e-2 (doi.org/10.5061/dryad.2bj22pd).

A significant genetic group by sex interaction was observed for
ICV, cerebellum, and cerebrum volume (figure 4, A–C;model
details available in tables e-3–e-5, doi.org/10.5061/dryad.
2bj22pd). Across these regions, males exhibited larger vol-
umes than did females, and this sex-related volumetric dif-
ference was significantly larger in the GE group than the GNE
group, that is, the primary sex effect was exaggerated. Addi-
tionally, a significant age by group interaction effect was
detected for cerebral volume (figure 2C), where we observed
age-dependent decline in the GE group but not the GNE
group, independent of sex.

Thalamic volume difference between females and males in-
creased with age, and this age-dependent increase was sig-
nificantly greater in the GE group than in the GNE group
(overall age by sex dependent group difference F3,117 = 3.16, p
= 0.0273; nonlinear difference F2,113 = 3.11, p = 0.0489;
model details in data available from Dryad (table e-6, doi.org/
10.5061/dryad.2bj22pd). Finally, although age and sex were
predictive of amygdala and hippocampus volume, these vol-
umes did not differ significantly between the GE and GNE
group (Model details available from data available from
Dryad, table e-7 and e-8, doi.org/10.5061/dryad.2bj22pd).

Discussion
The present work represents the first neuroimaging study in
pre-HD child and adolescent carriers of mutant huntingtin
(mHTT). We showed that developmental trajectories in the
striatum and globus pallidus were markedly different between
the GE and GNE group. The GNE group exhibited the
expected, non-linear pattern of early growth (ages 6–12 years
old), followed by volume loss likely driven by synaptic
pruning.27,29 In contrast, volume change in the GE group was
characterized by a nearly linear decline starting from the
earliest age assessed (6 years old). The striking difference in
developmental patterns suggests that pathogenesis of HD
begins with abnormal brain development, where children who
carry the gene expansion exhibit different trajectories of brain
growth than those who did not inherit the expansion. All
participants came from families that are struggling with
emotional, financial, and practical impact of HD. The chief
difference between the groups was the presence or absence of

Table Demographics across age, group, and sex (number
of observations)

Age bins
6–10
years

11–14
years

15–18
years Total

GE

Ntotal

(Nfemale)
33 (23) 31 (21) 55 (30) 119 (74)

CAG

Median
(SD)

46 (5.2) 44 (5.3) 42 (3.9) 43 (4.9)

Range 36–58 38–59 38–54 36–59

GNE

Ntotal

(Nfemale)
47 (26) 50 (27) 65 (37) 162 (90)

CAG

Median
(SD)

19 (2.7) 19 (4.7) 18 (4.2) 18 (4.0)

Range 15–27 15–31 15–34 15–34

Abbreviations: GE = gene-expanded; GNE = gene-nonexpanded.
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mHTT, underscoring the notion that the developmental
aberrations observed in the striatum are primarily driven by
the gene mutation, not by environmental factors. Results will
be discussed in the context of abnormal brain development in
HD, the impact of CAG repeat length, the impact of sex, and
potential implications for gene therapy.

Abnormal brain development in HD
The principal pathophysiology in HD is classically concep-
tualized as degeneration of striatal medium spiny neurons

(MSNs).2,3,30 One of the primary projection targets of the
striatum is the globus pallidus,31,32 where changes to these
efferent nerve fibers due to mHTT may underly the observed
similarities between striatal and globus pallidus trajectories in
mHTT carriers. Our results support the hypothesis initially
expressed by Mehler and Gokhan,9 postulating that neuro-
degenerative diseases begin with aberrant brain development
in regional neuronal subpopulations. Both molecular
studies7,8 and work in mice33 have demonstrated that de-
generation of MSNs is preceded by abnormal development of

Figure 2 Sample characteristics

(A) Individuals (diamonds) and re-
peated observations within the same
individual (connected diamonds). The
sample included 172 unique individu-
als (stacked at x = 0), a subset of whom
were assessed more than once (con-
nected diamonds). (B) Distribution of
CAG repeats among individuals in the
gene-expanded (GE) range (top panel)
and in the gene-nonexpanded (GNE)
range (bottom panel). (C) The range of
estimated years to Huntington disease
(HD) onset from time of testing (x-axis)
for each CAG repeat observed in the
sample (y-axis). For instance, for CAG =
50, the range was 14–30 years to esti-
mated disease onset from the time of
testing. Hotter colors represent higher
CAG repeats and the vertical, dashed
lines mark 10 and 20 years from dis-
ease onset, respectively.
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these cells.34 Our observed differences in the development tra-
jectory of striatal and globus pallidus volume in child and ado-
lescent carriers of mHTT complement the notion of abnormal
neural development inHD.Notably, both loss of wild-typeHTT
and the presence of mHTT are thought to compromise neu-
rodevelopment.34 Dysregulated huntingtin may disrupt cellular
homeostastasis, which makes affected neuronal subpopulations
vulnerable to succumb to normally non-lethal stressors and
premature death.9

Despite abnormalities in cellular homeostasis, transgenic mice
harboring the mHTT mutation do not exhibit obvious de-
velopmental defects observed in corresponding knock-out

mice.9,33 Compensatory mechanisms within the affected
neural circuits involving their non-striatal components (such
as the cerebellum) may reduce initial functional problems.
Our prior work demonstrated that wild-type HTT is impor-
tant in shaping striato-cerebellar circuitry.11 In Juvenile Onset
HD, the cerebellum was proportionally enlarged and
appeared uniquely resistant to degeneration that was apparent
throughout the brain; this pattern was also consistent across 4
mouse models of HD.35 Several functional neuroimaging
studies showed evidence of hypermetabolism in the cerebel-
lum among individuals with HD, which is presumed to reflect
compensatory processes.36,37 It is yet to be determined if
structural and metabolic features of the cerebellum in HD

Figure 3 Developmental trajectories of the striatum, striatal volume difference between gene-expanded (GE) and gene-
nonexpanded (GNE), impact of CAG repeat expansion, and developmental trajectories of the globus pallidus

(A) Mean estimated age-dependent
change of striatal volume in the GE
(red) and GNE (green) groups. Note
that the GE curve is based on individ-
uals with CAG ≤50, and that results
were averaged across sex. (B) Striatal
volume difference (y-axis) between GE
group (red) andGNE group (horizontal,
black line) across age (x-axis), along
with 95% confidence limits of the dif-
ference scores. (C) The impact of CAG
repeat length on striatal volume (y-
axis) across age (x-axis). CAG repeats
≤50 did not affect striatal growth
curves (horizontal line labeled ≤50).
For repeats >50, additional repeats
were associated with accelerated
striatal decline in adolescence, and
possibly with greater hypertrophy be-
fore age 10. (D) Mean estimated age-
dependent change of the globus
pallidus.
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enable functional compensation for a developmentally ab-
normal striatum.

YoungmHTT carriers exhibited striatal hypertrophy compared
with unaffected peers. It should be noted that regional brain
hypertrophy has also been documented in neurodevelopmental
syndromes such as autism,38 and is typically considered a sign

of atypical brain maturation. One pre-clinical study specific to
mHTT demonstrated evidence of increased glucose intake in
the striatum among young transgenic HD rats, compared to
wildtype rats.39 It is possible that increased striatal glucose
intake was the result of striatal enlargement. Research studies
into mechanisms driving mHTT-related striatal hypertrophy
during development are necessary to interpret this finding.

Figure 4 Age-dependent changes of intracranial volume (ICV), cerebellum, and cerebrum for CAG ≤50

(A) Age-dependent change of ICV was comparable between groups but differed between male and female participants, F4,113 = 11.06, p = 1.82 × 10−7. The
volume difference betweenmale and female participants was significantly larger in the gene-expanded (GE) group than the gene-nonexpanded (GNE) group
(GE vs GNE sex difference = 78.9mL, SE = 31.5mL, t [121] = 2.51, p = 0.0135). (B) The groups did not differ significantly in age-related change of the cerebellum.
The difference in cerebellum volume between male and female participants was significantly larger in the GE group than the GNE group (GE vs GNE sex
difference = 7.72mL, SE = 3.08mL, t [137] = 2.51, p = 0.0134). (C) The sex-dependent volume difference was also significantly greater in GE than in GNE for the
cerebrum (difference = 61.37 mL, SE = 24.90, t [127] = 2.46, p = 0.0115. In addition, age-dependent decline of the cerebrum was significantly faster in the GE
group than the GNE group (−3.33 mL/y, SE = 0.94, t [119] = −3.54, p = 0.0006).
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The rate of striatal volume loss is clearly accelerated in adults
with the gene expansion40,41; however, we did not observe
statistically significant differences in the rate of adolescent
striatal volume loss between the GNE and GE group—at least
when considering CAG ≤ 50 only. The confidence limits in
our models preclude certainty, but the trends suggest that
accelerated volume loss associated withmHTTmay not occur
until after age 18 among individuals with moderate CAG
repeat expansion lengths of less than 50 or so.

Effect of CAG repeat expansion
CAG repeat length is a key factor in determining the onset
and severity of the HD phenotype.13 In line with prior work in
pre-HD adults,42 the striatal developmental pattern in GE was
exaggerated in individuals with CAG repeats >50. The model
suggested that incremental repeat lengthening was associated
with greater initial striatal hypertrophy among young mHTT
carriers, as well as faster age-related striatal volume loss. The
rapid rate of striatal volume decrease when CAG repeats are
longer suggest that critical volume loss resulting in manifest
HD symptoms might occur at an earlier age. The effect of
CAG repeat length on age-related striatal hypertrophy should
be interpreted with caution, however, as the sample included
few observations among individuals with >50 repeats in the
youngest age range.

Effect of sex
Our group previously reported sex-specific effects of HTT on
brain development for CAG repeat ranges below disease
threshold.11 Normal variation in CAG repeat length (15–34)
was associated with differential cortical volume in female
participants, and with different putamen and cerebellum
volume in male participants.11 A study using a rat model of
HD reported sex-specific differences in glucose uptake across
various brain regions.39 Given the additional evidence from
this study, both wild-type HTT and mHTT appear to be
associated with sex-specific effects on the developing brain.
We observed an exaggerated primary sex effect for ICV, cer-
ebellum, cerebrum, and thalamus, where individuals in the GE
range exhibited greater sex-related volumetric differences than
did unaffected peers. In contrast, in areas of primary patho-
logic importance—the striatum and the globus pallidus—
there were no detectable sex-specific effects. Sex-specific
variation in brain phenotypes is not commonly discussed in
the context of HD, making it difficult to interpret the clinical
significance of sex differences.

Potential implications for gene therapy
Antisense oligonucleotides are currently being tested to delay
decline in adult patients in the early phases of clinically
manifest HD. These therapies hold the promise of pre-
ventative treatments that might forestall or eliminate symp-
toms before they emerge. However, there are 2 crucial
considerations: first, as shown in the present study, mHTT
affects brain development in childhood, and perhaps even
prenatally. Second, brain development in humans is a pro-
longed process with maturation occurring through the early

30s.43 Existing studies on neurocognitive changes and bio-
markers of mHTT mostly cover individuals in middle adult-
hood (40s and 50s).41,44,45 Our results highlight a critical need
for research in understudied, at-risk populations, including
children, teenagers, and young adults. Understanding the
brain effects of mHTT knockdown in children and young
adults will be essential for the development and optimization
of disease modulation and prevention. Strategies to prevent
disease onset may have to consider treatment of individuals at
a young age, and modulation of a gene involved in brain
development may present a conundrum in which alteration of
the developmental trajectory may have an unpredictable effect
on disease onset and progression. In addition, it is unclear
whether the developmental effects of mHTT on the brain are
due to gain or loss of function. Some recent evidence suggests
that loss-of-huntingtin function contributes to abnormal de-
velopment of selective neuronal subtypes.34 The potential
effect of gene knockdown therapies on neurodevelopment is
a crucial consideration for therapeutic intervention.
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