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Abstract

Objective

To assess brain morphometry in a sample of patients with juvenile-onset Huntington disease
(JOHD) and several mouse models of Huntington disease (HD) that likely represent the
human JOHD phenotype.

Methods

Despite sharing the mutation in the Huntingtin gene, adult-onset HD characteristically pres-
ents as a hyperkinetic motor disorder, while JOHD typically presents as a hypokinetic motor
disease. The University of Iowa Kids-JHD program enrolls individuals S to 2S5 years of age who
have already received the clinical diagnosis. A total of 19 children with juvenile HD (JHD)
(mean CAG = 72) were studied. Patients with JHD were compared to healthy controls (n =
234) using a cross-sectional study design. Volumetric data from structural MRI was compared

between groups. In addition, we used the same procedure to evaluate brain morphology of
R6/2, zQ175, HdhQ250 HD mice models.

Results

Participants with JHD had substantially reduced intracranial volumes. After controlling for the
small intracranial volume size, the volumes of subcortical regions (caudate, putamen, globus
pallidus, and thalamus) and of cortical white matter were significantly decreased in patients with
JHD. However, the cerebellum was proportionately enlarged in the JHD sample. The cerebral
cortex was largely unaffected. Likewise, HD mice had a lower volume of striatum and a higher
volume of cerebellum, mirroring the human MRI results.

Conclusions
The primary pathology of JOHD extends beyond changes in the striatal volume. Brain
morphology in both mice and human patients with JHD shows proportional cerebellar
enlargement. This pattern of brain changes may explain the unique picture of hypokinetic
motor symptoms in JHD, which is not seen in the hyperkinetic chorea-like phenotype of
adult-onset HD.
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Glossary

AOHD = adult-onset Huntington disease; HD = Huntington disease; ICV = intracranial volume; JHD = juvenile Huntington
disease; JOHD = juvenile-onset Huntington disease; UHDRS = Unified Huntington’s Disease Rating Scale.

Huntington disease (HD) is caused by the cytosine-adenine-
guanine (CAG) trinucleotide repeat expansion in the hunting-
tin gene (HTT). Most patients with HD develop symptoms
during adulthood, which is thus termed adult-onset HD
(AOHD)." When the disease onset occurs before the age of 20
years, the disorder is referred to as juvenile-onset HD (JOHD).>
Clinically, a triad of psychiatric, cognitive, and motor symptoms
characterizes HD. Psychiatric and cognitive symptoms do not
significantly differ between JOHD and AOHD.>™ Yet, the
JOHD motor phenotype often manifests with parkinsonian
features, such as bradykinesia, rigidity, and tremors.>®” In stark
contrast to chorea of AOHD, JOHD motor symptoms are
predominantly hypokinetic. The brain changes that drive this
dramatic difference of motor symptoms within the spectrum of
HD are unknown.

Because patients with JOHD make up only approximately 5%
of HD cases in the United States, comprehensive neuro-
imaging data are lacking for JOHD.® Even though JOHD
presentation is rare, we report a comprehensive assessment of
brain structure in patients with JOHD. Further study is
needed to establish whether more extensive striatal damage
alone is responsible for the unique hypokinetic JOHD motor
phenotype or whether another region beyond striatum, such
as cerebellum, contributes to JOHD pathophysiology.

The primary objective was to assess brain morphometry in
a sample of participants with JOHD (age range 5-25 years)
compared to a large sample of typically developing healthy
controls, evaluating volumes of brain regions and cortical
structure. In addition, we evaluated brain morphology using
MRI in several mouse models of HD, given that they likely
represent the human JOHD phenotype.

Methods

Participants

The Kids-JHD study at the University of Iowa is associated
with our Huntington’s Disease Society of America Center of
Excellence and a larger program (Kids-HD), which is a study
of children at risk of HD. The current sample was composed
of children with JOHD and healthy controls. Recruitment is
from our Center of Excellence and in association with both
local and national Huntington’s Disease Society of America
events. Because of the rarity of JOHD, families were recruited
from all over the United States, but completed the entire
study at the University of Iowa Hospitals and Clinics. Before
enrolling in the study, children in our JOHD group had to
receive (1) a clinical diagnosis of JOHD from their neurolo-
gist with documented motor symptoms prior to the age of 20
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years and (2) a confirmatory molecular laboratory report
showing an expanded HTT gene allele from the genomic
DNA analysis.

We compared the JOHD cohort to a sample of children in
our healthy control group, who belonged to 2 different
subgroups. First, we recruited a local sample of 144 children
with no family history of HD. Exclusion criteria for this
subgroup was a history of major medical, neurologic, or
psychiatric illness or significant head trauma. This group was
enrolled in the study to represent a typical trajectory of
normal, healthy brain development. The second subgroup
was children from the Kids-HD study. It consists of 90 at-risk
children with a family history of HD, who did not inherit the
expanded HTT gene (CAG repeat range: 11-34). The ge-
netic testing of participants at risk of HD is performed for
research-only purposes and the outcome is never disclosed
to the child or their family as well as the research team. There
were no exclusion criteria for major medical or psychiatric
disease in this subgroup. Both healthy controls from the at-
risk group and the JOHD group often face a challenging
home environment as they both have a parent with HD, but
the second healthy control subgroup has a normal HTT gene
length and was included to represent a diversity of typical
brain development without JOHD. Likewise to the JOHD
group, the at-risk children were recruited and arrived from
various different geographic areas within the United States.
Together, these 2 subgroups compose a large normative data
set representing a large age range (5-25 years) with geo-
graphical diversity. Despite the geographical diversity, the
racial composition of both the control sample and the JOHD
sample was largely Caucasian (88% for the healthy control
sample and 62% for the JOHD sample).

Standard protocol approvals, registrations,
and patient consents

The University of Iowa institutional review board approved
the study. For participants younger than 18 years, parents or
guardians provided written consent and children provided
written assent. For participants who were 18 years or older,
participants provided written consent. The Diagnostic Mo-
lecular Pathology laboratory at the University of Iowa per-
formed gene expansion testing via PCR analysis on blood or
saliva samples from all non-JOHD participants.

Table 1 displays a summary of basic demographic participant
information and CAG data. The JOHD sample was composed
of 19 patients (8 male, 11 female) ranging in age from 5.11 to
25.10 (mean age 15.25, SD 5.78). CAG repeat length ranged
from 54 to 96 (mean 72.37, SD 12.27). Participants with
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Table 1 Demographics

HC group JOHD group
(n=234) (n=19)
Age,y 12.51 (3.75), 15.25 (5.78),
6.00-22.42 5.11-25.10
M/F, n 114/120 8/11
CAG repeat 20.21 (3.95), 11-34 72.37 (12.27), 54-96
Years since — 2.63(2.81), 0.04-8.48
diagnosis

UHDRS motor score — 49.21 (21.25), 10-96

JOHD-UHDRS score — 13.82 (7.38), 0-28

Abbreviations: HC = healthy control; JOHD = juvenile-onset Huntington dis-
ease; UHDRS = Unified Huntington’s Disease Rating Scale.
Data represent mean (SD), range.

JOHD were assessed soon after their clinical diagnosis with
the range of years since diagnosis being 0.04 to 8.48 (mean =
2.63,SD 2.81). As is common with AOHD, many patients had
cognitive and/or behavioral symptoms prior to the onset of
motor symptoms; however, the onset of disease is defined
here as presence of significant motor symptomatology.

Motor assessment was obtained using the Unified Hunting-
ton’s Disease Rating Scale (UHDRS), a standardized exami-
nation performed by a trained examiner.” UHDRS is a core
clinical assessment in HD. The higher scores on UHDRS-
related measures indicate increasing degree of motor function
impairment. Because of the difference in the presentation of
motor symptoms between JOHD and AOHD, UHDRS does
not explicitly assess the extent of bradykinesia. Therefore, we
added additional questions that target hypokinesia in JOHD,
adapted from European Huntington’s Disease Network
Working Group on JOHD.'® The JOHD subscale includes
the following: (1) a quantification of “global chorea”; (2) 2
bradykinesia questions on timing of hand tapping and water
drinking, and (3) maximal tremor levels in all extremities. To
derive the JOHD bradykinesia (JOHD-UHDRS) score, we
summed up the 2 bradykinesia items and the maximal tremor
items from JOHD add-on questions with UHDRS questions
that assess hypokinesia (question 9a and 9b [rigidity—arms]
and question 10 [bradykinesia—body]). In addition, a pedi-
atric neurologist with JOHD expertise assessed the patient to
verify the presence of HD symptoms during motor exami-
nation and to address parents’ concerns.

Human image acquisition and analysis

All of the scanning was performed without sedation. The
majority of the MRI scans were acquired on a research-
dedicated 3T Siemens TIM Trio scanner (Siemens Medical
Solutions, Malvern, PA). MRI data for 6 healthy controls and
S participants with JOHD were acquired on the newer 3T GE
Discovery scanner (GE Healthcare, Waukesha, WI). An in-
ternal quality-control study was conducted by the Iowa
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Institute for Biomedical Imaging to ensure that the same
sequences were collected on both scanners. Our post hoc
analysis conducted on the healthy control group did not de-
tect a scanner effect for any of the variables of interest from
structural MRI (caudate, putamen, and cerebellum volumes).
Scanner type was entered as a potential covariate in all ap-
plicable statistical analyses. To obtain the highest-quality
scans with as little motion artifact as possible, a PROMO
(prospective motion correction) sequence was used to pro-
spectively correct motion artifacts."’ In addition, the scans
were reviewed by a skilled MRI technician while the partici-
pant was in the scanner. If too much motion was present, the
sequence was repeated. An experienced image processing
assistant visually inspects all scans once they are transferred
off the MRI machine, and scans are flagged and removed if
there is too much artifact.

Our imaging protocol consisted of T1- and T2-weighted
sequences. Anatomical images were analyzed with an auto-
mated pipeline from BRAINS2 software.'” It automatically
performs anterior commissure—posterior commissure align-
ment, T1/T2 image coregistration, and standardization of
image intensity. Finally, a neural network computation was
used to classify tissue as gray matter, white matter, or CSF and
to subsequently label brain structures, automatically deriving
their volumes. A trained engineer checked automated results
for validity. Reported brain volumes represent the sum of gray
and white matter for the neural network of a region. All re-
gional brain measures are reported as proportional volumes to
the total brain volume as measured by the intracranial volume
(ICV). Brain measures included ICV, cerebrum, subcortical
structures, and cerebellum. Subcortical regions of interest
consisted of caudate, putamen, globus pallidus and thalamus.
Cerebellum was further subdivided into anterior lobe (lobules
I, I, III, IV, and V), superior division of posterior lobe
(lobules VI and crus I of VIIA), and inferior posterior lobe
(crus II of VIIA, lobules VIIB, VIII, IX, and X).

In addition to BRAINS2 analysis that provided volumetric
data, we also used FreeSurfer version 6 to perform cortical
thickness analysis (available online)."* To visualize the results,
we used Qdec software. The analysis included sex and age
covariates. The produced color map includes all vertices with
p < 0.05.

Mice image acquisition and analysis

The scans were acquired on a small-animal 9.4T Bruker
BioSpin MRI scanner (Bruker, Billerica, MA) at the Johns
Hopkins University. The time point for evaluation was chosen
based on the first emergence of motor symptoms in mice. For
the R6/2 strain, 8 transgenic HD mice and 7 healthy control
mice (all male) were evaluated at postnatal day 42. CAG
repeat size ranged between 103 and 112. For the zQ175 strain,
10 knock-in HD homozygous mice and 10 healthy control
mice (S males, S females in each group) were evaluated at 6
months of age. CAG repeat length ranged between 168 and
184. For the HdhQ250 strain, 10 knock-in HD heterozygous
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Table 2 Structural MRI brain measures

HC group JOHD group

(n =234), mean (n =19), mean P p Value
Icv 1,389.05 1,295.27 12.14 <0.001
Cerebrum total 1,206.62 1,121.78 12.16 <0.001
Cerebrum/ICV 86.86 86.56 1.44 0.231
Cerebral white 374.74 329.13 31.66 <0.0001
Cerebral white/ICV 26.95 25.76 26.93 <0.0001
Cerebral cortex 693.91 621.60 18.38 <0.0001
Cerebral cortex/ICV 50.00 48.07 3.76 0.05
Caudate 7.24 2.08 464.04 <0.0001
Caudate/ICV 0.52 0.16 578.68 <0.0001
Putamen 10.89 4.91 456.70 <0.0001
Putamen/ICV 0.79 0.38 475.17 <0.0001
Globus pallidus 2.61 1.37 326.39 <0.0001
Globus pallidus/ICV 0.19 0.11 315.22 <0.0001
Thalamus 12.74 10.29 63.70 <0.0001
Thalamus/ICV 0.92 0.80 35.10 <0.0001
Cerebellum 141.85 137.41 1.82 0.17
Cerebellum total/ICV 10.22 10.65 6.15 0.01
Anterior cerebellum 16.12 16.21 0.12 0.73
Anterior cerebellum/ICV 1.17 1.26 10.51 <0.01
Inferior posterior cerebellum 51.89 49.29 3.25 0.07
Inferior posterior cerebellum/ICV 3.74 3.82 1.18 0.27
Superior posterior cerebellum 39.54 37.05 2.60 0.10
Superior posterior cerebellum/ICV 2.85 2.86 0.82 0.36

Abbreviation: HC = healthy control; ICV = intracranial volume; JOHD = juvenile-onset Huntington disease.
Volumes reported as ratios to ICV (region of interest [ROI)/ICV x 100), expressing percentage of ROI.

2 Fvalues are from a linear model that adjusts for age, sex, and scanner.

mice and 10 healthy control mice (S males, S females in the
HD group and 6 males, 4 females in the healthy control
group) were evaluated at 6 months of age. CAG repeat length
ranged between 243 and 257. Detailed description of image
analysis can be found in previously published reports.'*'¢ To
match standard human neuroimaging analysis of the de-
veloping patient population, all analyses reported pro-
portional volumes of the region of interest to total brain
volume.

Statistical analysis

Statistical analysis was performed with R, version 3.3.3," and
SAS software (SAS Institute, Cary, NC). We examined 9
human brain volumes: ICV; cerebral total, white, and cortex;
caudate, putamen, globus pallidus, and thalamus; and cere-
bellum, as well as 3 subregions of the cerebellum: anterior,
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inferior posterior, and superior posterior lobes. In addition,
we evaluated 2 mouse brain measures: striatum and cerebel-
lum volumes. Means, standard deviations, minima, and max-
ima were calculated for numerical variables. To compare the
JOHD cohort and healthy controls, the Pearson 2-sample test
for equality of proportions with continuity correction was
used for categorical variables and the Welch 2-sample t test
was used for continuous variables. For consistency, we z-
scored all imaging variables, including brain volumes from
structural MRI for both human and mice experiments. All
brain measures were analyzed with analysis of covariance
performed via a linear model, controlling for age, sex, and
scanner.

Linear regression was used to evaluate the relationships be-
tween brain structure (volumes) and clinical variables (CAG
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Table 3 Structure-function relationships

CAG repeat length

Duration of disease

UHDRS motor score JOHD-UHDRS score

Icv -0.009 (0.57) +0.005 (0.39) -0.003 (0.94) -0.001 (0.92)
Cerebral white matter -2.10 (0.003) -0.58 (0.03) -4.10 (0.09) ~0.65 (0.45)
Putamen -30.10 (0.06) -17.47 (0.001) -166.9 (<0.001) -43.97 (0.007)
Caudate -33.62(0.10) -17.84(0.01) -194.5 (<0.001) -63.84 (<0.001)
Thalamus -30.19 (0.01) -11.40 (0.01) -103.71 (0.006) -16.62 (0.26)
Globus pallidus -107.27 (0.07) -53.24 (0.01) -498.20 (0.003) -149.93 (0.01)
Cerebellum 0.763 (0.68) +0.28 (0.67) +0.46 (0.93) ~0.09 (0.96)

Abbreviations: ICV = intracranial volume; JOHD = juvenile-onset Huntington disease; UHDRS = Unified Huntington’s Disease Rating Scale.
Data represent B coefficient (p value). The model accounts for age, sex, and scanner.

repeat length, duration of disease, UHDRS score, and
JOHD-UHDRS hypokinesia score). To reduce the proba-
bility of a type I error, the number of comparisons was re-
duced to include only the brain measures that showed
significant group differences. Age, sex, and scanner were
entered as covariates. An a level of 0.05 was used as
a threshold for testing significance of the main effects. Given
the exploratory nature of our analysis, we did not correct for
multiple comparisons.

Data availability

Raw imaging files and statistical output are not included in this
report because of space limitations. Deidentified data will be
shared by request from any qualified investigator by the cor-
responding author for purposes of replicating procedures and
results.

Figure 1 Cortical thickness changes observed in the juve-
nile-onset Huntington disease group do not in-
volve motor cortex

-4.00
-log (10) pvalue [}
Thinner in JHD

-2.00 2.00 4.00

Thicker in JHD

JHD = juvenile Huntington disease.
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Results

Brain structure

The first primary measure of ICV was found to be sub-
stantially smaller than controls, indicating a global decrement
in overall brain growth. Therefore, we analyzed both raw
values as well as proportional volumes of the region of interest
to ICV (table 2). Because the ICV was smaller, all regions of
the brain were substantially smaller in participants with JOHD
compared to controls. The exception to this was the cere-
bellum, which, in raw values, was not different than controls.
When proportional measures were evaluated, several meas-
ures were no longer smaller than in controls and were
therefore proportionately normal—this included the total
cerebral volume and the cerebral cortex volume. However, for
cerebral white matter and all of the subcortical structures,
even the proportional measures showed smaller volumes in
the JOHD group. This was especially striking in the caudate
and putamen. While the cerebellum was no different than
controls in raw volume, when normalized to the smaller ICV,
cerebellum volume in the children with JOHD was larger than
in controls, indicating a proportional enlargement.

Next, we investigated whether cerebellar enlargement seen in
patients with JOHD is global or localized to a certain cerebellar
lobe (table 2). Raw values for all 3 regions were not different
than controls. After normalizing for the smaller ICV, all 3
cerebellar lobes had higher mean volumes in the JOHD sam-
ple; however, the difference in total cerebellar volume was
driven by the increase in anterior cerebellar volume. Both in-
ferior division and superior division of posterior cerebellar lobe
did not differ between JOHD and healthy control groups.

Finally, we wanted to examine the relationships between brain
structure and clinical variables within the JOHD group using
linear regression (table 3). It is of interest that CAG repeat
length was predictive only of white matter volume and tha-
lamic volume with higher repeats predicting lower volumes.
Longer disease duration predicted lower volumes of all
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Figure 2 Cerebellar enlargement and striatal degeneration

is present in (A) R6/2, (B) zQ175, and (C) HdhQ250 mouse

models
A B C
— 2= - ~ 2=
v v 4 *kk o =
5 o
§ 1= g 24 Q 1=
N N o
o HCA <+ HCH o HCH
S £ £
3 -1+ = * = -14
g ** g *kk Kk > *%
N -2+ i _4 2 -2
O * I": *kk &
02 3= ki g 6 ot _(C) _3+ e
S S S S S S S S S S5
; ) R N
PR I RN L LY LS L RPN SV SRS O
o ) O AN & e CONPN ’b\ \2 & § & X X X <&
(Q)O (')‘é Q’b o(”b (é'o (,)\S Q @ oc”b ké’o & a)Q ‘Q’b 0"”0
& OQ& R & o&" \é\\QQ ¢ & @QQ
o® X ) &
Cerebellar changes are significant in 2 of 3 models. Significance: ***<0.001, **<0.01, *<0.05.
subcortical structures and cerebral white matter, but not ICVor  Discussion

cerebellar volume. UHDRS ratings were highly predictive of
subcortical volumes with putamen and caudate having the
strongest relationship. Finally, the JOHD-UHDRS bradykinesia
score had similar findings with lower volumes of caudate and
putamen being associated with higher scores, while the globus
was also significant, but the thalamus not predictive. The volume
of the cerebellum was not predictive of any clinical measure.

Cortical thickness

To follow-up our volumetric examination of brain changes in
JOHD, we performed a cortical thickness analysis using Free-
Surfer output via Qdec visualization. Mirroring our BRAINS2
structural imaging results, no main effect of group was observed
for cortical gray matter thickness, although some regional dif-
ferences between groups were found. In patients with JOHD,
local gray matter increases were detected in temporal and oc-
cipital thickness, while local decreases were found in frontal and
parietal lobes as well as insula and cingulate cortex (figure 1).

Animal models

In our final level of analysis, we wanted to replicate our
human neuroimaging results in several HD mice models
with highly expanded CAG repeats. Prior publications on
these datasets reported raw volume without correcting for
ICV or total brain volume.'*'¢ All present analyses are
normalized for total brain volume to closely follow the steps
of our human brain analysis (figure 2). In the R6/2 model,
striatum had lower volume in HD mice post day 42, and
cerebellum had higher volume, but that difference was not
significant. In the zQ17S model, striatum was drastically
smaller in HD mice, yet cerebellum was also significantly
larger. Finally, for HdhQ250 mice, cerebellum was again
enlarged since the age of 6 months in addition to a striatal
volume decrease. Thus, we show that in several well-
described mouse models of HD that besides known striatal
deficits, we also observed cerebellar enlargement.
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In this article, we identify a series of brain changes in patients
with JOHD. In contrast to the subcortical structures being dra-
matically reduced in volume, the cerebellum is proportionately
enlarged. This pattern of brain morphology in human partic-
ipants with JOHD was replicated in 3 separate mouse models of
HD. The majority of well-characterized HD murine models
carry a large enough CAG repeat that would cause JOHD in
humans. The first transgenic mouse model of HD, R6/2, was
generated by introducing an expanded CAG repeat from a pa-
tient with JOHD into the mice genome.'® While some variability
between the age of HD onset and CAG repeat size exists,
expansions over 100 CAG repeats in the HTT gene almost
invariably result in JOHD. Consequently, many mice models,
such as R6/2, exhibit bradykinesia, tremors, and seizures that
mirror clinical symptoms seen in human patients with JOHD."
Given that the mouse models used in HD have high CAG
repeats and some phenotypic features consistent with human
JOHD, the similarity of the patterns seems appropriate.

Does a proportionally large cerebellum reflect true enlarge-
ment or simply a sparing of degeneration? In this study, the
raw volumes of the cerebellum are no different than controls.
However, the ICV is much smaller in JOHD, so the raw values
of all brain regions are smaller in the JOHD sample. There-
fore, in order to evaluate whether regional volumes are dif-
ferent from controls, there needs to be normalization of the
regional measures. When the cerebellum volumes of the
JOHD sample are normalized to ICV, they are proportionally
larger compared to controls. Since ICV is a proxy of maximal
brain growth (and is a measure that does not change with
degeneration), normalization to ICV suggests a relationship
that reflects a developmental process.

The current analysis of the mouse imaging data is a reanalysis
of the previously published data using only raw volumes.'*™
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As ICV was not available in the mouse imaging, the cerebel-
lum volumes were normalized by total brain volume. When
the human data were recalculated using total brain volume
rather than ICV, the results remained the same as when ICV
was used, and mirror the mice data with cerebellum volumes
that are larger than controls after normalization (e-Table,
links.Iww.com/WNL/A893). To determine whether the cere-
bellum is truly enlarged or instead simply spared from de-
generation, longitudinal analysis over disease progression in
this population is needed. The patients from the current sample
are mostly very early in the disease process. Future studies will
need to focus on disease course in JOHD.

In the context of human AOHD studies, loss of striatal volume
and deterioration of surrounding white matter are detectable
by neuroimaging up to 20 years before the disease onset, while
the cerebellum is unchanged and described as being spared.”
Some evidence to support the notion that the cerebellum is
spared from the disease process comes from the somatic in-
stability literature. The striatum has extraordinarily high so-
matic instability, which means that over time, the CAG repeat
lengths within striatal neurons become longer and longer,
possibly driving symptom onset and progression. However,
CAG repeats within HTT are exceedingly stable in the

cerebellum.”"*?

What role the cerebellum has in JOHD is still unclear, how-
ever. Emerging neuroanatomical work by Bostan and Strick
identified that bidirectional connections exist between basal
ganglia and the cerebellum.”*™* Disynaptic projections exist
between the cerebellum and striatum. The dentate nucleus of
cerebellum is connected to dorsocaudal putamen via the
ventrolateral thalamus. A returning projection connects the
output of basal ganglia, the subthalamic nucleus, to the motor
division of anterior cerebellar lobe via pontine nuclei. This
circuitry with the striatum is integrated into the indirect
pathway, which serves, in general, to inhibit movement. Those
studies establish the existence of an integrated motor circuit
between the striatum and cerebellum. In addition, our group
has previously published regarding the effect of CAG repeat in
HTT’s effect on normal brain development.”” In children with
CAG repeats below disease threshold (<35), the greater the
number of CAG repeats is predictive of smaller putamen and
larger cerebellum volumes (this effect was particularly strong
in males). This suggests that HTT acts on brain development
to sculpt an optimal striatal-cerebellar circuit. When the CAG
repeat lengths become too long, this relationship may become
pathologic with abnormally small volumes of the striatum
being compensated for by increasingly larger cerebellum
volumes. Given that an abnormal striatum in HD leads to
hyperkinesis, an enlarged cerebellum could potentially com-
pensate for this by driving the indirect pathway through its
connection through the striatum, inhibiting excessive
movements.

Whether an enlarged cerebellum is compensatory or patho-
logic in JOHD is also unclear. One possibility would be that
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the cerebellum in JOHD is developmentally enlarged to
compensate for the abnormally small striatum and that this
enlargement actually becomes pathologic, driving the indirect
pathway to hypokinesis. The clinical correlation analysis from
the current study does not support this, as there was no re-
lationship found between cerebellum volume and the motor
scores. Another possibility would be that the cerebellum is
trying to compensate for motor dysfunction but is over-
whelmed by the severity of the striatal dysfunction. Connec-
tivity analysis looking at strengths of pathways between the
cerebellum and the striatum could help to determine the role
of the cerebellum. In fact, a recent study looking at PET
imaging in AOHD found that the cerebellum seemed to be
playing both pathologic and compensatory roles at the same
time.

In contrast to our findings, several smaller case studies of
patients with JOHD reported smaller cerebellar volumes.* "
These studies are limited by their smaller sample size and
confounded by the presence of epilepsy in the majority of
their patients. Only 20% of patients in our JHD cohort had
a history of seizures. It is well known that the cerebellum is
exquisitely sensitive to prolonged hypoxic episodes that are
likely to occur during severe seizures.””>> A wider access to
antiepileptic drugs that prevent hypoxic episodes in the
JOHD population may explain why we did not observe this
finding. In addition, patients in our study were examined early
in the disease course, before seizures could produce extensive
cerebellar damage. A recent study reported cerebellar atrophy
in patients with childhood-onset HD.>* It is possible that the
cerebellum manifests different changes with earlier ages of
disease onset. Only 2 of 19 patients with JHD in our sample
were younger than 6 years, which is the range that the report
used.

Although conceptualized primarily as a disease of the stria-
tum, it is clear from both imaging and pathologic studies that,
eventually, most of the brain is involved in HD.***” In
AOHD, both cerebral white matter and cerebral cortex are
found to be abnormal, even in the prodromal phase of the
disease with cortical thinning proceeding from posterior to
anterior nearer to disease onset and including the motor
strip.38 In the current study, despite the fact that these patients
were quite ill, their cerebrum, as a whole, was proportionately
normal in volume. Although cerebral white matter was low,
total volume of their cortex was not significantly different than
controls. The cortical thickness maps showed relatively minor
areas of thinning in the insula with normal morphology of the
motor strip. This is in contrast to AOHD and is supportive of
a recent article reporting that in both MRI and postmortem
examination of S cases of childhood-onset HD (CAG repeats
>80 and onset before age 10), there was selective and severe
degeneration of the striatum with sparing of the cerebral white

3
matter and cortex.>’

In JOHD, the issue of having a degenerative brain disease in
the context of brain development complicates understanding
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the role of both processes. Clearly, there is a global abnor-
mality in brain growth; however, ICV was not at all predictive
of the motor symptoms. Indeed, the volume of caudate and
putamen were the strongest predictors of motor symptoms,
and although these volumes did appear to decrease with in-
creasing duration of disease, there is also evidence that the
striatum was developmentally abnormal to begin with. In our
sample of 19 patients, the range of disease duration was 0.04
to 8.47 years. In a post hoc analysis, we limited the sample to
those participants whose disease duration was less than 1 year.
In fact, this group of 8 had a mean disease duration of 0.45
years. In the sample of 8 participants with JOHD with a mean
duration of 0.45 years, the volume of their putamen was still
only 50% of that of the normal healthy controls. This is
supportive of the notion that there was developmental aber-
ration of the striatum potentially prior to the onset of their
disease. The concept of aberrant brain development as a vital
and primary component of HD pathology is a theory with
growing support in AOHD." Identifying subjects prior to the
onset of JOHD will be required to fully understand the role of
abnormal development in JOHD.

There are several limitations to our work. First, the rarity of
JOHD limited the number of participants that we were able to
recruit in the study. Validation of our results in a larger, in-
dependent cohort may identify more subtle changes in JOHD
neuropathology. Second, our brain structure—clinical function
outcomes did not reach significance for any of the cerebellar
regions of interest. Enrolling more patients in another study
with the aim to increase statistical power may validate our
cerebellar findings in JOHD. Third, because of the ethical
concerns of studying an incurable genetic disorder in a vul-
nerable pediatric population, we limited our recruitment only
to patients that had a JOHD diagnosis from their neurologist.
Because of the challenge of assigning the JOHD diagnosis,
some patients experienced a diagnostic odyssey, which
resulted in inclusion of patients with JOHD who had a long
duration of symptoms in our study. Characterizing any pre-
symptomatic changes would further our understanding of
JOHD and likely AOHD.

Given the provided evidence, further studies should examine
the role of cerebellum across the spectrum of HD, including in
AOHD. As JOHD shares many similarities with AOHD
across cognitive and psychiatric symptoms, we focused our
study design only on the motor symptoms of JOHD. Previous
work established that cerebellum contributes to nonmotor
functions of the brain and may be responsible in part for some
of the cognitive and psychiatric features of HD. Many novel
gene therapies for HD are currently in development. Fully
understanding how cerebellum influences not only JOHD
pathology, but also a larger population of patients with
AOHD will ensure the long-term success of those new
treatments.
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