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Preface to ”Juvenile Onset Huntington’s Disease”

Receiving a diagnosis of Huntington’s Disease (HD) can be devastating for patients and families.

However, the HD community has demonstrated their strength and resolve by engaging in clinical

research efforts that have allowed researchers to better understand the course of HD, identify

biomarkers, and investigate how various compounds impact the progression of the disease. Thanks

to these efforts, the HD community has something that they have been desperately seeking for years:

hope. Hope is being provided in the form of the first clinical trials aimed at slowing the progression of

the disease. While these efforts are still in their infancy, simply knowing that advances are being made

has provided hope to a desperate group of patients. Unfortunately, patients with Juvenile-Onset

HD (JOHD) and their families may still be having trouble getting too excited about these potential

therapeutic advances. There is still so much that is unknown about patients with JOHD that the HD

community has been unable to make scientific advances with the same speed in this small group of

patients. This book is meant to help bridge the gaps in knowledge that still remain about JOHD in

an effort to provide therapeutic advances to those patients suffering from this disease. This book

contains seven articles from authors around the globe who are engaging in clinical research to better

understand the biology of JOHD. The information contained in this special edition represents some

of the most cutting-edge information regarding JOHD. Our hope is that sharing this information will

continue to broaden the HD community’s knowledge about JOHD in order to advance therapeutic

development and provide the same hope to these patients that patients with HD have been given in

recent years.

Peggy C. Nopoulos

Editor
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The Special Issue “Juvenile Onset Huntington’s Disease” highlights the growing interest in
understanding the unique aspects of this ultra-rare disorder. Adult Onset Huntington’s Disease
(AOHD) is a single gene disorder caused by a triplet repeat expansion in the Huntingtin gene.
With decades of research to support the search for a cure, we are now in an exciting time of true progress
in fighting AOHD with gene therapy trials underway. However, excluded from current studies are the
subset of patients who, by virtue of very high CAG repeat expansion (typically over 60), have onset
of disease early in life, defined by motor onset prior to age 21 and referred to as Juvenile Onset
Huntington’s Disease (JOHD). This definition is somewhat arbitrary as the pathogenic mechanism
is exactly the same—expanded CAG repeat in the Huntingtin gene. Nevertheless, due to its rarity,
there is a relative dearth of studies on JOHD, leaving many questions regarding its phenomenology.

The current issue includes seven articles that span a variety of topics including the difficult
emotional experience that parents endure in the context of their child becoming ill and diagnosed
with JOHD [1]; a review of the clinical manifestations of JOHD [2]; and four articles from the only
prospective study of JOHD evaluating behavior [3], the association of CAG repeat and motor onset [4],
autonomic nervous system dysfunction [5], and abnormality in the unique MRI marker of T1rho in
JOHD subjects [6]. Finally, this issue is rounded out by a review of the therapeutic advances for HD,
highlighting the possibilities in the future of the types of clinical trials that JOHD subjects may be
included in [7].

The entire HD community—patients, family members at-risk for HD, caregivers, health-care
professionals and scientists—has a keen interest in focusing attention on JOHD. There is a calling to
better understand, and help, the plight of those that seem to have been “left behind” in the flurry of
research studies on AOHD [8]. The study of patients who are afflicted early in life with HD has become
an urgent need with this Special Issue representing just the beginning of the required effort.
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Abstract: Patients with adult-onset Huntington’s Disease (AOHD) have been found to have
dysfunction of the autonomic nervous system that is thought to be secondary to neurodegeneration
causing dysfunction of the brain–heart axis. However, this relationship has not been investigated in
patients with juvenile-onset HD (JOHD). The aim of this study was to compare simple physiologic
measures between patients with JOHD (n = 27 participants with 64 visits) and participants without
the gene expansion that causes HD (GNE group; n = 259 participants with 395 visits). Using data
from the Kids-JOHD study, we compared mean resting heart rate (rHR), systolic blood pressure (SBP),
and diastolic blood pressure (DBP) between the JOHD and GNE groups. We also divided the JOHD
group into those with childhood-onset JOHD (motor diagnosis received before the age of 13, [n = 16])
and those with adolescent-onset JOHD (motor diagnosis received at or after the age of 13 [n = 11]).
We used linear mixed-effects models to compare the group means while controlling for age, sex, and
parental socioeconomic status and including a random effect per participant and family. For the
primary analysis, we found that the JOHD group had significant increases in their rHR compared
to the GNE group. Conversely, the JOHD group had significantly lower SBP compared to the GNE
group. The JOHD group also had lower DBP compared to the GNE group, but the results did not
reach significance. SBP and DBP decreased as disease duration of JOHD increased, but rHR did
not continue to increase. Resting heart rate is more sensitive to changes in autonomic function as
compared to SBP. Therefore, these results seem to indicate that early neurodegenerative changes of
the central autonomic network likely lead to an increase in rHR while later progression of JOHD
leads to changes in blood pressure. We hypothesize that these later changes in blood pressure are
secondary to neurodegeneration in brainstem regions such as the medulla.

Keywords: juvenile-onset Huntington’s Disease; autonomic; neurodegeneration

1. Introduction

Huntington’s Disease (HD) is an inherited, neurodegenerative disease that causes motor, cognitive,
and behavioral symptoms [1]. These symptoms are thought to be caused by striatal degeneration,
which is the hallmark of HD [2,3]. However, there are myriad symptoms that can also occur as a
result of the neurodegenerative processes associated with HD. Dysfunction of the autonomic nervous
system (ANS) has been described in patients with adult-onset HD (AOHD) [4–8]. Specifically, patients
with AOHD seem to have enhanced sympathetic tone compared to healthy controls. Structural and
functional changes in the central autonomic network (CAN) of the brain are thought to drive autonomic
dysfunction in HD [9,10]. Patients with juvenile-onset HD (JOHD) represent a rare group of individuals
with significant neurodegeneration that begins very early in life, but physiologic measures of ANS
function have never been reported in this patient population. Given the unique neurodegenerative

Brain Sci. 2020, 10, 589; doi:10.3390/brainsci10090589 www.mdpi.com/journal/brainsci3
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changes that occur in JOHD, we would hypothesize that these patients would demonstrate some signs
of a dysregulated ANS that occurs secondary to brain atrophy. We leveraged a large dataset of patients
with JOHD to test the hypothesis that patients with JOHD have a dysregulated ANS with a propensity
for enhanced sympathetic tone compared to a control group. This study has the potential to advance
our understanding how dysfunction in the CAN may impact peripheral measures of ANS function
in JOHD.

2. Materials and Methods

2.1. Participants

For these analyses, we utilized data from the Kids-HD and Kids-JOHD studies [11–14]. Both studies
were longitudinal neuroimaging studies that ran in parallel. They recruited participants from around
the country who were between the ages of 6 and 26 years old to the University of Iowa. The Kids-HD
study recruited participants with a family history of HD (parent or grandparent with a known history
of HD). These participants underwent genetic testing to determine whether they were gene carriers of
the mutation that causes HD. The results of this genetic testing were not revealed to the participants,
their family members, or the research staff. One research team member received the genetic results and
anonymized them. This allowed for the ethical conduct of genetic testing in children. Additionally,
the Kids-HD study recruited a cohort of healthy controls without a family history of HD. For the
present analysis, all participants from the Kids-HD study with a CAG repeat length of less than 36
were included in the GNE group. The Kids-JOHD study, in comparison, recruited participants with a
known diagnosis of JOHD based on molecular confirmation and a diagnosis provided by a neurologist.
Participants with a CAG repeat length of 36 or above who were not symptomatic were excluded from
the current analysis.

The JOHD group was first evaluated as a whole. We then split the group into those with
childhood-onset JOHD and those with adolescent-onset JOHD. Childhood-onset JOHD is defined as
an age of motor diagnosis that occurred before the age of 13, while adolescent-onset JOHD occurred
between the ages of 13 and 21.

There were 27 participants in the JOHD group accounting for 64 visits, and there were
259 participants in the GNE group accounting for 395 visits. Among the JOHD group, three participants
had five visits, two participants had four visits, five participants had three visits, nine participants had
two visits, and eight participants only had one visit. In the GNE group, 12 participants had four visits,
21 participants had three visits, 58 participants had two visits, and 168 participants only had one visit.
Among the JOHD group, 11 of the 27 participants were classified as having adolescent-onset JOHD
and the other 16 were classified as having childhood-onset JOHD.

2.2. Statistical Analyses

For the primary outcome of interest, the physiologic measures of resting heart rate (rHR), systolic
blood pressure (SBP), and diastolic blood pressure (DBP) were analyzed. These measures were collected
in the Clinical Research Unit at the University of Iowa by trained professionals with equipment that is
well maintained and calibrated regularly. We constructed linear mixed-effects regression models to
compare the estimated mean differences in these measures between the GNE group and the JOHD
group controlling for age, sex, the use of medications that may increase blood pressure, the use of
medications that may decrease blood pressure and parental socioeconomic status as well as random
effects per participant and per family to account for similarities among siblings. Because we were
investigating children and young adults, the use of medications, such as stimulants, that may impact
blood pressure were controlled for. Medications that were considered to increase blood pressure
were stimulants, including amphetamine and methylphenidate-based products. Medications that
were considered to lower blood pressure were carbidopa-levodopa, clonidine, guanfacine, and any
anti-hypertensive medications. These models were run to first evaluate the JOHD group together,
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and then again to compare the childhood-onset JOHD and adolescent-onset JOHD groups to the GNE
groups. We performed two unplanned sensitivity analyses. First, we repeated the primary analyses
that compared rHR, SBP, and DBP between the JOHD participants and the control group after removing
all participants visits from participants who were using medications that increased or decreased blood
pressure. Next, we evaluated the relationship between duration of disease and rHR, SBP, and DBP
among participants in the JOHD group only using linear mixed-effects regression analyses. Since these
models only included participants with JOHD, we added CAG repeat length as a covariate in the
models. The models were also adjusted for age, the use of medications that increase blood pressure,
and the use of medications known to decrease blood pressure.

RStudio was used for all statistical analyses and a p-value of <0.05 was considered
statistically significant.

3. Results

Primary Outcomes

Baseline demographics between the groups are outlined in Table 1.

Table 1. Baseline demographics by groups.

JOHD Group Controls p-Value

N (Visits) 27 (64) 259 (395) NA
Female, % (n) 55.6 (15) 53.5 (138) 0.998

Age (years), Mean ± SD 15.89 ± 6.06 12.34 ± 3.76 <0.001
CAG Repeats, Mean ± SD 72.19 ± 14.18 20.29 ± 3.91 <0.001

Parental SES, % (n) 0.356
1 0.0 (0) 0.8 (2)
2 48.0 (12) 58.0 (149)
3 40.0 (10) 37.4 (96)
4 8.0 (2) 3.1 (8)
5 4.0 (1) 0.8 (2)

Missing N = 2 N = 2
BP Increasing Meds, % (n) 11.1 (3) 2.7 (7) 0.087
BP Decreasing Meds, % (n) 14.8 (4) 1.2 (3) <0.001
Disease Duration (years),

3.38 ± 3.04 NA NA
Mean ± SD

BP, blood pressure; CAG, cytosine-adenine-guanine; JOHD, juvenile-onset Huntington’s Disease; SD, standard
deviation; SES, socioeconomic status.

Participants in the JOHD group had significant elevations in their rHR compared to the GNE
group. However, the mean SBP in the JOHD group was significantly decreased in the patients with
JOHD compared to the GNE group. The mean DBP was lower in the JOHD group as well, but the
results did not reach statistical significance (Table 2).

Table 2. Primary outcomes.

JOHD Group Controls p-Value

rHR, Mean ± SE 88.56 ± 2.36 78.50 ± 0.83 <0.0001
SBP, Mean ± SE 109.96 ± 1.99 115.99 ± 0.71 0.0053
DBP, Mean ± SE 61.88 ± 1.17 64.25 ± 0.42 0.060

DBP, diastolic blood pressure; JOHD, juvenile-onset Huntington’s Disease; rHR, resting heart rate; SBP, systolic
blood pressure; SE, standard error.

The mean rHR of participants with adolescent-onset JOHD (87.79 ± 3.72 bpm) was significantly
elevated compared to the GNE group (78.50 ± 0.83 bpm; t = 2.44, p = 0.016). The childhood-onset
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JOHD group had a mean rHR of 89.12 ± 3.11 bpm, which was also significantly elevated relative
to the GNE group (t = 3.27, p = 0.001). The childhood-onset and adolescent-onset JOHD groups
did not differ significantly from one another (p = 0.786) (Figure 1a). The mean SBP of participants
with adolescent-onset JOHD was 111.79 ± 3.14 mmHg compared to 116.00 ± 0.71 in the GNE group
(t = −1.30, p = 0.195). There was a significant difference between the childhood-onset JOHD group and
the GNE groups, though. Specifically, the childhood-onset group’s mean SBP was 108.66 ± 2.63 mmHg
(t=−2.66, p= 0.0084). The difference between the childhood-onset and adolescent-onset groups was not
statistically significant (p= 0.451) (Figure 1b). The mean DBP of the GNE group was 64.26 ± 0.43 mmHg.
The adolescent-onset group’s mean DBP was lower (63.11 ± 1.84 mmHg) compared to the GNE group,
but not significantly so (t = -0.609, p = 0.543). However, the childhood-onset JOHD group’s mean
DBP was significantly lower (60.99 ± 1.55 mmHg) compared to the GNE group (t = −2.01, p = 0.045)
(Figure 1c).

Figure 1. (a) Resting heart rate was significantly elevated in the adolescent-onset and childhood-onset
JOHD groups compared to the GNE group. (b) Systolic BP was significantly decreased in the
childhood-onset JOHD group compared to the GNE group. There was a gradual decrease in SBP
from the GNE group to the adolescent-onset and childhood-onset JOHD groups. (c) Diastolic BP was
significantly decreased in the childhood onset JOHD group compared to the GNE group. AO-JOHD:
adolescent-onset JOHD; BP: blood pressure; Bpm: beats per minute; CO-JOHD: childhood-onset JOHD;
GNE: gene-non-expanded group.

4. Discussion

Patients with HD produce a mutant form of the huntingtin protein. This protein is widely
expressed in the brain, but also in peripheral tissues [15]. Consequently, peripheral manifestations of
HD have been hypothesized to be caused by cellular dysfunction caused by expression of the mutant
huntingtin protein in those tissues, independent of the known neurodegenerative process of HD.
However, expression of the huntingtin protein is undetectable in the heart [15] and mouse models of
HD have revealed changes to the cardiovascular system in the absence of mutant huntingtin aggregates
in cardiac tissues, even at end stages of the disease [9]. Therefore, measured changes of physiologic
markers of ANS function are more likely to be a secondary marker of neurodegeneration affecting
central pathways in areas such as the CAN. Here, we have demonstrated for the first time that patients
with JOHD have significant changes in physiologic measures of ANS function compared to healthy
controls. Importantly, we hypothesize that these changes are a direct consequence of pathologic changes
that occur in the central nervous system of patients with JOHD rather than peripheral manifestations
of the disease.

Similar to previous reports of enhanced sympathetic tone in patients with AOHD, patients
with JOHD had elevations in their rHR compared to healthy controls. However, the patients with
JOHD had decreases in their SBP and DBP relative to the control group, which was unexpected. It is
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unclear what is driving the observed decrease in blood pressure in JOHD, but we hypothesize that
earlier neurodegenerative changes may affect regions within the CAN that impact rHR. As patients
progress through their disease, we believe that brain regions that are more closely related to blood
pressure control are impacted. For example, the medulla oblongata receives afferent signals from the
baroreceptors and affects blood pressure control [16]. The medulla has not been widely described as a
primary area of neurodegeneration in HD using neuroimaging techniques. However, a post-mortem
analysis demonstrated degeneration in areas of the brainstem in patients with HD [17]. This seems to
fit with our hypothesis because neuroimaging studies are typically conducted in patients who have
not reached the end stages of the disease, but post-mortem analyses obviously would mostly represent
patients with end-stage disease, similar to patients with JOHD. To further investigate this theory,
we conducted an unplanned analysis to investigate the relationship between disease duration and
physiologic measures of cardiac function in the JOHD group. We found no significant relationship
between disease duration and rHR (p = 0.936; Figure 2a). This supports the notion that rHR becomes
significantly elevated early in the disease course of JOHD but does not seem to continue to worsen as
the disease progresses. However, there were significant, negative correlations between disease duration
and SBP (t = −2.20, p = 0.037; Figure 2b) and DBP (t = −2.13, p = 0.044; Figure 2c). These results further
confirm our hypothesis that rHR is impacted earlier in the disease process of JOHD and changes in BP
may be indicative of later-stage neurodegeneration.

 

Figure 2. (A) Disease duration among patients with JOHD did not significantly predict rHR. (B) Systolic
BP and (C) diastolic BP become significantly more decreased as disease duration increased in the JOHD
group. Bpm: beats per minute; DBP: diastolic blood pressure; rHR: resting heart rate; SBP: systolic
blood pressure.

This analysis is the first report (to the best of our knowledge) of physiologic markers of cardiac
function being disrupted in JOHD. These results come from one of the largest datasets of patients
with JOHD in the world. Despite this, there are important limitations to our work. As noted above,
these results only allow us to report associations but are not meant to demonstrate a causative
relationship between rHR and SBP in JOHD. Similarly, the Kids-JOHD and Kids-HD studies were not
focused on cardiovascular measures. While all participants had their vital signs collected in a similar
setting with similar equipment by trained medical professionals, confounding factors related to the
collection of rHR and SBP could have been present and may have affected these results. Additionally,
we recognize that rHR and SBP are surrogate measures of ANS function. Therefore, future studies
focused on investigating ANS function in JOHD should collect more precise measures, such as heart
rate variability or baroreflex sensitivity. Another limitation is the potential influence of medication use
on these results. We have attempted to control for this confounder by including the use of medication
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that increase or decrease blood pressure as a covariate in all models. However, this may not have
adequately controlled for the impact of medications. To further ensure that medication use was not
significantly influencing these results, we performed an unplanned sensitivity analysis where we
repeated the primary analyses in participants who were not taking a medication that is known to impact
blood pressure. After doing this, the participants in the JOHD group still had a significantly elevated
rHR and a significantly lower SBP compared to the GNE group. Interestingly, the JOHD group also
had a significantly lower DBP compared to the GNe group in this analysis. While medication use is still
an important confounder, this sensitivity analysis seems to indicate that the use of these medications
is not significantly impacting the reported results. It is important to note that we hypothesize that
the measured changes in rHR, SBP, and DBP in patients with JOHD is mediated by CNS alterations
given that JOHD is a neurodegenerative disease. However, further research is needed to support this
hypothesis. It is possible that the observed changes are mediated by the peripheral nervous system,
the cardiovascular system (including physical fitness), and metabolic rate. Further studies are required
to determine the root cause of autonomic dysfunction in JOHD. Lastly, it is important to note that the
lower blood pressures in the JOHD group were at rest. Previous reports in patients with Parkinson’s
Disease and Multiple System Atrophy performed orthostatic tests to determine whether patients had a
precipitous drop in their BP when going from lying down to standing up, which is more indicative
of autonomic function. The present study did not perform any specific measures that were meant to
perturb the autonomic nervous system. Therefore, the patterns identified at rest are only theorized to
be associated with central changes that could affect the cardiovascular system.

5. Conclusions

Patients with JOHD seem to have elevated rHR compared to healthy controls. Additionally,
the JOHD participants had significantly decreased SBP compared to the healthy controls. These changes
seem to be indicative of progressive neurodegeneration and may further advance our understanding
of the neurobiology of JOHD.
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Abstract: There is a known negative association between cytosine–adenine–guanine (CAG) repeat
length and the age of motor onset (AMO) in adult-onset Huntington’s Disease (AOHD). This
relationship is less clear in patients with juvenile-onset Huntington’s disease (JOHD), however, given
the rarity of this patient population. The aim of this study was to investigate this relationship amongst
a relatively large group of patients with JOHD using data from the Kids-JOHD study. Additionally,
we analyzed data from the Enroll-HD platform and the Predict-HD study to compare the relationship
between CAG repeat length and AMO amongst patients with AOHD to that amongst patients with
JOHD using linear regression models. In line with previous reports, the variance in AMO that was
predicted by CAG repeat length was 59% (p < 0.0001) in the Predict-HD study and 57% from the
Enroll-HD platform (p < 0.0001). However, CAG repeat length predicted 84% of the variance in AMO
amongst participants from the Kids-JOHD study (p < 0.0001). These results indicate that there may
be a stronger relationship between CAG repeat length and AMO in patients with JOHD as compared
to patients with AOHD. These results provide additional information that may help to model disease
progression of JOHD, which is beneficial for the planning and implementation of future clinical trials.

Keywords: CAG; juvenile-onset Huntington’s disease; motor onset

1. Introduction

Huntington’s disease (HD) is an autosomal dominant, neurodegenerative disorder that causes
cognitive, behavioral, and motor symptoms [1]. An abnormal number of repeats (≥36) of
cytosine–adenine–guanine (CAG) within the huntingtin gene causes the mutation that leads to
HD. The negative relationship between the number of CAG repeats that a person has and the age
of motor onset (AMO) has been well-established for patients with adult-onset HD (AOHD) [2–6].
However, given the rarity of juvenile-onset HD (JOHD), the relationship between CAG repeat length
and AMO is less clear. In general, it is believed that the correlation between CAG repeat length and
AMO increases in higher CAG repeat lengths [7–9], but these reports are limited by small sample
sizes. A previous review paper utilized data from 15 patients with JOHD who had a CAG repeat
length of >60 to demonstrate that the association between AMO and CAG seemed to be higher at
CAG lengths of 60 to 80. However, at CAG repeat lengths above approximately 80, the association
between AMO and CAG became much weaker [10]. In order to further investigate this phenomenon
in a larger group, the same authors gathered patient data from seven separate case studies or case
series of patients with JOHD and found 26 patients with a CAG repeat length of >80. In this cohort,
CAG repeat length accounted for only 26% of the variance in AMO [10]. A recent systematic review
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was performed and gathered information on more than 200 patients with reported JOHD [11]. This
cohort of patients included a wide range of CAG repeats from 39 to 265. The authors reported a
Pearson’s correlation coefficient of −0.56 between CAG repeat length and the age of onset of clinical
symptoms. In line with other studies, the strength of correlation seemed to weaken at longer CAG
repeats [11]. Both of these large reviews are limited, however, by their reliance on a collection of
data, rather than primary collection from a single cohort. Thus, the aim of the present study was to
investigate the relationship between CAG repeat length and AMO amongst patients with JOHD, with
the goal of providing additional clarity to this current gap in knowledge. We also leveraged data from
the Enroll-HD platform and the Predict-HD study to compare the results of patients with JOHD to
those of patients with AOHD.

2. Materials and Methods

2.1. Description of Data

We analyzed data from a large sample of participants enrolled in the Kids-JOHD studies (N = 27).
These studies recruited participants from across the United States who were between the ages of 6
and 25 at the time of their first study visit and had a confirmed diagnosis of JOHD. To be enrolled, all
participants were required to have already had molecular confirmation of HD and a clinical diagnosis
of JOHD before traveling to the University of Iowa for assessment. To confirm that the participant
was manifesting significant motor symptoms (meaning that they would meet criteria for a clinical
diagnosis of JOHD), we utilized a combination of (1) detailed parental report of motor symptoms; (2)
clinical evaluation by a pediatric neurologist at the University of Iowa; and (3) a Unified Huntington’s
Disease Ratings Scale (UHDRS) Total Motor Score (TMS) [12] of at least 12 to consider a participant
to be motor-manifest. Each subject was required to have all three to be considered motor-manifest.
Although a TMS of 12 may be considered low, patients with JOHD often present with far greater
hypokinetic symptoms than do those with AOHD, and the UHDRS may not be sufficiently sensitive to
these as it was designed for AOHD. These criteria excluded 10 individuals enrolled in the Kids-JOHD
study and represented subjects who were tested locally mainly based on family history or behavioral
issues, rather than significant motor symptoms. Of note, the TMS derived from the UHDRS takes into
account various motor symptoms beyond just chorea. At their baseline visit, the participants with
JOHD demonstrated the highest scores in saccade initiation, finger tapping, and rigidity (Figure 1).
Additionally, the summative chorea score was one of the areas where patients with JOHD had the
lowest score. This is of particular importance to consider when confirming the diagnosis of JOHD, as
symptoms other than chorea can often be present. Participants were also excluded if they had a history
of brain surgery or significant head trauma. All participants and their guardians (if under 18) signed
informed consent prior to enrolling in these studies, which were approved by the University of Iowa
Institutional Review Board (IRB).
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Figure 1. Mean scores on the various domains of the Unified Huntington’s Disease Rating Scale
(UHDRS). Specifically, ocular pursuit score is the mean of horizontal and vertical pursuit scores; saccade
initiation is the mean of the horizontal and vertical initiation scores; saccade velocity is the mean of the
horizontal and vertical velocity scores; finger tapping is the mean of the right and left hand scores;
pronate/supinate is the mean of the right and left hand scores; rigidity is the mean of the scores in the
right and left arms; dystonia score is the mean scores from the trunk, right and left upper extremities,
and right and left lower extremities; chorea score is the mean of maximal chorea scores from the face,
buccal-oral-lingual scores, trunk, right and left upper extremities, and right and left lower extremities.
All other scores include only one component and represent the mean of that domain.

We also analyzed data from the Predict-HD study [13] and from the Enroll-HD platform [14].
Specifically, we included participants from both studies who received a motor diagnosis of HD during
the study after the age of 21 and who had a CAG repeat length of less than 60. This was done to
ensure that we were investigating only those participants with adult-onset HD (AOHD). Participant
reporting of historical motor onset timing is included in the Enroll-HD platform, but this may be
subject to significant recall bias. Participants must have had a motor exam conducted with a diagnostic
confidence level (DCL) of less than four to be included in the analyses from Enroll-HD and Predict-HD.
The age at which these participants had their first report of a diagnostic confidence level of four on the
UHDRS [12] was considered the age of motor onset (AMO). There were 242 participants who received
a motor diagnosis during the Predict-HD study and 782 participants in the Enroll-HD database.

2.2. Statistical Analysis

The primary analysis investigated the relationship between CAG repeat length and AMO amongst
the JOHD participants using simple regression models. We used natural cubic splines to transform
the independent variable (CAG repeat length) to investigate nonlinear relationships for the primary
analysis. RStudio was used for all analyses, with a p-value of <0.05 considered statistically significant.

2.3. Institutional Ethical Approval

The University of Iowa institutional review board initially approved the study on 10/13/2011
(IRB # 201109879). For participants younger than 18 years, parents or guardians provided written
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consent and children provided written assent. For participants who were 18 years or older, participants
provided written consent.

3. Results

The participants from the Kids-JOHD study had a significant nonlinear relationship between
AMO and CAG repeat length (R2 = 0.84, p = 2.63 × 10−10) (Figure 2A). As has been reported previously,
we also observed significant nonlinear relationships between AMO and CAG repeat length using data
from participants with AOHD from the Predict-HD and Enroll-HD studies. From Predict-HD, the
R2 value was 0.59 (p = 2.2 × 10−16) (Figure 2B). The results from participants from Enroll-HD closely
matched those observed in Predict-HD. Specifically, the R2 value was 0.57 (p = 2.2 × 10−16) (Figure 2C).

 

Figure 2. Cytosine–adenine–guanine (CAG) repeat length significantly predicts the age of motor onset
in (A) patients with juvenile-onset Huntington’s disease (JOHD) from the Kids-JOHD study, (B) patients
with adult-onset Huntington’s Disease (AOHD) from the Predict-HD study, and (C) patients with
AOHD from the Enroll-HD study. Black lines show the predicted regression lines, and the gray ribbons
display the 95% confidence intervals.

4. Discussion

In the present analysis, we demonstrated that the CAG repeat length accounted for over 80% of
the variance in AMO amongst patients with JOHD. This was substantially higher than in either of
the AOHD analyses conducted, which showed CAG repeat length accounting for 59% of the variance
(Predict-HD sample) and 57% of the variance (Enroll-HD). These results support previous reports
demonstrating potentially increased predictive power of higher CAG repeat lengths [7–9]. Of note,
previous reports have demonstrated that the predictive power of CAG repeat length on AMO seems to
decrease at the highest CAG repeats of approximately 80 or above [10,11]. Our current cohort only
included seven participants with a CAG repeat length above 80. Therefore, we did not have sufficient
data to formally analyze whether or not the relationship between CAG and AMO weakens at higher
CAG repeat lengths. However, informally, our results seem to confirm these previous reports. In
Figure 2A, it seems as though there is a strong, linear relationship between CAG repeat length and AMO
in those participants with a CAG repeat length of <80. There seems to be a bend in the regression line
at approximately a CAG repeat length of 80, where the line begins to flatten out. This same shape was
seen in previous reports with larger numbers of patients [10,11]. This may be due to a floor effect in the
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ability of the CAG repeat length to predict AMO. Specifically, it may be possible that neurodegenerative
changes occur over the course of 3–5 years. Therefore, the earliest possible AMO may be approximately
five years old, regardless of CAG repeat length. This is only a hypothesis, though. Another possible
explanation for the weakened relationship between CAG and AMO at CAG repeats above 80 may be
related to the role that the huntingtin protein plays in neurodevelopment [15,16]. Neurodevelopmental
changes have been reported to be more prominent at higher CAG repeats in patients with AOHD [15].
At higher CAG repeats, it is possible that the neurodevelopmental aberrations play a major role in the
AMO in addition to neurodegeneration. This likely leads to significant difficulty in determining when
their actual AMO is, likely resulting in a significant amount of heterogeneity in age of diagnosis.

One possible explanation for why higher CAG repeat lengths (>60) may explain more of the
variance in AMO is that longer CAG repeat lengths may play a greater role in the development
of pathologic changes that impact the onset of disease. Another consideration is that it is known
that environmental exposures may modify disease onset in patients with AOHD [17–19]. Patients
with JOHD may not have the same opportunity to be exposed to particular environmental factors.
Therefore, their AMO is more closely linked to CAG repeat length alone and not the additional impact
of environmental factors. Genetic modifiers of disease onset have also been identified in patients with
AOHD [20,21]. These studies rely on large numbers of patients to identify genetic modifiers that may
impact disease onset in AOHD. It cannot be ruled out that specific genetic modifiers exist that could
impact the AMO in JOHD that have not been identified, given the rarity of this patient population.

One of the largest previous reports of the relationship between CAG repeat length and AMO
amongst patients with JOHD utilized data from the Italian Huntington’s Disease Databank, which
retrospectively collected data from patients at two separate institutions and only includes 15 patients
with a CAG repeat length of >60 [10,22]. This same review gathered data from seven separate case
reports and case series and identified 26 patients with more than 80 CAG repeats [10]. Given the
means by which these data were collected, the conclusions drawn in the resulting review may be
seen as preliminary, as they are not the result of primary data collection. However, using the present
large dataset of patients with JOHD, we are now able to confirm these previous findings showing that
the strength of correlation between CAG and AMO is greater in JOHD, predicting about 84% of the
variance in AMO [10].

There are important limitations to this study. First, despite being one of the largest studies of
JOHD in the world, the number of patients is still relatively small. Second, we did not implement
natural logarithmic transformations of our data, which has been recommended in previous studies
investigating CAG and AMO [23]. We opted to not use natural logarithmic transformations of the data
because doing so appeared to lead to disproportionate variance across the groups, which would lead
to heteroscedasticity in the data. Lastly, as mentioned previously, the diagnosis of motor symptoms in
children with the longest CAG repeats can be quite difficult and subject to bias and variability.

5. Conclusions

This study has provided further confirmation that CAG repeat length significantly predicts AMO
in patients with JOHD. In fact, more than 80% of the variance of AMO was explained by CAG repeat
length. This provides additional information that allows for more accurate modeling of JOHD, which
is critical for future clinical trials.
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Abstract: Reports of behavioral disturbance in Juvenile-Onset Huntington’s Disease (JOHD) have
been based primarily on qualitative caregiver reports or retrospective medical record reviews.
This study aims to quantify differences in behavior in patients with JOHD using informant- and
self-report questionnaires. Informants of 21 children/young adults (12 female) with JOHD and
115 children/young adults (64 female) with a family history of Huntington’s Disease, but who did
not inherit the disease themselves (Gene-Non-Expanded; GNE) completed the Behavior Rating
Inventory of Executive Function (BRIEF) and the Pediatric Behavior Scale (PBS). Mixed linear
regression models (age/sex adjusted) were conducted to assess group differences on these measures.
The JOHD group had significantly higher scores, indicating more problems, than the GNE group on
all BRIEF subscales, and measures of Aggression/Opposition and Hyperactivity/Inattention of the PBS
(all p < 0.05). There were no group differences in Depression/Anxiety. Inhibit, Plan/Organize, Initiate,
and Aggression/Opposition had significant negative correlations with Cytosine-Adenine-Guanine
(CAG) repeat length (all p < 0.05) meaning that individuals with higher CAG repeats scored lower on
these measures. There was greater discrepancy between higher informant-vs. lower self-reported
scores in the JOHD group, supporting the notion of lack of insight for the JOHD-affected group.
These results provide quantitative evidence of behavioral characteristics of JOHD.

Keywords: Huntington’s disease; behavioral regulation; executive function; trinucleotide repeat disorder

1. Introduction

Huntington’s disease (HD) is an autosomal dominant neurodegenerative disease caused by a
Cytosine-Adenine-Guanine (CAG) repeat expansion of the Huntingtin gene (HTT). The disease typically
presents in adulthood with an average age of onset of 40 (referred to as Adult Onset HD or AOHD),
and is marked by a combination of motor, cognitive, and behavioral symptoms. Approximately 1–10%
of patients with HD will experience onset of symptoms before age 21, which is categorized as
Juvenile-Onset HD (JOHD) [1].

Evidence of behavioral disturbances in JOHD is primarily predicated on retrospective medical
record analyses [2,3] and caregiver reports [4–6] with few attempts to systematically evaluate these
changes prospectively. Behavioral problems and cognitive decline are often among the first symptoms
to present in individuals with JOHD [6–9] and can emerge years before the onset of motor symptoms [5],
a pattern that is parallel with that of AOHD. Behavioral issues reported in JOHD include violence,
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aggression, oppositional behavior, obsession, depression, anxiety, impulsivity, attention issues,
psychosis, and substance abuse [1–4,8,10,11]. Family members and caregivers of individuals with
JOHD have reported that behavioral symptoms are often more distressing and disruptive than motor
symptoms [6].

The Kids-HD and Kids-JOHD study are parallel programs at the University of Iowa. The Kids-HD
study enrolls children/young adults (ages 5–26 years old) who are at-risk for HD based on a parent or
grandparent having been diagnosed with HD. These children are genotyped for research purposes only,
and categorized into the Gene-Expanded (GE, CAG > 36) or Gene Non-Expanded (GNE, CAG < 35)
group. Those that are GE will go on to develop AOHD later in life and those that are GNE will
never develop HD. The Kids-JOHD study enrolls children/young adults (ages 5–26 years old) who
are already symptomatic with JOHD and have had molecular confirmation of the gene expansion
(motor diagnosis made prior to age 21). The GNE group makes an excellent comparison group for the
JOHD sample given that although they did not inherit the gene, they are from a family in which a
parent, and possibly other family members, are suffering from HD, a family environment similar to
the JOHD participants. The first aim of the current study was to establish group differences between
JOHD and GNE participants based on informant ratings of behavior. The second aim was to examine a
potential CAG repeat length effect in the JOHD participants. The third aim was to explore differences
between self-reported and informant-reported executive function in participants over the age of 18.

2. Materials and Methods

2.1. Participants

This sample consists of children and young adults (ages 5–26) who participated in the Kids-HD or
Kids-JOHD studies at the University of Iowa. Details of the Kids-HD program can be found in the
2019 publication on brain development in the Kids-HD sample [12]. From the children/young adults at
risk from the Kids-HD study, we utilized the Gene-Non-Expanded (GNE) as controls.

Recruitment for the Kids-JOHD study was done through the Center of Excellence at the
University of Iowa and national Huntington’s Disease Society of America events. To be eligible,
participants required a genetic confirmation of an expanded CAG repeat. If the participant was older
than 21 at the time of assessment, they were required to have had a clinical diagnosis prior to the age
of 21.

All participants were recruited from across the United States and travelled to the University of
Iowa to complete the study. The study followed an accelerated longitudinal design (ALD), where some
individuals were assessed once, while others were assessed on multiple occasions with variable
lengths of follow-up [12]. This design is less affected by attrition, which is especially important in this
population due to disease progression. It also allows us to study the disease over a larger age range,
and thus a greater number of participants. However, each age range may not be equally represented [13].
Participants completed multiple visits if they were willing and able to return for follow-up.

Both study protocols were approved by the Institutional Review Board (IRB) at the
University of Iowa and were conducted in accordance with the Declaration of Helsinki. Parents or
legally authorized representatives provided written consent for participants under the age of 18 or
those who were unable to provide consent due to disease progression. Participants 18 years of age or
older with the capacity to consent provided written informed consent for participation. This project
was initially approved by the University of Iowa Institutional Review Board (IRB Number: 201109879)
on 9 January 2012, and most recently approved on 15 May 2020.

2.2. Genetic Analysis

A DNA sample of either blood or saliva was obtained from participants in the Kids-HD study.
The presence or absence of the mutant CAG expansion was determined using PCR analysis by the
University of Iowa Molecular Diagnostic Laboratory. This analysis was done for research purposes
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only, and results were not disclosed to anyone including the participants, participants’ families, or the
clinical research study staff [12]. All the participants in the Kids-JOHD study had to have molecular
confirmation prior to enrollment and came with medical record documentation of the gene expansion.

2.3. Motor Rating

Like AOHD, the diagnosis of JOHD requires the presence of significant motor abnormality. A few
of the participants in the JOHD study had been tested locally, yet examination by the neurologist locally
showed no significant, or only subtle, motor findings. Our aim was to examine a homogenous group of
motor-manifest patients. To that end, all participants were assessed by a trained motor examiner using
the Unified Huntington’s Disease Rating Scale (UHDRS). A total motor score (TMS) was obtained by
summing the core UHDRS items. To be included in the analysis, the JOHD participants were required
to have a TMS of greater than 18. The rationale for the relatively high cut-off for the TMS is because the
UHDRS is sensitive to developmental motor changes such that normal developing younger children
will show higher scores than older children. Therefore, even in a large cohort of children at risk,
but who did not inherit the gene expansion (Gene Non-Expanded or GNE), the UHDRS can be as high
as 17, as shown by our previous analysis of the Kids-HD cohort [14]. In the current cohort, the highest
TMS was 17 for a GNE participant. This was used as a guide for the JOHD group where the cut-off
was determined to be 18 (with lowest TMS in the JOHD group being 19).

2.4. Behavioral Measures

Behavior Rating Inventory of Executive Function (BRIEF). While some standardized tests are
designed to measure specific executive functioning skills in an individual, the BRIEF is a questionnaire
designed to assess executive function behaviors [14]. Items are coded as “never”, “sometimes”,
or “often” being a problem. The total Global Executive Composite score is divided into the Behavioral
Regulation Index (BRI; Inhibit, Shift, Emotional Control) and the Metacognition Index (MI; Initiate,
Working Memory, Plan/Organize, Organization of Materials, Monitor). Higher scores indicate more
problematic behaviors.

If the participant was younger than 18 years old, the informant completed the BRIEF-Parent
form; however, if the participant was 18 years old or older, the informant completed the BRIEF-Adult
(BRIEF-A) Informant form. Informants were individuals who accompanied the participant to the
research appointment. For participants younger than 18 years of age, the informant was a parent
or legal guardian. For participants 18 years of age or older, the informant was a parent, guardian,
spouse/partner, or friend. Additionally, participants age 18 and older completed the BRIEF-A Self
Report Form.

With regard to the Pediatric Behavior Scale-30 (PBS-30), the PBS is a parent/informant-report
measure designed to assess broad domains of functioning; it was derived from the full 165-item version
of the PBS [15]. The PBS-30 includes 30 Likert-scale items (“almost never or not at all” to “very often or
very much”) that describe different behaviors, where higher scores reflect more problems. Four scales
are calculated: Aggression/Opposition, Hyperactivity/Inattention, Depression/Anxiety, and Physical
Health. The same form was used for all ages in the current study.

Supplementary Tables S1 and S2 summarize the number of observations available for each BRIEF
and PBS subscale. Supplementary Table S3 summarizes the differences in scores between informant
and self-reports for the BRIEF-A.

2.5. Statistical Analyses

Raw scores from the two scales were analyzed across the two groups via mixed linear regression
models with individual BRIEF and PBS subscales as the outcome variables. Group, age, and sex were
included as main effects in all regression models, and participant ID and family ID were included as
random effects to account for non-independency of the observations. Including family ID in the model
controlled for the effects of having more than one person from a family. Adding the participant ID
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controls meant that the correlation between repeat visits from a single individual was controlled for
in the model. Sex by group interactions were entered into the model and subsequently removed if
not significant.

The impact of CAG repeat length was examined in the JOHD group for measures that were
significantly different between groups using mixed linear regression models to predict behavioral and
executive functioning outcomes by CAG repeat expansion length.

Differences in BRIEF-A informant and self-reported scores were analyzed in patients 18 and older
by calculating the difference in informant-reported and self-reported raw scores for each BRIEF-A
subscale outcome measure. Difference scores were predicted with mixed linear effects models including
main effects of group, age, and sex and controlling random effects of family ID. The difference score
represents a difference in perspective on behavioral/cognitive problems between the participant and
their parent. Thus, difference scores close to 0 represent agreement between self and proxy assessments,
while large differences represent incongruent perspectives. All models were corrected for multiple
comparisons using the False Discovery Rate (FDR) method. All analyses were completed using RStudio
version 1.2.5042 (RStudio, PBC, Boston, MA, USA).

3. Results

3.1. Sample

The sample included 21 JOHD individuals (12 female). From this group, nine participants were
seen once, nine were seen twice, two were seen three times, one was seen four times, and three were
examined on five occasions, for a total of 49 observations.

There were 115 GNE individuals (64 female). From this group, 60 participants were seen once,
30 were seen twice, 17 were seen three times, and 8 were seen for 4 visits for a total of 203 observations.
There were no significant differences in distribution of sex between JOHD and GNE individuals
(χ2 (1, N = 137) = 1.10 × 10−31, p = > 0.99). Average elapsed time between follow-up visits was
1.3 years (SD = 1.8 years). All participants were seen between March 2006 and February 2020 with an
average of 1.65 visits and median of one visit.

Mean age at evaluation was significantly different between groups: JOHD patients were
15.23 years old on average (SD = 5.55) and GNE individuals were 13.47 years old on average
(SD = 3.87 years; t (126.66) = 2.03), p = 0.04). CAG repeats ranged from 15 to 34 in the GNE
group (median = 19) and from 54 to 102 in the JOHD group (median = 76). Distribution of total
motor impairment scores (sum of core UHDRS items) ranged from 19 to 103 in the JOHD group.
Average disease duration (defined as age at time of assessment minus age at time of clinical diagnosis)
for individuals with JOHD was 3.6 years (SD = 1.5 years), meaning that most JOHD participants were
early in the course of the motor manifest stage of the disease. Full group statistics are shown in Table 1.

Table 1. Demographics by groups.

GNE (N = 203) JOHD (N = 49)

Age
Mean (SD) 13.5 (3.87) 15.2 (5.55)

Median (Min, Max) 13.7 (6.00, 22.5) 15.8 (5.08, 25.1)
Sex

Females 120 (59.1%) 29 (59.2%)
Males 83 (40.9%) 20 (40.8%)
CAG

Median (Min, Max) 19.0 (15.0, 34.0) 76.0 (54.0, 102)
TMS

Mean (SD) 1.28 (2.67) 58.0 (21.3)
Median (Min, Max) 0 (0, 17.0) 55.0 (19.0, 103)

Note: GNE, Gene-Non-Expanded, i.e., participants with a family history of Huntington’s Disease who did not inherit
the mutant expansion; JOHD, participants with juvenile onset Huntington’s Disease; CAG, CAG repeat expansion
length; TMS, total motor score, calculated as cumulative Unified Huntington’s Disease Rating (UHDRS) items.
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3.2. Behavioral Performance Group Differences

The JOHD group had statistically significantly higher scores than the GNE group on all subscales
of the BRIEF (Emotional Control, Inhibit, Shift, Monitor, Plan/Organize, and Working Memory all
FDR < 0.001; Organization of Materials FDR = 0.0015; see Figure 1 and Table 2).

 
Figure 1. Differences in Behavior Rating Inventory of Executive Function (BRIEF) subscale scores
between JOHD (blue) and GNE (red) participants. The x-axis shows age- and sex-adjusted estimates
from mixed linear effects models after controlling for random effects of repeated measures and family
ID. The y-axis shows subscales of the Behavioral Rating Inventory of Executive Function (BRIEF).
The larger circles represent the means and horizontal lines indicate 95% confidence limits.

The JOHD group had statistically significantly higher scores than the GNE group on the
Aggression/Opposition and Hyperactivity/Inattention subscales of the PBS (FDR = 0.00017 and <0.0001
respectively; see Figure 2 and Table 2). In contrast, there were no significant group differences in parent
reported measures of Depression/Anxiety and Physical Health subscales of the PBS (both FDR > 0.1).
There was no significant main effect of sex for any measure.

Table 2. BRIEF and PBS model statistics and marginal means.

Variable DiffMeans t-Value (df) FDR
Marg
Mean
GNE

95% CI GNE
Marg
Mean
JOHD

95% CI JOHD

Emotional Control −4.19 t(120) = −3.68 0.000466 * 15.83 14.93: 16.73 20.02 17.96: 22.08
Inhibit −5.18 t(120) = −5.1 2.62 × 10−6 * 14.19 13.39: 15.00 19.37 17.53: 21.21
Initiate −4.5 t(117) = −5.16 2.43 × 10−6 * 12.91 12.23: 13.58 17.41 15.82: 19.00

Shift −4.31 t(110) = −5.99 1.19 × 10−7 * 11.62 11.04: 12.19 15.93 14.63: 17.23
Self-Monitor −4.89 t(112) = −5.96 1.19 × 10−7 * 12.62 11.98: 13.26 17.51 16.02: 19.00

Organization of
Materials −2.72 t(115) = −3.32 0.00147 * 12.40 11.75: 13.04 15.12 13.63: 16.60

Plan/Organize −5.65 t(115) = −4.58 2.02 × 10−5 * 18.62 17.64: 19.60 24.27 22.04: 26.50
Working Memory −8.16 t(120) = −6.73 7.42 × 10−9 * 15.25 14.30: 16.21 23.41 21.21: 25.61

Aggression/Opposition −4.42 t(119) = −4.11 0.000109 * 5.15 4.30: 6.01 9.57 7.63: 11.51
Hyperactivity/Inattention −7.7 t(117) = −5.51 6.5 × 10−7 * 6.58 5.47: 7.69 14.28 11.75: 16.80
Depression/Anxiety −1.34 t(95.8) = −1.31 0.192 4.91 4.09: 5.73 6.25 4.41: 8.08

Physical Health −0.798 t(102) = −1.35 0.192 2.34 1.87: 2.81 3.14 2.07: 4.21

Note: BRIEF and PBS raw scores are reported. Diff Means indicates the difference in group mean estimates.
Marg Mean indicates the estimated marginal means for each group. Abbreviations: GNE, Gene-Non-Expanded group;
JOHD, Juvenile-Onset Huntington’s Disease group. * indicates False Discovery Rate (FDR) p-adjusted < 0.0005.
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Figure 2. Differences in Pediatric Behavior Scale (PBS) subscale scores between JOHD (blue) and
GNE (red) participants. The x-axis shows age- and sex-adjusted estimates from mixed linear effects
models after controlling for random effects of repeated measures and family ID. The y-axis shows
subscales of the Pediatric Behavior Scale-short form (PBS). The larger circles represent the means and
horizontal lines indicate 95% confidence limits.

3.3. Genetic Expansion Correlations

Within JOHD, all measures had a negative correlation with CAG repeat length, however this
reached significance for BRIEF Inhibit (p = 0.048), Plan/Organize (p = 0.034), and Initiate (p = 0.013)
subscales of the BRIEF and the Aggression/Opposition (p = 0.038) scale of the PBS (see Table 3).
A negative association indicates that JOHD participants with the highest CAG repeat tended to have
the lowest behavioral scores. All other BRIEF and PBS subscales were not significantly predicted by
CAG repeat length.

Table 3. Genetic expansion effects in JOHD.

Variable Coefficient 95% CI t-Value (df) p-Value

Emotional Control −0.08 −0.35: 0.19 t(47) = −0.615 0.548
Inhibit −0.23 −0.45: −0.01 t(47) = −2.08 0.0479 *
Shift −0.04 −0.18: 0.11 t(47) = −0.493 0.627

Working Memory −0.24 −0.53: 0.04 t(47) = −1.71 0.102
Plan/Organize −0.26 −0.50: −0.03 t(47) = −2.24 0.0343 *

Initiate −0.18 −0.32: −0.05 t(46) = −2.68 0.0126 *
Self-Monitor −0.16 −0.33: 0.01 t(46) = −1.87 0.0723

Organization of
Materials −0.15 −0.36: 0.06 t(46) = −1.43 0.166

Aggression/Opposition −0.30 −0.57: −0.03 t(47) = −2.21 0.0379 *
Hyperactivity/Inattention −0.23 −0.51: 0.05 t(47) = −1.68 0.114

Note: Statistics based on measures that were significantly different between GNE and JOHD groups. JOHD,
Juvenile-Onset Huntington’s Disease group. Higher means indicate more behavioral/executive problems on the
BRIEF and PBS. * indicates p-value < 0.05.
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3.4. BRIEF-A Report Type Differences

In total, there were 35 observations for BRIEF-A (JOHD = 13, GNE = 22;
see Supplementary Table S3). The difference score in the GNE group was generally close to 0,
except for Inhibit (p = 0.003) and Working Memory (p = 0.002), where informants reported more
problems than participants. In contrast, in the JOHD group the difference scores were consistently
different from 0, with informants reporting more problems than JOHD patients (all FDR < 0.05;
see Figure 3 and Table 4). Age and sex did not have significant effects on the difference between
informant- and self-reported scores.

Figure 3. Differences in discrepancies between informant- and self-reported BRIEF-Adult (BRIEF-A)
subscale scores between JOHD (blue) and GNE (red) participants. The x-axis shows the difference
between informant and self-reported scores (calculated as informant—self) on the Behavioral Rating
Inventory of Executive Function-Adult form (BRIEF-A); age- and sex-adjusted estimates are plotted
from mixed linear effects models after controlling for random effects of family ID. The larger circles
represent the means and horizontal lines indicate 95% confidence limits. The vertical black line at
0 marks no difference between informant and self-report scores.
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Table 4. BRIEF-A model statistics and marginal means.

Variable
Diff

Means
t-Value (df) FDR

Marg
Mean
GNE

95% CI GNE
Marg
Mean
JOHD

95% CI
JOHD

Emotional
Control −5.88 t(18.6) = −2.13 0.0466 * −0.58 3.25: 2.09 5.30 0.73: 9.87

Inhibit −7.55 t(25.1) = −3.06 0.0117 * −2.45 −4.72: −0.18 5.10 0.96: 9.24
Initiate −6.45 t(20.4) = −2.96 0.0117 * 0.47 −1.60: 2.54 6.92 3.29: 10.54

Shift −5.39 t(25.2) = −2.68 0.0145 * 0.37 −1.48: 2.22 5.76 2.38: 9.13
Self-Monitor −5.56 t(24.6) = −2.93 0.0117 * −0.85 −2.60: 0.90 4.71 1.55: 7.88
Organization
of Materials −8.88 t(20.7) = −3.6 0.0113 * 1.29 −1.02: 3.61 10.18 6.07: 14.29

Plan/Organize −8.18 t(25.5) = −2.71 0.0145 * −0.38 −3.17: 2.41 7.80 2.67: 12.93
Working
Memory −8.81 t(24.4) = −3.37 0.0113 * −2.87 −5.30: −0.45 5.94 1.59: 10.28

Task Monitor −5.71 t(24.9) = −2.89 0.0117 * −0.35 −2.16: 1.47 5.37 2.06: 8.67

Note: Statistics based on group differences between the difference in BRIEF-Adult report type, as calculated
by informant-report scores—self-report scores. Diff Means indicates the difference in group mean estimates.
Marg Mean indicates the estimated marginal means for each group. GNE, gene-non-expanded group; JOHD,
juvenile-onset Huntington’s Disease group. Higher means indicate more behavioral/executive problems on the
BRIEF-A. * indicates FDR p-adjusted < 0.05.

4. Discussion

The Kids-JOHD study is the first ever prospective, longitudinal study of this ultra-rare
population. Therefore, this is the first analysis of behavioral symptoms of JOHD that measures
behavior on a continuum, rather than using reports of behavioral issues from retrospective analyses
of medical records or qualitatively by parents and caretakers of these patients [3,5,8,9,11,16].
Our findings provide quantitative support for the notion that behavioral dysfunction is prevalent
among persons with JOHD [3,5,8,9,11,16]. Specific commonly reported symptoms in JOHD include
aggressive and oppositional behavior, and difficulties with attention; consistent with this, the largest
group differences we found were in parental reports of Hyperactivity/Inattention followed by
Aggression/Opposition [3,5,8,10,16].

Importantly, JOHD patients did not exhibit significant anxiety and depression. Different from
externalizing behaviors that are easy for others to see, such as aggression and impulsivity, internalizing
behaviors associated with subjective feelings of mood and being nervous may be harder to rate
objectively [17]. Regardless of the inherent issues in parent reports of internalizing symptoms, it is
clear that these symptoms were no more frequent in the JOHD subjects compared to the GNE children,
supporting the notion that internalizing behaviors are not significantly affected in JOHD.

In the present study, mutant HTT CAG repeat expansion length was negatively correlated
with all measures, but reached statistical significance with Inhibit, Plan/Organize, Initiate,
and Aggression/Opposition indicating that patients with longer repeat lengths (typically resulting in
childhood-onset JOHD [18]) exhibit fewer problems in these domains, while patients with short repeats
(typically resulting in adolescent-onset JOHD [18]) exhibit more problem behaviors. These findings align
with current reports that older-onset JOHD patients exhibit more behavioral issues than younger-onset
JOHD patients [7]. In addition, opposition and aggression behavior normally peak in adolescence;
therefore, an active brain disease during a time in which these behaviors normally peak may be one
potential rationale for the adolescent onset having greater behavioral disturbance. However, in review
of the reports from caregivers of those with childhood onset, problems with aggression and opposition
were common early in the course of the disease, years prior to diagnosis. It may be that by the time of
motor onset, the childhood onset patients have moved past a period of externalizing behavior [1,7].
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Analyses evaluating differences between informant and self-reported measures of behavioral
regulation and executive function indicated a possible lack of insight among JOHD patients in their
behaviors. While the GNE group had similar scores between informant and self-reports, the JOHD
participants consistently rated themselves as having fewer behavioral and executive functioning
problems than what was reported by their informants. Limited insight into behavioral and cognitive
difficulties is a known feature in patients with AOHD [19]. These results suggest that informant ratings
are crucial when quantifying behavioral and executive dysfunction in JOHD.

Parents often report that cognitive and behavior issues are the first harbinger of change and
can occur sometimes years prior to final motor diagnosis. Some families in the JOHD community
have lobbied for using behavioral changes as a diagnostic criteria for disease [8]. This would be
inappropriate for several reasons. Any symptom utilized for diagnosis has to be sensitive and specific
to the disease. Although all of the subjects here are already motor manifest, it is important to point out
that behavioral symptoms are not present in all patients, therefore these behavioral ratings are not
sensitive to the presence of JOHD. Secondly elevated behavioral ratings are not specific to JOHD [6].
There were many children in the GNE group with elevated scores (in fact the two highest scores in the
entire sample on hyperactivity and inattention from the PBS came from GNE participants). Although as
a group, the JOHD sample had elevated scores compared to GNE, the presence of elevated scores
in any one individual is not specific to JOHD. This underscores the notion that changes in behavior
should not be utilized for diagnostic purposes for children at risk for AOHD or JOHD.

This study was not without limitations. First, with JOHD being an extremely rare disorder
affecting only 1–10% of individuals with HD [1], our sample was limited to 21 individuals with JOHD;
however, we leveraged an accelerated longitudinal design to increase the number of observations.
Second, parent and informant ratings are objective measures of behavior. Since parents of JOHD are
aware of their diagnosis, they may be biased in reporting their child as having greater symptoms,
simply knowing that it is commonly known amongst these families that behavioral disturbances occur
in children with JOHD. Finally, since self-reported measures were not used in this study for individuals
younger than 18, we relied on a small sample for our self vs. informant analyses.

5. Conclusions

In this study, patients with juvenile-onset Huntington’s Disease (JOHD) exhibited significant
behavioral problems relative to gene non-expanded (GNE) counterparts. Those participants with
longer CAG repeats (earlier age of onset) had fewer behavioral problems compared to those with
relatively shorter repeats (later age of onset). Lack of insight may have prohibited adult patients with
JOHD from providing reliable assessments of their behavioral problems. Further research should be
conducted with larger samples to create a JOHD-specific behavioral rating measure including both self
and proxy measures that may be used as markers for clinical trials and treatments.
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Abstract: Huntington’s disease (HD) is a fatal neurodegenerative disease caused by the expansion of
cytosine-adenine-guanine (CAG) repeats in the huntingtin gene. An increased CAG repeat length
is associated with an earlier disease onset. About 5% of HD cases occur under the age of 21 years,
which are classified as juvenile-onset Huntington’s disease (JOHD). Our study aims to measure
subcortical metabolic abnormalities in JOHD participants. T1-Rho (T1ρ) MRI was used to compare
brain regions of 13 JOHD participants and 39 controls. Region-of-interest analyses were used to
assess differences in quantitative T1ρ relaxation times. We found that the mean relaxation times in the
caudate (p < 0.001), putamen (p < 0.001), globus pallidus (p < 0.001), and thalamus (p < 0.001) were
increased in JOHD participants compared to controls. Furthermore, increased T1ρ relaxation times in
these areas were significantly associated with lower volumes amongst participants in the JOHD group.
These findings suggest metabolic abnormalities in brain regions previously shown to degenerate in
JOHD. We also analyzed the relationships between mean regional T1ρ relaxation times and Universal
Huntington’s Disease Rating Scale (UHDRS) scores. UHDRS was used to evaluate participants’ motor
function, cognitive function, behavior, and functional capacity. Mean T1ρ relaxation times in the
caudate (p = 0.003), putamen (p = 0.005), globus pallidus (p = 0.009), and thalamus (p = 0.015) were
directly proportional to the UHDRS score. This suggests that the T1ρ relaxation time may also predict
HD-related motor deficits. Our findings suggest that subcortical metabolic abnormalities drive the
unique hypokinetic symptoms in JOHD.

Keywords: juvenile-onset Huntington’s disease; T1-Rho; neuroimaging

1. Introduction

Huntington’s disease (HD) is caused by the expansion of cytosine-adenine-guanine (CAG) repeats
in the huntingtin gene, and the CAG repeat length is associated with an earlier disease onset [1].
About 5% of HD cases occur before the age of 21 years, which are classified as juvenile-onset
Huntington’s disease (JOHD) [1]. Adult-onset HD (AOHD) is characterized by involuntary movements
(chorea), whereas JOHD often causes bradykinesia [1].
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Patients with JOHD experience similar patterns of neurodegeneration as patients with AOHD
with some distinct exceptions. Specifically, patients with JOHD have proportionally larger cerebellar
volumes relative to controls, and they do not experience thinning of the motor cortex [2] as is seen in
AOHD [3]. Since these brain regions are relatively spared, it has been hypothesized that they may play
a compensatory role in JOHD. Additionally, both the cerebellum and motor strip play key roles in
maintaining motor control, and patients with JOHD experience markedly different motor symptoms
compared to patients with AOHD. However, these hypotheses are based solely on volumetric data,
and little is known regarding the functional activity of the neurons in these brain regions. T1 relaxation
in the rotating frame (T1ρ) is a novel neuroimaging modality that allows for analysis of biochemical
changes in the brain that are undetectable by existing MRI techniques. The use of a spin-locking
radio-frequency field increases sensitivity to proton exchange, which is influenced by pH, glucose,
glutamate, water, and proteins. T1ρ MRI has previously been used to characterize progressive changes
in other neurodegenerative diseases. Specifically, cross-sectional studies have shown that patients
with Alzheimer’s disease have increased T1ρ relaxation times in the hippocampus compared to
controls [4–7]. Similar findings of longer T1ρ relaxation times have been reported in patients with
Parkinson’s disease [4,8,9], bipolar disorder [10], and multiple sclerosis [11]. These studies all employed
cross-sectional designs. T1ρ relaxation times were also shown to increase in the striatum of participants
with premanifest patients with AOHD [12].

To the best of our knowledge, T1ρ relaxation times have never been evaluated in patients with
JOHD, but may be an important biomarker for progression in this unique subset of patients with HD.
Longitudinal changes in the volume of the caudate and putamen have been studied extensively in
AOHD and may serve as a valid biomarker for disease progression in that patient population. However,
striatal degeneration likely begins very early in life in JOHD and may not change significantly enough
over time to serve as a valid biomarker of disease progression for future clinical trials. Here, we aimed
to determine if T1ρ relaxation times in subcortical regions of the brain in patients with JOHD were
significantly different from healthy controls.

2. Materials and Methods

2.1. Participants

Participants included in these analyses were enrolled in the Kids-HD and Kids-JOHD studies [2,13–15].
These were longitudinal neuroimaging studies that ran in parallel to one another. The Kids-HD study
recruited participants between the ages of 6–26 who were at risk for inheriting the gene that causes HD
based on their family history (i.e., a parent or grandparent with confirmed HD). The Kids-HD study also
recruited healthy control participants. All participants in the Kids-HD study underwent genetic testing
for research purposes only. For the present analyses, the control group consisted of participants from
the Kids-HD study who had molecular confirmation of a CAG repeat length < 36, ensuring that our
control group did not include pre-symptomatic patients with AOHD. The Kids-JOHD study recruited
participants who had been deemed to have Juvenile-Onset HD (JOHD) by their neurologist and had
molecular confirmation of having a CAG repeat length of 36 or above. For these analyses, a participant
was considered to have JOHD if they had a total motor score from the Unified Huntington’s Disease
Rating Scale (UHDRS) [16] of ≥20 prior to the age of 21. The UHDRS is sensitive to developmental
motor changes such that younger children will show higher scores than older children. Therefore,
even in a large cohort of children at risk, but who did not inherit the gene expansion, the UHDRS can
be as high as 15 [15]. Therefore, a cutoff of 20 on the UHDRS was used to ensure that all participants
had confirmed motor-manifest JOHD.

Given the longitudinal nature of these studies, some participants had more than one neuroimaging
study conducted. Specifically, there were 11 participants with JOHD that made up 13 visits. Our control
group in these analyses consisted of 38 participants that had the necessary neuroimaging done,
which included both anatomic (T1- and T2-weighted) and metabolic (T1ρ) images. This consisted of
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participants who were at risk for inheriting the gene mutation that causes HD but who were found to
not carry this gene, as well as healthy control participants without a family history of HD. There were
39 neuroimaging studies amongst this group of 38 participants.

Clinical measures were collected on all participants. As noted previously, all participants received
a total motor score as measured using the UHDRS [16]. Motor symptoms were also quantified in
the JOHD group using the modified Juvenile HD Motor Rating Scale (JOHDRS) [17]. This rating
scale provides additional evaluation of the unique hypokinetic symptoms associated with JOHD.
We also calculated a disease burden score (Age × CAG—35.5)) [18] and disease duration (age at time
of assessment—age at time of JOHD clinical diagnosis) for JOHD participants.

Signed informed consent was obtained before beginning the study, per the Institutional Review
Board at the University of Iowa. All experiments were performed following the guidelines outlined
in the Belmont Report. Genetic testing was done for research purposes only. The results were made
available to one research team member, and all other team members were blind to these genetic results.
The genetic testing results were not revealed to participants or their families.

2.2. Data Acquisition

High-resolution magnetic resonance images were collected on a 3T Siemens TIM Trio scanner
(Siemens Medical Solutions, Erlangen, Germany) using a 12-channel receiver head coil. Whole-brain T1-
and T2-weighted anatomical acquisitions with a 1.0 mm isotropic spatial resolution were acquired first.
T1-weighted images were collected using a 3D magnetization-prepared rapid gradient echo sequence
with the following parameters: Coronal orientation; field-of-view = 25.6 × 25.6 × 25.6 cm; sampling
matrix = 256 × 256 × 256; repetition time (TR)TR/echo time (TE)/inversion time (TI) = 2530/2.8/909 ms;
flip angle= 10◦; bandwidth= 180 Hz/pixel; and Acceleration Factor (R)= 2 GeneRalized Autocalibrating
Partial Parallel Acquisition (GRAPPA). T2-weighted images were collected using a 3D variable flip
angle spin-echo sequence with the following parameters: TE = 430 ms; TR = 4800 ms; number of echos
= 137; bandwidth = 592 Hz/pixel; matrix = 256 × 256 × 170; field-of-view (FOV) = 25.6 × 25.6 × 22 cm;
and R = 2 GRAPPA. Next, quantitative parametric imaging was conducted to acquire T1ρ relaxation
times. T1ρ mapping was performed using a coronal segmented three-dimensional (3D) gradient echo
sequence with spin-lock pulses (TE = 2.5 ms; TR = 5.6 ms, FOV = 220 × 220 × 200 mm; sampling matrix
= 128 × 128 × 40; fractional anisotropy (FA) = 10 degrees; integrated parallel acquisition techniques
(IPAT) = 2; spin-lock frequency = 330 Hz; spin-lock times = 10 and 55 ms).

2.3. Image Analysis

The BRAINS AutoWorkup was used to perform the anatomical image analysis by combining
information available from the T1- and T2-weighted images as described in Pierson et al. [19]. Briefly,
the BRAINS AutoWorkup includes the following steps: (1) AC-PC alignment; (2) bias field correction;
(3) tissue classification; and (4) anatomical labeling. The anatomical regions-of-interest used for this
study include the caudate, putamen, globus pallidus, thalamus, hippocampus, and anterior cerebellum.
These regions-of-interest are defined automatically using a neural network-based segmentation [20].
These regions have been shown to have a degree of reliability with a manual rater (Jaccard index ~0.80).

To estimate the T1ρ map, the individual spin-lock images were co-registered using a rigid
registration with the Advanced Normalization Tools (ANTs) software [21] to account for subject motion
between the two acquisitions. The resulting aligned spin-lock images were then used to calculate a
T1ρ map by fitting the 10 and 55 ms spin-lock time (TSL) image signals (S0 and STSL) to the following
mono-exponential decay model:

STSL = S0
(
e−TSL/T1ρ

)
(1)

The decay model was fit using the “MR Parameter Map Suite” implemented using Insight Segmentation
and Registration Toolkit (ITK) [22] and available from the InsightJournal [23]. The resulting rigid
body transform was then used to resample the T1ρ map to a 1 mm isotropic resolution using linear
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interpolation. The T1ρ maps were then thresholded at 400 ms to remove the contribution of cerebrospinal
fluid. The defined regions-of-interest generated from the BRAINS AutoWorkup were then used to
estimate the mean T1ρ relaxation times for each region from non-zero voxels in the thresholded T1ρ

relaxation time maps.

2.4. Statistical Analysis

The primary outcomes were mean differences in T1ρ relaxation times from the defined
regions-of-interest between groups. We used linear mixed effects models to investigate estimated mean
differences in T1ρ relaxation times of the six brain regions above between groups. Our models were
controlled for age and sex and included a random effect per participant.

For the secondary analyses, we identified any of the regions-of-interest that demonstrated
significant group differences in T1ρ relaxation times from the primary analysis. Amongst those
regions-of-interest, we used linear mixed effects regression analyses to investigate the relationship
between CAG repeat length and regional brain volumes and T1ρ relaxation times. These models were
controlled for age and sex and included a random effect per participant. The models investigating
the relationship between brain volume and T1ρ relaxation times were also controlled for intracranial
volume (ICV). All of these analyses were performed amongst the JOHD participants only. We then
performed a similar analysis to assess the relationship between T1ρ relaxation times and disease burden
scores while controlling for sex and a participant random effect. Age was not included as age is used to
calculate the disease burden score [18]. Next, we assessed whether T1ρ relaxation times predicted the
total motor score, as assessed by the UHDRS and the JOHDR [17], while controlling for age and CAG
repeat length. Lastly, we investigated the relationship between the calculated disease duration and T1ρ

relaxation times. Again, we performed linear mixed effects regression analyses that controlled for age
and sex and a random effect per participant. RStudio (Version 3.6.2, RStudio, PBC, Boston, MA, USA)
was used for all statistical analyses and a p-value of <0.05 was considered significant for all analyses.

3. Results

3.1. Primary Outcomes

Participant demographics are tabulated in Table 1.

Table 1. Demographics by groups.

JOHD Group Controls p-Value

N (Visits) 11 (13) 38 (39) NA
Male, % (n) 36.4 (4) 39.5 (15) 1

Age (yrs), Mean ± SD 15.39 ± 5.1 15.56 ± 3.82 0.905
CAG Repeats, Mean ± SD 72.82 ± 10.31 19.5 ± 3.85 <0.001

Disease Burden Score,
Mean ± SD 540.99 ± 148.11 NA NA

Disease Duration (yrs),
Mean ± SD 3.1 ± 2.61 NA NA

UHDRS, Mean ± SD 55.27 ± 21.54 NA NA
JOHDRS, Mean ± SD 14.91 ± 6.71 NA NA

For the primary analysis, the JOHD group had significantly longer T1ρ relaxation times in the
caudate, putamen, globus pallidus, and thalamus compared to the control group (Table 2), indicating
significant neuronal damage in these areas in patients with JOHD. However, there were no significant
group differences regarding T1ρ relaxation times in the hippocampus and cerebellum, indicating no
difference in neuronal damage in these areas.
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Table 2. Regional T1ρ relaxation times—juvenile-onset Huntington’s disease (JOHD) participants.

Region Control T1ρ (ms) JOHD T1ρ (ms) Beta-Coefficient p-Value

Caudate, mean ± SD 78.34 ± 6.35 106.42 ± 14.21 27.9 <0.001
Putamen, mean ± SD 71.25 ± 2.56 81.79 ± 3.53 10.37 <0.001

Globus pallidus, mean ± SD 64.13 ± 2.79 68.52 ± 4.05 4.62 <0.001
Thalamus, mean ± SD 73.86 ± 2.46 76.38 ± 2.37 2.53 <0.001

Hippocampus, mean ± SD 86.12 ± 8.5 87.65 ± 3.49 1.76 0.484
Anterior Cerebellum mean ± SD 92.12 ± 18.81 94.13 ± 11.55 1.94 0.732

3.2. Secondary Outcomes

Higher T1ρ relaxation times were associated with lower volumes in the caudate (t = −2.46,
p = 0.039), putamen (t = −5.63, p = 0.0006), and globus pallidus (t = −2.32, p = 0.0491). There was a
negative relationship between T1ρ relaxation times and volume of the thalamus, but the results did
not reach statistical significance (t = −1.92, p = 0.0912). Next, we demonstrated significant positive
relationships between CAG repeat length and T1ρ relaxation times in the caudate (t = 3.02, p = 0.018),
putamen (t = 3.73, p = 0.006), globus pallidus (t = 7.88, p < 0.0001), and thalamus (t = 2.68, p = 0.026)
(Figure 1A–D). The positive relationship indicates that the higher CAG repeat length is associated with
increased neuronal damage in these brain regions.

ρ ρ

Figure 1. CAG repeat length significantly predicts T1ρ relaxation times in the (A) caudate, (B) putamen,
(C) globus pallidus, and (D) thalamus. Results show raw data points, the fitted regression line of the
model, and 95% confidence interval. CAG: Cytosine-adenine-guanine.

While the relationship between CAG repeat length and T1ρ relaxation times in the caudate
and thalamus were statistically significant, there seemed to be some outlying data that could have
influenced the results. Given the small sample size of patients, we performed unplanned follow-up
analyses to account for the potential influence of outliers on the results. Specifically, we repeated the
analyses using robust linear mixed effects regression using the “robust” package in R. The relationship
between CAG repeat length and T1ρ relaxation times in the caudate (t = 2.91, p = 0.021) and thalamus
(t = 3.18, p = 0.012) remained significant after accounting for potential outliers.

Next, we assessed the relationship between T1ρ relaxation times and disease burden scores.
The disease burden scores significantly predicted T1ρ relaxation times in the caudate (t = 3.97, p = 0.003)
and thalamus (t = 3.07, p = 0.012), but not in the globus pallidus (t = 1.97, p = 0.081) or putamen
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(t = 1.95, p = 0.08). We also investigated the relationship between regional T1ρ relaxation times and
motor function. We found that higher mean T1ρ relaxation times in the caudate (t = 3.55, p = 0.006),
putamen (t = 3.26, p = 0.011), globus pallidus (t = 3.4, p = 0.008), and thalamus (t = 3.29, p = 0.042) were
positively related to increased UHDRS scores (Figure 2A–D).

Figure 2. T1ρ relaxation times in the (A) caudate, (B) putamen, (C) globus pallidus, and (D) thalamus.
Significantly predicted total motor scores as measured by the UHDRS. Results show raw data points,
the fitted regression line of the model, and 95% confidence interval. GP: Globus pallidus; UHDRS:
Unified Huntington’s Disease Rating Scale.

Mean T1ρ relaxation times in the caudate (t = 3.08, p = 0.013) and putamen (t = 3.51, p = 0.007)
were also directly proportional to the JOHDRS score, but not in the globus pallidus (t = 1.79, p = 0.131)
or thalamus (t = 1.09, p = 0.357).

Lastly, we identified significant positive relationships between disease duration and T1ρ relaxation
times in the caudate (t = 3.58, p = 0.008), putamen (t = 3.83, p = 0.01), and globus pallidus (t = 3.49,
p = 0.007), but not in the thalamus (t = 1.09, p = 0.304). This suggests that T1ρ relaxation times may be
able to track the disease course over time.

4. Discussion

In this study, we have utilized a novel neuroimaging method to demonstrate that metabolic
abnormalities likely affect the caudate, putamen, globus pallidus, and thalamus in patients with JOHD.
However, there were no significant group differences for the mean T1ρ relaxation time in the anterior
cerebellum, an area which also controls motor function. Similarly, there were no significant differences
in T1ρ relaxation times in the hippocampus between the JOHD and control groups. These results
are interesting because the cerebellum is thought to be spared in HD and has even been found to be
proportionally enlarged in JOHD [2]. The cerebellum has been hypothesized to play a compensatory
role in HD and potentially in JOHD and these results may provide additional support for this theory [24].

The increases in subcortical T1ρ relaxation times were directly related to CAG repeat length in
the JOHD group, increasing the likelihood that these findings are related to pathological changes.
The disease burden score significantly predicted T1ρ relaxation times in the caudate and thalamus,
but did not reach the level of significance for predicting relaxation times in the putamen and globus
pallidus, despite a trend in that direction. Again, these findings indicate that T1ρ relaxation times
seem to be indicative of disease severity and may be used as a unique measure of disease progression
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in JOHD. This is further supported by the finding that the longer duration of disease of JOHD was
associated with significantly higher T1ρ relaxation times in the caudate, putamen, and globus pallidus.

Patients with JOHD often experience unique motor symptoms. Specifically, patients with JOHD
may have less chorea, but more hypokinetic symptoms, including bradykinesia and dystonia [25].
These symptoms can be very difficult to treat and the underlying pathology of this difference
between JOHD and AOHD is poorly understood. All of the subcortical regions that we analyzed
were significantly and positively associated with the total motor score on the UHDRS. Additionally,
relaxation times in the caudate and putamen significantly predicted total scores on the JOHD-specific
motor assessment scale. This suggests that metabolic abnormalities in the striatum may drive the
unique hypokinetic motor deficits of JOHD.

There are some potential limitations to this study. T1ρ MRI abnormalities in JOHD are not indicative
of a specific metabolic dysfunction since it is sensitive to changes in several factors including pH,
glucose, glutamate, water, and proteins. Further research using magnetic resonance spectroscopy may
investigate specific molecular imbalances in the brain regions identified within this study. Additionally,
T1ρ MRI images were captured last in a series of different neuroimaging tests, so JOHD participants
with more severe symptoms were not able to complete T1ρ imaging. However, participants with very
severe symptoms may have significantly diminished the striatum that is difficult to measure. Finally,
the current study was limited by its small sample size due to the rarity of JOHD. As a result, further
studies are required to confirm these results in an expanded patient population.

5. Conclusions

In conclusion, T1ρ MRI may be a valuable biomarker for monitoring disease progression and
evaluating future clinical trials in JOHD. This novel imaging technique allows for high-resolution,
quantitative analysis of subcortical metabolic changes. T1ρ MRI abnormalities in JOHD participants
were found within the caudate, putamen, globus pallidus, and thalamus, and mean T1ρ relaxation
times within these regions were predictive of disease severity and motor deficits.
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Abstract: Background: Studies on the clinical manifestation and course of disease in children suffering
from Huntington’s disease (HD) are rare. Case reports of juvenile HD (onset ≤ 20 years) describe
heterogeneous motoric and non-motoric symptoms, often accompanied with a delay in diagnosis.
We aimed to describe this rare group of patients, especially with regard to socio-medical aspects
and individual or common treatment strategies. In addition, we differentiated between juvenile and
the recently defined pediatric HD population (onset < 18 years). Methods: Out of 2593 individual
HD patients treated within the last 25 years in the Huntington Centre, North Rhine-Westphalia
(NRW), 32 subjects were analyzed with an early onset younger than 21 years (1.23%, juvenile) and
18 of them younger than 18 years of age (0.69%, pediatric). Results: Beside a high degree of school
problems, irritability or aggressive behavior (62.5% of pediatric and 31.2% of juvenile cases), serious
problems concerning the social and family background were reported in 25% of the pediatric cohort.
This includes an attempted rape and robbery at the age of 12, as problems caused by the affected
children, but also alcohol-dependency in a two-year-old induced by a non-HD affected stepfather.
A high degree of suicidal attempts and ideations (31.2% in pediatric and 33.3% in juvenile group) was
reported, including drinking of solvents, swallowing razor blades or jumping from the fifth floor
with following incomplete paraparesis. Beside dopaminergic drugs for treatment of bradykinesia,
benzodiazepines and tetrabenazine for treatment of dystonia, cannabinoids, botulinum toxin injection
and deep brain stimulation were used for the improvement of movement disorders, clozapine for
the treatment of tremor, and dopa-induced hallucinations and zuclopenthixole for the treatment of
severe aggressive behavior. Conclusions: Beside abnormalities in behavior from an early age due to
HD pathology, children seem to have higher socio-medical problems related to additional burden
caused by early affected parents, instable family backgrounds including drug abuse of a parent or
multiple changes of partners. Treatment required individualized strategies in many cases.

Keywords: juvenile Huntington’s disease; pediatric Huntington’s disease; early-onset Huntington’s
disease; case series

1. Introduction

Huntington’s disease (HD) is an autosomal-dominant hereditary neurodegenerative progressive
disorder usually with a most common onset at the age of 30–50 years [1,2]. Nevertheless, motor
onset can occur at every age and onsets ≤ 20 years of age are traditionally classified as juvenile HD
(JHD) [3]. Recent research suggested the redefining of the term of younger HD patients and to use
the term “pediatric” instead of juvenile Huntington’s disease for those younger than 18 years, since
the definition of juvenile HD (JHD) was found to be blurred and used in different ways [4]. The onset is
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thereby defined as the presence of unequivocal clinical motor signs (>99% confidence with a diagnostic
confidence level (DCL) of four on the “Unified Huntington’s Disease Rating Scale” (UHDRS) [5]) caused
by HD. Especially in younger patients, motor symptoms may present typically with bradykinesia,
dystonia, but also with myoclonus or tremor. The cohort of JHD was described with varieties of motor-
and non-motor specific characteristics, thus demands were made for adapting common rating scales,
usually to access disease-manifestation in adult HD, for use in children [6].

Case series reports on psychiatric and cognitive nonspecific deficits often accompanied
a misdiagnosis or delays in HD diagnosis. JHD patients having an earlier onset also are described
to have a longer delay between symptoms and diagnosis of HD [7]. Although the detectable genetic
cause with an expansion of cytosine- adenine- guanine (CAG)-trinucleotide repeats in the huntingtin
gene (HTT) on chromosome four is obvious to access [1,8], repeat expansions higher than 60–70 CAGs
are described as causing a juvenile and more bradykinetic HD phenotype and were frequently detected
in juvenile cases described in earlier research [7–10]. Although the genetic cause is unequivocal,
characteristics of the clinical disease manifestation, especially in children, are manifold. HD is described
as a complex disease with heterogeneous challenges and progressive loss of dependency and increasing
disability. For the care of HD patients, several researchers recommend multidisciplinary approaches
which are required and include the family, social workers, therapists and physicians to maintain quality
of life and to decrease psychosocial problems [11]. For pediatric and juvenile HD, the support not
only for children but also for parents or even the whole social system including schools, might be
helpful. Psychosocial implications in these settings are described as wide ranged. Former research
describes the role of the family and caregivers as burdensome due to disappointing experiences with
social and health services, the dissatisfaction of being a caregiver, concern about children, and the loss
of needed help from the social or family background due to increasing care for the HD patient and
social withdrawal [12]. The unaffected family caregiver is thereby described to need the most support,
attention, and help [12]. Many important aspects concerning these socio-medical and psychosocial
backgrounds in HD are described [13]. Challenging ethical, social, and legal issues for HD patients,
health care professionals, and caregivers are caused by the progressive disease [14]. Most published
data consider HD patients and their influence on the social environment. However, further research is
necessary regarding social aspects of support and the effects of the caregiver’s behavior on the disease
and the behavior of the patient and how these interactions affect relations in HD families [15].

The prevalence of HD varies between different geographical regions [16]. Systematic reviews
indicated global variations, with an overall prevalence of 5.7 per 10,0000 persons, describing a lower
incidence in Asia compared to Europe and North America [3,17]. However, more recently a substantial
higher prevalence of HD in the UK (12.3 per 10,0000) and also in Germany was reported, with
9.3 per 10,0000 inhabitants using data of four million insured persons, probably caused by more
accurate diagnoses and an improved life expectancy [18,19].The small cohort of juvenile HD patients is
described with an equivocal estimated prevalence ranging between 1–9.6% of all HD cases in studies
and meta-analyses estimating 4.92% to 6% of all HD patients being juvenile [4,20–23].

Although many important aspects about juvenile HD have been described, no case reports about
the recently defined pediatric cohort or comparing research of pediatric and juvenile HD in the boundary
of typical characteristics in adult HD were described [4]. Describing the different phenotypes of
the clinical manifestation in HD and especially early-onset HD is not only important for the investigation
of potential underlying and diverse mechanisms of pathophysiology but primarily for the adapting of
different symptomatic therapeutic options. Hereby an exact assessment and rating of predominant
symptoms can be crucial because the symptomatic therapy needs to be adapted to the type and extent of
individual findings and adjusted frequently during the individual course of the disease [24]. Contrary
to treatment of chorea, in a more bradykinetic phenotype, as described for JHD, dopamine agonists
may be effective [24]. Case reports and small studies report on an improvement after the dopamine
agonist pramipexole or after dosing of medication with L-dopa and amantadine [24,25]. Beside these
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options for symptomatic therapies, there are no disease-modifying/slowing options or therapeutic
options with neuroprotective effects available at the moment [26].

The aim of this case report series is to describe the rare group of early-onset patients, especially
in regard to socio-medical aspects and individual or common treatment strategies. In addition, we
differentiated between juvenile and the recently defined pediatric HD population (onset < 18 years).

2. Patients and Methods

To classify a cohort of the comparatively very rare pediatric and juvenile HD-patients in more
detail, we investigated a retrospective analysis of data from our Huntington Centre North Rhine-
Westphalia (NRW). Since its establishment in the year 1995, we have had 25 years of clinical and
research experience concerning the treatment and care of adult and early-onset patients suffering from
HD. A University Children’s Hospital for Neuropaediatrics and Social Paediatrics is affiliated as a part
of our institution. The affiliation of the department of Neuropaediatrics and Social Paediatrics to
the Huntington Centre NRW for the diagnosis and treatment of HD children is well known among
German pediatricians as a result of talks held at pediatric congresses and publications in pediatric
journals. Moreover, this cooperation is well known among the German patient support organization,
further admissions take place after molecular diagnostic testing in the department of human genetics as
part of the Huntington Centre NRW. A rooming in together with a parent was possible when treating
children as inpatients.

We analyzed data from our internal digital quality management and hospital information system
as well as archived medical letters and examination reports. Apart from this, additional data were
collected from archived admission books of the outpatient and inpatient clinic and analyzed, (i) to
receive information about a prevalence of juvenile and pediatric HD patients in our clinic, and (ii) to
especially evaluate clinical patient-related information for presenting case reports and fundamental
correlations of the heterogeneous clinical pictures in early-onset HD.

A special focus was set to describe challenging situations concerning the diagnosis and
pharmaceutical treatment of affected patients compared to adult patients as well as challenging
situations coming from the socio-medical environment of individual patients. Data concerning
socio-medical information were anonymized, analyzed, and based on socio-medical anamnesis in
the medical reports. No information was available coming from other sources, such as criminal reports
or court proceedings. The investigation was confirmed by our local ethics committee (registration
number 20-6892-BR) who agreed on the retrospective anonymized data analysis and publication of
information coming from our clinical data management system and medical letters.

3. Results

Considering the last 25 years of the Huntington Centre NRW, we identified 2593 individual
patients suffering from HD and presenting in our outpatient and inpatient clinic for seeking medical
advice or treatment.

Out of these 2593 patients, 32 individuals (Table 1) in total were identified with an early-onset
of a manifest disease when younger than 21, which corresponds to a ratio of 1.23%. Children from
all over Germany were admitted to the hospital. Dividing the 32 early-onset patients into pediatric
and juvenile HD revealed 18 patients who were classified as pediatric (onset < 18 years of age) and 14
more being juvenile (18 < onset < 21 years of age). Therewith, the proportion of pediatric out of all HD
patients presenting in our centre was identified as 0.69%.
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Considering the described cohort of early-onset patients, 59.4% appeared to be male patients.
In the pediatric cohort, the rate of male patients (72.2%), corresponding to 13 out of 18 patients, was
higher than in the juvenile cohort, where a lower rate of 42.9% (six out of 14 patients) appeared to
be male.

Analyzing the early-onset cohort more closely revealed, 16 cases with a paternal inheritance
model, seven cases with a maternal inheritance, two cases without any HD in the anamnesis of
the accompanied parents or rest of the family anamnesis, and seven cases without given data from
family anamnesis. As a reason for missing family history, detailed information from medical reports
were not available any more in seven cases because reports were destroyed after the minimum of
10 years duty of archiving. The 23 cases with reported data from the family anamnesis therewith
revealed a paternal inheritance of 69.6% in the monitored cohort.

The reported CAG repeat length of all early-onset patients (n = 25) revealed a median expanded
allele length of 63. After diving into the different groups of pediatric (n = 14; M = 67.3; SD = 11.6)
compared to juvenile HD patients (n = 11; M = 57.4; SD = 5.6), independent t-test (IBM® SPSS® Statistic
V25, IBM Corp., Armonk, NY, USA) demonstrated significantly higher CAG repeats in the pediatric
group (t(19.6) = −2,8, p = 0.011).

In the juvenile cohort, a mean age of onset (n = 14) was identified as 19.3 years (SD 0.9) and the age
of diagnosis (n = 9) on average identified as 23.2 years (SD 1.2) (Table 2). The pediatric cohort revealed
a mean age of onset (n = 16) of 10.3 years (SD 4.1) and an average age of diagnosis (n = 17) of 13.5 years
(SD 3.8). Describing the cumulated percentages in the pediatric group revealed that 50% of the cohort
had an onset ≤ 9 years of age and 75% of the cohort ≤ 13 years of age. Of the pediatric group, 52.9%
was diagnosed with an age ≤ 13 years and 76.5% with an age ≤ 16 years.

Table 2. Demographics of the pediatric and juvenile HD cohort.

Demographics Pediatric (N = 18) Juvenile (N = 14)

Male/female sex (%) 72.2/27.8 42.9/57.1

CAG- repeat-expansion length 67.3 (SD 11.6, n = 14) 57.4, SD 5.6, n = 11)

Age of onset (AO) (years) 10.3 (SD 4.1, n = 16) 19.3 (SD 0.9, n = 14)

Age of diagnosis (AD) (years) 13.5 (SD 3.8, n = 17) 23.2 (SD 1.2, n = 9)

Mean time between AO and AD (years) 3.5 (SD 1.9, n = 15) 3.0 (SD 1.0, n = 9)

Paternal/maternal inheritance 68.8/ 31.2 (n = 16) 71.4/28.6 (n = 7)

Comparing these median reported ages in juvenile and pediatric groups using independent t-tests
demonstrated a significantly earlier onset (t(16.6) = 8.4, p ≤ 0.001) and diagnosis (t(21.4) = 9.1, p ≤ 0.001)
in the pediatric group.

The mean times measured in years between age of onset and diagnosis revealed no significant
difference between the pediatric (n = 15; M = 3.5; SD 1.9) and the juvenile group (n = 9; M = 3.0; SD 1.0)
in the independent t-test (t(22) = −0.8, p = 0.411).

The motoric components of the disease manifestation revealed especially hypokinetic-bradykinetic
compounds and rigidity being present in the majority of the pediatric cohort (reported in 11 out of 16
cases: 1, 2, 3, 5, 6, 7, 8, 9, 13, 14, 20) and also present in five out of nine cases with juvenile HD (cases 15,
18, 20, 23,24).

Six out of 16 pediatric cases (case 1, 2, 7, 8, 9, 20) revealed the presence of dystonia and therewith
in 37.5% of the pediatric collective compared to 22.2% of juvenile cases (two of nine cases; cases 16, 24).

Hyperkinetic movement disorders in terms of chorea were present in cases 16, 18, 19, 21, 24 (all
juvenile) and slightly in cases 22, 24 (both pediatric), which represents 55.6% of the juvenile and 12.5%
of the described pediatric cohort. Another hyperkinetic movement disorder, myoclonus, was identified
in two out of nine juvenile phenotypes (22.2% of the juvenile cohort).
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Out of 16 pediatric patients, we identified six patients who were diagnosed with epilepsy, which
corresponds to 37.5% of that pediatric cohort. In comparison, we identified two out of nine patients
with epilepsy in the juvenile cohort (22.2% of the cohort).

Six out of 16 pediatric patients presented with tremor in their clinical assessments, which
corresponds to 37.5% of the cohort. In the juvenile cohort one patient suffered from tremor (11.1% of
the cohort).

Changing and difficulties of speech were present in cases 4, 6, 7, 13 (all pediatric) and case 17
(juvenile), and therewith relevant in 25% of the pediatric and 11.1% of the juvenile cohort.

Concerning the diversity of psychiatric problems, aggression and irritability was reported in
10 out of 16 pediatric cases (cases 2, 4, 5, 6, 11, 12, 13, 14, 22, 25), which corresponds to a ratio of
62.5%, and in three juvenile cases (cases 17, 18, 19), which is a ratio of 33.3% in the juvenile cohort.
Suicidal ideations or attempts were described in eight cases in total, whereby five cases were pediatric
(cases 2, 3, 5, 18, 22) and three cases were juvenile (cases 15, 17, 19), which reports a ratio of 31.2% in
the pediatric and 33.3% in the juvenile group.

The presence of apathy in cases 2, 25 (both pediatric) as well as obsessive behavior in case 19
(juvenile) and 25 (pediatric) were described as other psychiatric symptoms.

The main aspects of social pediatric characteristics especially included problems in school,
described in five pediatric cases (cases 2, 3, 4, 5, 6) and one juvenile case (case 7) as frequent initial
symptoms, especially in the pediatric group and also accompanied with a cognitive decline (cases 1, 2,
9, 17).

Furthermore, other patients showed criminal behavior characteristics (case 6) as well as substantial
problems with alcohol and drug abuse (cases 11, 13, 15) and serious problems concerning the social
background and family, with violation and conflicts in the family (all pediatric cases 3, 11, 12, 14),
which equates a ratio of 25% in the pediatric cohort.

Considering diagnostic interventions, five out of 16 pediatric patients (31.2%) and one juvenile
case (21) had an MRI, whereby only in one case was an inconspicuous result reported.

4. Discussion

Juvenile HD is described as a very rare manifestation of HD with an estimated prevalence of
1–9.6% of all HD cases in studies and meta-analyses estimate 4.92% to 6% of all HD patients being
juvenile [4,12–15]. Out of 2593 individual HD patients treated within the last 25 years in the Huntington
Centre NRW, 32 subjects were analyzed with an early onset younger than 21 years. This relates
to a proportion of 1.23%. This is within the range of published data. Several problems arising
from the terminology JHD are currently being discussed. Many patients seem to be called juvenile
because of their more bradykinetic phenotype even if they are older than 21 [21,27,28]. Thus, in JHD
the bradykinetic phenotype can be seen as being most characteristic, which is usually associated
with a more dopaminergic therapy. However, there seems to be a large cohort of HD patients who
are already adults suffering from a more predominant bradykinetic-rigid clinical phenotype, called
JHD. Some of them perhaps even had a motor onset beyond 20 years of age and are called JHD only
because of their more bradykinetic symptoms [29]. This might explain the high range for estimation of
prevalence of 1–9.6% and also explain why the prevalence in our cohort does not correspond with
the higher mean described above and classified in the lower range since we used the strict definition
of an age below 21 year for our collective. This difference is even more obvious if the more recently
definition of pediatric HD is used, with only 0.69% of all cases. This remarkably low rate might
be caused due to fewer admissions of early-onset HD cases to our centre. However, as part of our
institution, a university children’s hospital for Neuropaediatrics and Social Paediatrics is affiliated and
well known by the German pediatricians society and patient support organisation. Since to the best of
our knowledge, this is the only known cooperation like this in Germany and the identified cases were
submitted nationwide, we would expect a bias to even more JHD cases and not less in our cohort.
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As a first aspect to discuss in our case report series we detected several findings concerning
socio-medical aspects not only caused by HD pathology but also caused by early affected parents,
instable family backgrounds, including drug abuse by a parent or multiple changes of partners.
The results of our research are in line with earlier findings. Massive burdens for caregivers, HD families
and especially for the patient arise from socio-medical problems in an observed mutual interplay of
the social surrounding and the affected person [12].

That implements not only the pharmacological treatment of patients but also more socio-medical
supports like the organization of a school accompaniment, support by a social worker and support of
the non- affected parent including psychotherapy in order to reach and maintain a certain degree of
education. Especially, problems in school were often described as initial symptoms in many cases,
they were also accompanied by cognitive decline. In this context, the establishing of the diagnosis
HD was extremely helpful for most cases in our experience since it was possible to reduce learning
pressure in school and define new targets for education in discussion with the school. Children in
most cases were not depressed or burdened by the establishing of the HD diagnosis, but relieved
by finding an explanation for their difficulties at school and by defining new, more social aspects of
participating in school visits. This is even more important since a delay in diagnosis is described in our
collective and also published data in many cases [30] as one reason for late diagnosis the resistance of
parents was reported. Following our experience, we would rather recommend an earlier diagnosis
than a delay in diagnosis to parents in order to reduce the burdens of their children in social-medical
aspects. As another reason for late diagnosis, a lack of knowledge among health care professionals is
discussed, possibly also caused by unsuspectingness about the heterogeneous motoric symptomatic
with a more bradykinetic motor phenotype in early- onset HD. In many of our cases, expensive and
stressful or even painful diagnostic interventions like lumbar punctures were performed even if family
history of HD was positive. In addition, some cases were initially misdiagnosed and mistreated as
attention deficit hyperactivity disorder or borderline disease. Thus, we can support former described
findings of delayed diagnosis in this subgroup [30]. From our perspective it is decisive to enable HD
patients and families a continuous care through a specialized centre. For this purpose, participating in
a prospective registry study (e.g., ENROLL-HD) might enable annual visits, review of socio-medical
aspects, and the family anamnesis. If an affected HD family member or caregiver is in contact with
a specialized centre and reports difficulties with a child, an investigation of this child should be
offered. Additionally, index patients should be asked specifically about their own children and whether
there are any abnormalities observed. A multidisciplinary setting including an early involvement of
neurologists and neuropaediatricians is crucial and extremely helpful in our view. If there are typical
HD symptoms, in most cases being investigated in a centre, diagnosis is not substantially delayed in
our experience. However, if children are not initially investigated in a centre, we observed long delays
and multiple unnecessary and stressful examinations including lumbar puncture and others in many
cases. This might be due to several reasons: the lack of knowledge about more bradykinetic symptoms,
concerns regarding performing genetic testing in a child with a lack of knowledge about the differential
diagnostic-testing procedure, or concerns to make such a severe diagnosis as HD. Thus, the only
way to avoid delays in diagnosis in these cases might be through the participation of professionals
from a centre in meetings of patient-organisations, participation in congresses for professionals (e.g.,
neurologists or neuropaediatricians), public relations work about HD, and the offer of training courses
for the specialized public. More important, from our experience, when making the diagnosis of HD in
children is that almost all children were more relieved by the diagnosis than burdened. Regardless
of the therapy with drugs, most children had a relief if their existing problems in school, in sports or
with friends could be explained due to the HD diagnose. For example, subsequent changes or help in
school setting reduced stress and declined fear of failure. Our impression is, that children, as in other
severe diagnoses like cancer, seem to cope with the diagnosis well in most cases whereas diagnosis is
often more difficult for the parents.
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As a second aspect, it is important to distinguish between the heterogeneous movement disorders
in early- onset HD, with bradykinesia, dystonia, tremor or myoclonic hyperkinesia in order to achieve
a beneficial pharmacological treatment [31–33]. Many of our cases were treated with dopaminergic
drugs or amantadine for an improvement of bradykinesia, benzodiazepines or tetrabenazine was
used for treatment of dystonia with beneficial effects. In single severe cases, cannabinoids and deep
brain stimulation (DBS) was used for more generalized dystonia or botulinum toxin- injection for focal
dystonia. For DBS only, intermittent positive effects and only mild beneficial effects after treatment
with trihexyphenidyl were observed [33]. A relatively high amount of 37.5% of the pediatric cohort
and 11.1% of the juvenile cohort, respectively, suffered from tremor. In most cases tremor was treated
with dopa-agonists like pramipexole, in one case an excellent benefit was observed after treatment
with clozapine with an initial indication of dopa-induced hallucination [34]. Valproic acid was used
for treatment of epilepsy, as a mood stabilizer but also for treatment of myoclonic hyperkinesia in
two cases [31]. As listed in our reports, in many cases a combination of medication or changes in
medication in the course of the disease was necessary.

The occurrence of epilepsy with seizures in JHD is described as an additional important clinical
feature [7,10,35]. Although not much is known about why epilepsy occurs more in JHD than in adult-
onset HD, retrospective studies report on a very frequent occurrence of 38% in a collective of juvenile
HD patients, which corresponds to a rate of 37.5% in our collective [36]. Valproic acid was used for
treatment in many cases but also levetiracetam, lamotrigine and benzodiazepines. No case of increased
irritability as a known side-effect was observed regarding treatment with levetiracetam.

As another clinical feature, a delay of speech development was observed in five cases and
therewith present in 25% of the pediatric cohort. Remarkably, the speech development delay and
a consequent logopaedic therapeutic trial was even described in advance of other clinical symptoms or
diagnosis of HD. As family anamnesis revealed a younger and older brother without any suspected
speech development delay, we assumed a potential organic cause due to HD.

Finally, we observed a very high amount of different psychiatric disturbances like aggression
and irritability in 62.5% of the pediatric and 33.3% of the juvenile cohort, respectively. Substantial
aggressive and criminal behavior causing serious problems for the family and social network as well
as for the patient was observed in case 6 in particular. His mother was suffering from HD and already
severely affected at the time of first admission. Besides the potential organic burdens due to the disease,
we observed challenging situations for the patient constituted by a socially disadvantaged family
situation possibly leading to delinquent behavior due to missing corrective behavior of the father. He
was burdened also as the caregiver for the affected mother during that time. Disease-related missing
impulse control, an additional impact of the social surrounding, or even further developments of
the common puberty-age with a personal-development process can be discussed as being decisive for
his behavior. Remarkably, older and younger siblings of this case did not show any delinquent behavior,
that is why we assume the described multifactorial reasons including HD related brain changes and not
solely the influence of his social background on the described behavior. Suicidal ideations or attempts
were described in 31.2% of the pediatric and 33.3% of the juvenile cohort, as well as other psychiatric
symptoms, with apathy in two pediatric cases and obsessive behavior in one juvenile and pediatric
case [37]. Treatment was effective for most of these cases following guidelines and common psychiatric
treatment strategies [27]. Serotonin-selective-reuptake inhibitors (SSRI) and mirtazapine, especially if
sleep problems occurred, were the most common medication for treatment of depression. Quetiapine
and risperidone were used for the treatment of irritability and aggressive behavior, whereas in single
cases zuclopenthixole for the treatment of severe aggressive behavior was also effective [38]. As
potential side- effects, bradykinesia and rigidity worsened especially after treatment with risperidone.
As a relevant side-effect of therapies with L-dopa or dopa- agonists, hallucinations, especially optical
hallucinations, might occur. In five of our 25 cases with complete records, optical, and in one case
acoustic, hallucinations were caused due to the dopaminergic treatment and improved after reduction
of dosage or with additional neuroleptic treatment [34].
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As a limitation, our case reports are based on a retrospective analysis of medical reports and
not on standardized implemented scales for accessing of symptoms. Moreover, in seven cases, no
additional detailed medical reports were available anymore. However, this more descriptive research
approach enabled the depiction of heterogeneous and manifold aspects in early-onset HD which might
not be captured in standardized scales, such as the described socio-medical aspects. More in general
this is a very rare subgroup of HD, which might limit power for further research in many aspects.

5. Conclusions

In summary, beside from early abnormalities in behavior due to HD pathology, children seem to
have higher socio-medical problems related to additional burden caused by early affected parents and
instable family backgrounds.
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Abstract: Objective: To investigate the reasons for the diagnostic delay of juvenile Huntington’s disease
patients in the Netherlands. Methods: This study uses interpretative phenomenological analysis.
Eligible participants were parents and caregivers of juvenile Huntington’s disease patients. Results:
Eight parents were interviewed, who consulted up to four health care professionals. The diagnostic
process lasted three to ten years. Parents believe that careful listening and follow-up would have
improved the diagnostic process. Although they believe an earlier diagnosis would have benefited
their child’s wellbeing, they felt they would not have been able to cope with more grief at that time.
Conclusion: The delay in diagnosis is caused by the lack of knowledge among health care professionals
on the one hand, and the resistance of the parent on the other. For professionals, the advice is to
personalize their advice in which a conscious doctor’s delay is acceptable or even useful.

Keywords: juvenile Huntington’s disease; pediatric Huntington’s disease; early-onset Huntington’s
disease; personal experiences; caregivers

1. Introduction

Huntington’s disease (HD) is an autosomal dominant neurodegenerative disease characterized by
unwanted movements, psychiatric disorders, and cognitive deterioration. HD results from an unstable
and expanded Cytosine Adenine Guanine (CAG) trinucleotide repeat in the Huntingtin (HTT) gene on
chromosome 4 [1]. A CAG repeat size of 36 or more is invariably associated with HD. Most patients
develop symptoms and signs in adulthood, with a mean onset of 40 years of age.

The juvenile form of Huntington’s disease (JHD) is rare. It is defined as HD with an onset of <21
years of age [2]. The Juvenile HD Working Group of the European Huntington’s Disease Network
(EHDN) recently redefined JHD as pediatric HD with an age of onset ≤18 years [3]. However, as our
study was conducted before this redefinition, we still use the old definition. JHD contributes about
5.4% of all HD cases, with the percentage ranging from 1%–15% in several series [4,5]. There is an
inverse correlation between the length of the CAG repeat and the age of onset. The longer the CAG
repeat, the earlier the disease-associated symptoms start [6,7].

The clinical presentation in children differs from that in adults. The most prevalent clinical features
at the presentation of JHD are cognitive impairment and behavioral changes [8,9]. Common presenting
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motor features are rigidity, gait disorder, and oral motor dysfunction [2,4,10,11]. Chorea is uncommon in
children with HD but becomes manifest in the second decade. Clinical features in the first decade are
defined as two or more of the following features: declining school performance, seizures, oral motor
dysfunction, rigidity and/or gait disorder in combination with a parent with (pre)symptomatic HD or a
family history of HD [4]. The clinical features of individuals in the second decade (adolescent) are less well
defined in the literature but are more comparable to the adult manifestation. Disease progression in JHD
is likely to be faster compared to normal onset [12]. The variable and non-specific clinical presentation,
such as declining school performances and behavioral disturbance, may be confused with disorders
such as autism spectrum disorders or attention deficit hyperactivity disorder (ADHD) or with the effects
of disrupted social and home environments in HD families. This significantly increases the chance of
misdiagnosis and/or diagnostic delay. JHD is rare and probably less well recognized than usual-onset HD
(30–50 years) by health professionals without specific knowledge of the disease. One study shows a mean
delay of 9 years before diagnosis and another shows delays ranging from 0 to 6 years [9,11].

The psychosocial impact and personal experience of parenting a child with JHD have been described
in earlier studies [13–16]. They describe the denial of parents at first, but also the awareness something
is wrong with their child. Furthermore, these studies highlight the positive and negative experiences of
the parents regarding the support they receive from family, friends, and professional caregivers.

Our aim is to investigate the diagnostic process of JHD patients in the Netherlands. We focus
on the diagnostic timeline, the experiences of the parents or caregivers during the diagnostic process,
and the role of the different health care providers. In this way, we hope to gain insight into the reason
for the probable diagnostic delay and how to improve the diagnostic path.

2. Methods

This study employed in-depth semi-structured interviews and interpretative phenomenological
analysis (IPA), a well-established experiential approach in health and clinical psychology [17].
IPA’s focus on the in-depth examination of the psychological process and descriptions of how
individuals deal with life-transforming, or life-threatening events, conditions, or events.

2.1. Participants

Eligible participants were parents and/or caregivers of (living or already deceased) JHD patients in the
Netherlands. Participants were recruited through a call published in the magazine of the Dutch Huntington’s
disease association and through HD specialists. The patients themselves were not interviewed.

In this study, JHD was defined as the onset of symptoms and signs of HD before the age of 21
years [4]. Confirmation of the clinical diagnosis by molecular testing was not necessary for inclusion. If the
patient was older than 20 years of age at the time of the interview, the caregivers could still participate.

All subjects gave their informed consent for inclusion before they participated in the study.
The study was conducted in accordance with the Declaration of Helsinki, and the protocol was
approved by the Ethics Committee of Leiden University Medical Center, The Netherlands (P17.025).
Participants could also consent to a semi-structured interview with their child’s general physician (GP).
Information retrieved from the GP was used to complete the timeline of the diagnostic process.

2.2. Data Collection

The interviews took place at the participants’ homes or the out-patient clinic and were conducted by the
first author and audio-recorded. All interviews started with the opportunity for participants to ask questions
about the aim of the study. The interviews were semi-structured, covering general issues regarding JHD
(age of onset, first symptoms), the recognition of JHD symptoms by parents and health professionals, the
number of consulted health professionals, and their expertise in HD. Furthermore, questions about the
quality and quantity of support from health care professionals and the process of diagnosis were included.
The following two questions, directly referring to the process of diagnosis, were always asked:

Which elements of the diagnostic process should be improved?
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Should the diagnosis of JHD have been made earlier, and if so, would you and your son/daughter
have benefited from it?

2.3. Analysis

Consistent with standard qualitative research techniques, the interviews were based on a topic
list, which evolved as the interviews progressed through an iterative process to ensure the questions
captured all relevant emerging themes.

The interviews were transcribed ad verbatim and analyzed with IPA. First, several close readings of
the transcripts were made, and points of interest and significance noted and coded. Second, these initial
comments were used to document emerging themes, aiming at capturing the essential quality of the
participants’ experiences. Third, a list of themes was compiled and connections were made between the
themes. The connected themes were grouped and labeled (superordinate theme). The superordinate
themes for each interview were then compared, producing a table of comparative themes.

3. Results

Eight parents/caregivers gave informed consent for an interview. The interviews lasted
approximately 60 min each. Two parents contacted the researcher after reading the announcement in
the magazine of the Huntington’s disease association. Five parents were approached by the treating HD
specialist, and one parent was informed by another parent within the JHD community and contacted
the researcher themselves. Six individual parents/caregivers and two couples were interviewed. Four of
them also gave informed consent for an interview with their child’s GP. All identifying information
has been changed to protect the privacy of the participating families. Table 1 presents the clinical
characteristics of the children. The cultural backgrounds of the parents were alike. Seven participants
had one affected child. One had two affected children. The mean age at diagnosis was 16 years, with a
range of 9 to 24 (Figure 1). The mean repeat size was 62, with a range from 49 to 83. Individual repeat
sizes cannot be provided since parents gave no informed consent for this. In six cases the father was
the affected parent and, in three cases, the mother. All but one of the affected parents were deceased at
the time of the interview. Six of the nine children were still alive. Six children had or still received HD
expert care, three from an HD expert neurologist and three in an HD nursing home (Table 2).

 

Figure 1. Diagnostic process timeline. † = death.
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Six superordinate themes emerged from the analysis. They describe the parents’ perceptions of the
problems associated with the JHD diagnostic process. The six themes are (1) awareness (“something is
wrong”), (2) the role of the different health care providers during the diagnostic process, (3) experiences
after the diagnosis, (4) the need for support, (5) which elements of the diagnostic process should be
improved, and (6) what if the diagnosis had been made earlier? These themes will be highlighted
below by means of quotes from the interviewed parents/caregivers.

3.1. Awareness: “Something Is Wrong”

All parents noticed something was wrong with their child when, in retrospect, the first symptoms
of the disease presented. The first symptoms varied from decreasing school performance, behavioral
or motor symptoms, and sometimes a combination of these. Some initially thought the situation
at home with the affected parent or the recent decease of a parent from HD was the cause of the
behavior problems.

“My husband was still alive, but he was ill and I thought it’s the situation at home. Because there
was so much going on at home. I thought it was the stress because dad is at home and also has all
these weird complaints.” (Anna)

“By the end of elementary school, his grades were so poor. But at that time I thought it was
because of the huge problems at home with my husband.” (Clara)

These quotes highlight the disruption of the home environment with an ill parent as well as
behavioral problems of this parent being seen as a cause of the behavioral changes in children from
HD families. Also, puberty was mentioned as the initial presumed cause of the change in the behavior
in older children.

“He was aggressive and angry. I thought it was some kind of macho behavior and wasn’t quite
sure if it had anything to do with HD. We thought it was puberty. But then I started reading about HD
and I knew it was Huntington’s.” (Ellen)

Ellen soon realized the behavioral changes were more likely to be caused by HD rather than
puberty. Just like Francine, she is a stepmother. Their husbands both took a lot longer to realize
something was wrong.

“It was the first thing I thought. I thought this isn’t right. A normal student has the same grades
throughout all their school years. Her father and grandmother thought it would be alright and that
she was just emotional because her mother had just died.” (Francine)

Just like the other parents, Francine’s husband believed the death of his daughter’s mother was
the cause of emotional disruption rather than the start of JHD.

All parents indicated they thought the child’s behavior was likely caused by the illness of the
affected parent, regardless if they were still alive or already deceased. However, the stepmothers,
Francine and Ellen, were convinced that it was symptoms and signs of HD.

3.2. The Role of the Different Health Care Professionals during the Diagnostic Process

3.2.1. Awareness of the Caregiver

After the initial search for explanations, the parents gradually started realizing the signs were
probably associated with HD. None of them formally knew about the juvenile onset of HD at the time.
They usually consulted their GP for advice.

“Looking back, I think I knew she had Huntington’s disease. I just didn’t want to hear it, and when
a GP tells you it isn’t HD, that’s simply what you want to hear. When the institute said it was autism, I
thought that’s just fine, even though I knew it wasn’t. It’s a very strange way to fool yourself, but you
do it anyway.” (Anna)

“We went to see our GP, who told us to buy some good shoes, start some therapies. So there was
about 2 to 3 years between our first visit to the GP and the neurologist.” (Geraldine)

64



Brain Sci. 2020, 10, 155

When the thought of HD first crossed their minds, the parents felt anxious and unsure of what to
do. They relied on the judgment of the health caregiver. Although most of the parents believed the
physician misjudged the situation, they also admit they ignored their own suspicions that it could
be JHD.

3.2.2. Positive Support

The parents did experience helpful support from health care professionals in their search for an
answer to their child’s problems. They mentioned health care professionals who took the problems
seriously and/or who offered help and support, even though there was no diagnosis or a diagnosis
other than JHD.

“Even though they didn’t make a diagnosis, that’s different than the feeling of being supported.
Sometimes doctors simply don’t know what a patient is suffering from, but they do everything in their
power to support you, psychologically as well as in other areas.” (Anna)

“We started therapy for autism. I asked one of the physiotherapists if he knew what Huntington’s
disease was. He said he did, and he conducted several tests and put them on video to show a neurologist.
After the summer holiday, he came back and said I was right, it was Huntington’s disease.” (Debby)

3.2.3. Failure of Support

Three children were first diagnosed as having autism or ADHD by several health care professionals,
ranging from neurologists to psychologists.

“I remember that psychologist . . . Eventually, they had to make a diagnosis. She sat there with
that green book on her lap, turning the pages back and forth. Finally, she said, well, we’ll go with
ADHD. I don’t believe she was convinced at all.” (Debby)

“He started having behavioral problems and we went to see an HD expert neurologist. We already
knew he had a 50% chance of HD. But the neurologist ran some tests and said he thought it was a form
of Attention Deficit Disorder. He really didn’t see any signs of HD. We were told to come back if we
started seeing any symptoms of HD.” (Geraldine)

The children presented with behavioral changes, such as aggressive behavior, hyperactivity,
or obsessive behavior. This led to misdiagnoses such as ADHD and autism. Professional help clearly
failed in the period before diagnoses when parents were starting to experience problems with their
child. The follow-up period was too short or was lacking entirely. In four cases, the health professionals
denied there was anything wrong at all. The parents had a clear need for support from a health care
professional on a regular basis.

3.3. Experiences after the Diagnosis

After the diagnosis had been made, most parents and their children received the support they
needed. Three of the children received or are now receiving follow-up care from a neurologist with
HD expertise. These children were 10 years or younger at the onset of HD. These parents are satisfied
with the care provided.

Geraldine’s two children received follow-up care from a neurologist with expertise in movement
disorders, and she was very satisfied with the support they received.

“We went there twice a year. Our son liked him because I liked him (the neurologist with HD
expertise). And there was a special team just for him. That was fantastic. They did so much. Incredible,
yes.” (Beatrice)

Geraldine and Harry received long-term support from a social worker from one of the clinical
genetic departments in the Netherlands. They were also very satisfied with the support from the
social worker.

“I must say she was fantastic (social worker). She really took care of us. My daughter bonded with
her. She guided us after the diagnosis. And she was the only one my son would speak to. She deserves
a huge compliment.” (Geraldine)
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“She gave me advice. She gave me her mobile number. I once called her on a Sunday, and she
rang me back within seconds. I could always tell her my story. Sometimes people complain about the
care they get, but hats off for the care we got.” (Harry)

It is comforting for parents to receive care from a caregiver who has knowledge of the disease.
They feel their problems are taken seriously, and the caregiver is able to help with some of their issues.
It is crucial for them that the caregiver knows the course of the disease and is able to support them in
the long-term.

3.4. The Need for Support

It was clear to Clara, Eric, and Harry that their child suffered from JHD and they did not feel the
need for a formal clinical diagnosis. Their past experiences with caregivers regarding HD were either
somewhat negative or they felt caregivers were not able to do anything that would contribute to their
child’s well-being.

“It was so obvious for us that it was HD, we didn’t do anything with it. We went to our GP once,
and he had to look it up in a book. And even neurologists don’t know what to do with it. They say
they know what HD is, but they don’t.” (Ellen and Eric)

“Well, how shall I put this? I don’t know if I’m allowed to say this, but there’s nothing a neurologist
can do for him.” (Harry)

It was clear to Clara that something was wrong or that their child probably suffered from HD,
but apart from visits to their GP, she did not feel the need for a referral. She assumed diagnosis was
made by DNA testing and “as that is not allowed before the age of 18”, there was no use in visiting
a specialist.

“In that period, I was aware there was something going on, and then I thought, what am I going
to do about it? Because we can’t get him tested; he needs to be 18 for that. In fact, nobody made the
diagnosis, but for us, it was clear.” (Clara)

Anna and Debby felt the need for a diagnosis, but no need for extra support from health care
professionals when their child became ill. They explained that the problems at home with an ill or
deceased spouse were so huge that there was no place for any kind of support at that time. However, in a
later stage, they felt somewhat better and reported they would have liked some support.

“I didn’t feel the need. My husband had just died, so there was so much else to deal with at that
moment. Looking back, I’d just had time to get back on my feet again when the next thing bombarded
us.” (Anna)

Clara and Geraldine felt the need for support, but their children did not want medical care or HD
expert care.

“The problem was she didn’t want HD expert care. They offered us a case manager who came a
little too late after we’d already figured it out. We arranged 95% of the care ourselves because she
wouldn’t let us involve anyone else.” (Geraldine)

As described before, many HD patients do not feel the need for support from caregivers or expert
centers. However, the family can feel abandoned as they generally do feel the need for support. In their
opinion, they could have received support or help even if their child did not want it.

3.5. Which Elements of the Diagnostic Process should be Improved?

Most parents said they felt there was no-one to listen to them and take them seriously. They would
have also liked the health professionals to be upfront with them. Four parents visited several health
care professionals who offered no follow-up visits, which they clearly would have appreciated.

“I wanted to hear it was nonsense, and he (the GP) told me it was. On the one hand, I was glad,
but on the other, I think he should have done something with it, he should have kept an eye on it.
Asked us to come in for a check-up a few months later to see how things were going.” (Anna)

Even after the diagnosis, some parents did not receive the right support until a later stage of the
disease when their child had already been admitted to a nursing home. Clara’s son did not want
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support. However, she believes the health care professionals should have provided more assistance
and listened to the parents.

“Well, look at when things get out of hand, and there are no care providers there. It’s clear they
(patients) don’t want them there. They don’t want others to see what happens. Take the parents apart, ask
how they experience things, how they see things. And then afterward decide how to move on.” (Clara)

Parents with an adolescent child with JHD often say their child does not want support from
caregivers. This makes it difficult for parents to find long-term care and support. Denial of the disease
and problems resulting from the disease are a huge problem in patients with HD. It sometimes takes a
lot of patience to persuade HD patients they need long-term care.

Debby was offered support, but at that time, just after the diagnosis was made, it was too much
for her as well.

“We contacted a social worker from an HD expertise nursing home, but because we had already
figured things out for ourselves, she couldn’t add much. However, it would have been good to have a
case manager. And for you to be offered a case manager several times instead of once. If they offer this
in a very hectic period, it might be too much.” (Debby)

Again, parents said they would have appreciated follow-up in time, even though it was not
initially wanted or needed.

3.6. What if the Diagnosis of JHD Had Been Made Earlier?

Parents whose children received a diagnosis other than JHD felt they would have been able to
treat their children differently with an earlier correct diagnosis. They would have paid more attention
and would have had more patience with their child if they had known what was going on.

“I think he would have benefited from it. My husband had just died. Things just kept piling up
and I paid less attention and certainly had less patience.” (Debby)

“When you know something’s wrong with your child, you approach it in a different way.
I sometimes thought she was just lazy or didn’t feel like doing things. I think it would have made a
difference in how I approached her. I wouldn’t have been so strict.” (Anna)

Furthermore, if the diagnosis had been made earlier, proper medication would have been provided
in cases of aggression or other behavioral problems.

“I think that if he’d had medication to suppress the aggression. That would have made life easier
for him.” (Clara)

Francine believes her stepdaughter would not have been so alone. Before the diagnosis, she went
to a regular school. However, because of her changing behavior, she did not have many friends and
was isolated.

“Maybe she wouldn’t have been so alone and isolated from other children. She was so alone,
that was incredibly sad. Of course, I don’t know how she experienced it.” (Francine)

All the interviewed parents believed an earlier diagnosis would have benefited their children.
Especially in the different way they, as parents, would have approached their children. However, as
mentioned before, some of the parents had difficulty acknowledging their child might have JHD.

“On the one side, it would have been better if the GP had taken the suspicions of the psychotherapist
seriously. He could have sent her to a neurologist. That would have been a more logical decision than
telling me not to worry. I suppose it’s difficult for doctors to say or . . . it’s logical really, in case of such
a terrible disease and knowing a child has a 50% chance, you would think they’d do something if
there’s any kind of neurological issue. On the other side, I don’t know if I would have been able to
handle it at the time.” (Anna)

An earlier diagnosis may not always have contributed to their well-being as parents. They felt
they would not have been able to cope with any more grief or problems than they already had at
that time.
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4. Discussion

Our study describes the experiences of parents who have cared for or are still caring for a child
with JHD, in particular, in regard to the diagnostic process of JHD.

The parents described denial and, afterwards, being aware something was wrong with their
child. This denial and awareness are clear phenomena mentioned in previous studies on JHD [13–16].
The most commonly perceived reasons for delayed diagnosis reported in an Australian survey among
parents of children living with rare diseases was the lack of knowledge among health professionals [18].
In line with this, we found that the unawareness or lack of knowledge of this serious neurological
disease among health care professionals led to a delay in diagnosis. Parents believe that careful
listening, attention, and clinical follow up would have improved the diagnostic process.

However, we are the first to report that, for some parents, a period of denial was helpful.
They indicated that if the diagnosis JHD had been made shortly after the presentation of the first
symptoms, this would have been too much for them. In a way, growing slowly towards the realization
of their child being affected by JHD was helpful.

The fact that some of them were recently confronted with a sick or recently deceased spouse
contributed to the denial. They would not have been able to manage an earlier diagnosis. In fact,
the delay gave them the opportunity to process and face the problems with ill family members
consecutively. Some parents visited a neurologist with expertise in HD and would have had the
opportunity to discuss their suspicions with the neurologist. They chose not to do so.

So, it seems that shortening the diagnostic delay will not be helpful for every parent. For some
children, the mixed feelings of their parents had probably added to a delay in diagnosis. The parents
believed their child probably would have benefited from an earlier diagnosis as personalized care and
pharmaceutical treatment could have been started earlier, and they would have been more patient
with their child.

All children with JHD either received or were offered multidisciplinary care after the diagnosis.
However, some parents turned down the offer of help because they either had so many problems that
any form of support would have been too much, or their past experience with their affected spouse led
them to believe this support would not be of much value.

It seems difficult for clinicians with little or no experience with HD to diagnose JHD. However,
HD specialists are still faced with the dilemma if non-specific signs symptoms are caused by JHD or a
number of other explanations for the behavioral problems. Therefore, informing the HD community
about the existence of JHD could help make parents more aware of the possible signs of JHD. This gives
parents the opportunity to gain information if they wish to have it. Better information would also
improve their understanding of the condition and of what to expect in the future, and it would probably
help them better manage the challenges they face [15].

For clinicians specialized in HD, we recommend a careful follow-up if children from HD families
present with non-specific symptoms such as decreased school performance, hyperactivity, and/or
behavioral changes [4]. Children from HD families who present with such symptoms should be
evaluated longitudinally, at least on an annual basis. Furthermore, we recommend being upfront
about whether symptoms and signs might be due to JHD or not. On the other hand, we believe it is
important to judge whether parents are able to cope with the diagnosis. Also, it is good to be aware
that parents appreciate it when help and support are offered more than once, as the need for support
can change during the course of follow-up.

We conclude that the delay in diagnosis is caused by the lack of knowledge among health care
professionals on the one hand and the resistance of the parent on the other. In our opinion, this is a new
and important finding that has not been described before. For health care professionals, diagnosing
JHD is walking a tightrope. As for some parents, an earlier diagnosis would be too distressing; it is
important to check whether parents are ready for the information. If not, keep in contact and try again
at a later appointment. We hope these findings will be helpful for clinicians, caregivers, and the HD
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community in contributing to the well-being of these children and their parents. For professionals, our
advice is to personalize their advice, in which a conscious doctor’s delay is acceptable or even useful.
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Abstract: Huntington’s disease (HD) is a progressive neurological disease that is inherited in an
autosomal fashion. The cause of disease pathology is an expansion of cytosine-adenine-guanine (CAG)
repeats within the huntingtin gene (HTT) on chromosome 4 (4p16.3), which codes the huntingtin
protein (mHTT). The common symptoms of HD include motor and cognitive impairment of psychiatric
functions. Patients exhibit a representative phenotype of involuntary movement (chorea) of limbs,
impaired cognition, and severe psychiatric disturbances (mood swings, depression, and personality
changes). A variety of symptomatic treatments (which target glutamate and dopamine pathways,
caspases, inhibition of aggregation, mitochondrial dysfunction, transcriptional dysregulation, and
fetal neural transplants, etc.) are available and some are in the pipeline. Advancement in novel
therapeutic approaches include targeting the mutant huntingtin (mHTT) protein and the HTT gene.
New gene editing techniques will reduce the CAG repeats. More appropriate and readily tractable
treatment goals, coupled with advances in analytical tools will help to assess the clinical outcomes of
HD treatments. This will not only improve the quality of life and life span of HD patients, but it will
also provide a beneficial role in other inherited and neurological disorders. In this review, we aim to
discuss current therapeutic research approaches and their possible uses for HD.

Keywords: Huntington’s disease; CAG repeat; mutant huntingtin (mHTT); therapeutics; neurodegeneration

1. Introduction

Huntington’s disease (HD) is genetically inherited in an autosomal dominant fashion. It is
a fatal neurodegenerative disease, caused by an abnormal triplet repeat expansion of CAG
(cytosine-adenine-guanine) within the huntingtin (HTT) gene on chromosome 4p16.3, causing a
mutated huntingtin protein (mHTT) [1–5]. HD is predominantly characterized by adult-onset,
progressive motor dysfunction, cognitive impairment and psychiatric symptoms (depression, anxiety,
obsessive-compulsive disorder, and psychosis). Chorea, incoordination, and rigidity are common
motor symptoms due to neurotoxicity of mHTT, leading to brain atrophy of the striatum, thalamus,
cerebellum, brain stem and cortex [6–9]. Clinically, HD includes juvenile HD (onset less than 21 years,
and marked clinical symptoms), and late-onset HD (after the age of 60 years) [10–12]. Alcohol, drug,
and tobacco abuse were associated with earlier onset of HD, and hasten motor onset in women. These
abuses have more significant associations in females than in males [13,14]. Children with CAG repeats
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≥39, had significantly lower measures of head circumference, weight, and body mass index [15–17].
Disrupted sleep, tics, pain, itching, and psychosis are the common symptoms of juvenile HD [18].

Presently, there is no remedy for HD, and the disease progresses manifests with a presumed
continuation of 15–20 years after the appearance of the first symptom [12,19]. The identification of novel
biomarkers involves the development of new treatment strategies. The current therapy is palliative
and does not change the course of the disease. Tetrabenazine (TBZ; Xenazine™) was approved for the
remedy of chorea in HD by the U.S. food and drug administration (FDA). Additionally, the deuterated
version of TBZ, deutetrabenazine (AUSTEDO™), has an improved pharmacokinetic profile and was
recently approved by the FDA for the treatment of Huntington chorea. In the last review [20], we
discussed different promising agents in the treatment of HD, and their phases under clinical trial. Here
we describe updates related to these promising agents which will cure HD.

2. Pathogenesis of the HD

HD is a monogenic disease with prevalence of about 1 in 7,500 individuals in the general
population [21,22]. The normal allele has less than 27 CAG repeats and intermediate alleles have
27–35 repeats. CAG repeats of 36–39 will develop HD with less penetrance. Individuals who have
40 or more CAG repeats will develop HD with full penetrance. It is also reported that the higher
the CAG expansion, the earlier the onset and the greater the disease severity [12,23]. Kremer et al.
reported the largest expansion of 121 trinucleotides [24]. CAG codon encodes glutamine α-amino
acid (symbol Gln or Q). Glutamine (C5H10N2O3) is synthesized from glutamate and ammonia by the
enzyme glutamine synthetase. It is mainly produced in muscle, the lungs, and the brain and acts as a
precursor to the neurotransmitter glutamate [25]. CAG has glutamine amino acids within the HTT
gene and it is not toxic in itself. However, the polyglutamine expansion involves the formation of
aggregate and ultimately becomes toxic. It is the principal factor for the manifestation of HD because
aggregates are never a remarkable feature in the brain of normal subjects [26,27]. Aggregate formations
are accountable for secondary problems, like inflammatory responses (altered cytokine and nitric oxide
level), mitochondrial dysfunction (imbalanced level of free radicals and oxidative stress markers),
nuclear cleavage, apoptosis, excitotoxicity, transcriptional altered regulation, and lastly, are responsible
for the altered neuropathological feature (cause of cell death/damage) (Figure 1). Approximately 70%
of the variation of the disease is due to expanded CAG repeats, while 13% of the variation is due to
polymorphisms in the GRIK2 gene [28]. These depict the importance of secondary factors that affect
disease onset, its severity, and possible output.

 

Figure 1. Mechanism of Toxicity of Huntingtin (HTT) gene. NO (Nitric Oxide), CAG
(cytosine-adenine-guanine).
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3. Therapeutic Update

Currently, many drugs are under clinical trial. In the following subsection, we discuss their
therapeutic status and their potential role in treatment. These drugs are summarized in Table 1 and
Figure 2.

3.1. Drugs against Excitotoxicity

3.1.1. Riluzole and Memantine Drug

Riluzole is a glutamate inhibitor that reduces abnormal movement in amyotrophic lateral sclerosis
(ALS) patients [29,30]. In a double-blinded trial, riluzole did not decrease symptoms of HD, nor was it
neuroprotective [31].

Memantine is an antagonist of extrasynaptic N-methyl-D-aspartate (NMDA) receptors and is
used for the treatment of moderate-severe dementia in Alzheimer’s disease (AD). It diminishes striatal
cell death, hinders disease progression and improves cognitive function related to HD [32,33]. The
combination of memantine and risperidone prevented the expected progression of motor symptoms,
cognitive decline, and psychosis over a 6-month study period [34]. However, memantine dosing
may be critical, as rodents on low-dose memantine had decreased pathology, while a high-dose of
memantine worsened rodent outcomes and possibly promoted cell death [35–37].

3.1.2. Tetrabenazine (TBZ) and Deutetrabenazine

TBZ inhibits the dopamine pathway by inhibiting vesicular monoamine transporter (VMAT) type
2 and consequently decreases available dopamine in the synapse and its interaction with postsynaptic
dopamine receptors [38–40]. Deutetrabenazine contains a deuterium atom and is a novel inhibitor of
VMAT2. In indirect treatment comparison studies, deutetrabenazine was found to have a favorable
tolerability profile compared to tetrabenazine [41]. In mouse models, TBZ ameliorated chorea and
other motor symptoms, and reduced striatal neuronal cell loss [38].

3.2. Targeting Caspase Activities and Huntingtin Proteolysis

Minocycline

Minocycline is a tetracycline analog and can cross the blood–brain barrier (BBB) and inhibits the
expression of caspase-3 and caspase-1 [42,43]. Treatment with minocycline proved to be neuroprotective,
and to improve the disease phenotype [30,42,44]. A human trial study observed motor (unified HD
rating scale (UHDRS)), and cognitive (mini-mental state examination (MMSE)) improvement in 14 HD
patients who took 100 mg of minocycline for 6 months [43]. This study was continued for another 18
months, and it was found that MMSE, TMS, total functional capacity (TFC) and independence scale
were all stabilized after treatment, reducing the expected decline in these measures. There was also a
decrease in psychiatric symptoms at 24 months, which was not apparent after 6 months of treatment [44].
In a pilot study, Thomas et al. found improvement in MMSE, UHDRS, and abnormal involuntary
movements scale (AIMS), in 30 patients with HD who were given minocycline for 6 months [45].

3.3. Targeting HTT Aggregation and Clearance

3.3.1. Congo Red and Trehalose

Congo red dye binds preferably to β-sheets with amyloid fibrils. When injected into HD mice,
it preserved normal protein synthesis and degradation, and improved motor functions. This dye
promotes clearance of expanded polyQ repeats and inhibits polyglutamine oligomer formation through
the disruption of preformed oligomers. Congo red dye also prevented ATP depletion and caspase
activation [46–48].
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Trehalose disaccharide inhibited the formation of nuclear inclusions, improved altered motor
function and was associated with a high rate of survival in R6/2 mice without causing harmful side
effects [49–51] (Table 1 and Figure 2).

3.3.2. Compound C2–8

Compound C2–8 inhibits polyglutamine aggregates in brain slices and cell cultures. It has
improved motor function, decreased the amount of neuronal atrophy, and decreased the size of the
mHTT aggregates in R6/2 mice [52,53]. There is no ongoing human trial using this compound currently
listed on clinicaltrials.gov.

3.3.3. Rapamycin

mTOR is a protein kinase that phosphorylates many proteins and plays a key role in various
cellular functions (like autophagy and transcription). mTOR interacts with mHTT and localizes to these
polyglutamine aggregates, and thus sequestration of mTOR reduces the activity of mTOR, resulting in
a decrease in autophagy and a decrease in the clearance of mHTT. mTOR phosphorylates S6K1 (a key
regulator of cell volume), therefore mHTT-related impairment of mTOR may account for the brain
atrophy in HD. Rapamycin (which inhibits mTOR and consequently induces autophagy) decreased
mHTT aggregates and improved neuronal survival in the drosophila HD model. Rapamycin also
improved motor performance and decreased striatal neuropathology in mouse models of HD [54–56].

Table 1. Recent status of Huntington’s disease (HD) drug therapy.

Drug/Reagent Primary Target (Mechanism of Action) Status and Principal Result Ref.

(1) Drugs against excitotoxicity

Riluzole Glutamate release inhibitor Does not show efficacy in human trails [31]

Memantine N-methyl-D-aspartate (NMDA)
receptor inhibitor Demonstrated efficacy in human trial [32,33]

Tetrabenazine (TBZ)
Dopamine pathway

(Vesicular monoamine transporter
2 inhibitor)

Approved by food and drug
administration (FDA) for treatment of

chorea in HD
[38–40]

(2) Targeting Caspase and huntingtin (HTT) proteolysis

Minocycline Caspase-dependent and independent
neurodegenerative pathway

Inhibits caspase-1 and -3 mRNA
upregulation, and decreases inducible

nitric oxide synthetase
activity

[42,44,45]

(3) Targeting HTT aggregation and clearance

Congo red and Trehalose Aggregation Showed efficacy in a rodent model [46,49]

Compound C2–8 Aggregation Showed efficacy in a rodent model [53]

Rapamycin
Aggregation

mammalian target of rapamycin
(mTOR) inhibitor

Showed efficacy in a rodent model [54,55]

(4) Targeting mitochondrial dysfunction

Creatine Mitochondrial dysfunction Attained futility in human trial [57]

CoQ10 Mitochondrial dysfunction Attained futility in human trial [58]

Eicosapentaenoic acid
(EPA) Mitochondria dysfunction A mixed scenario of positive and

negative trial [59]

Cystamine and
mitochondrial

permeability transition
pore blockers

Mitochondrial dysfunction Showed efficacy in a rodent model [60]

Meclizine drug Mitochondrial dysfunction Showed efficacy in the fly model [61]
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Table 1. Cont.

Drug/Reagent Primary Target (Mechanism of Action) Status and Principal Result Ref.

(5) Targeting transcriptional dysregulation

Sodium phenylbutyrate Transcriptional deregulation
histone deacetylase inhibitor Showed efficacy in a rodent model [62]

HDACi4b (a pimelic
diphenylamide HDAC

inhibitor)

Transcriptional deregulation
histone deacetylase inhibitor Showed efficacy in a rodent model [63]

Suberoylanilide
hydroxamic acid

Transcriptional deregulation
histone deacetylase inhibitor Showed efficacy in a rodent model [64]

Mithramycin and
chromomycin

Transcriptional deregulation
G-C-rich DNA binding antibiotic Showed efficacy in a rodent model [65]

(6) Targetting mutant huntingtin (mHTT)

RNA interference and
antisense oligonucleotide

(ASO)
Blocks transcription of mHTT Showed efficacy in a rodent model [6]

Artificial peptides and
intrabodies Targeting proline-rich domain of HTT Showed efficacy in a rodent model [66]

(7) Therapies targeting nucleic acid

Zinc finger protein Reduced mutant protein expression Showed efficacy in a rodent model [67]

CRISPR-Cas9 Excision of CAG repeat and, reduction
of mutant HTT Showed efficacy in a rodent model [68,69]

ASO approach
(IONIS-HTTRX, Peptide

conjugated ASOs)
Reduction in HTT mRNA and protein Showed efficacy in a rodent model [70,71]

RNAi approach (siRNA,
shRNA, and miRNA)

Improves motor and neuropathological
abnormalities, silencing of HTT Showed efficacy in a rodent model [6,72]

Novel Viral Vectors
(AAV1, AAV5, AAV9,
AAV-PHP.B, CREATE)

Widespread transduction of cells Showed efficacy in primate and rodent
models [73,74]

(8) Other therapeutics

Ubiquilin Reduces mHTT aggregation Showed efficacy in a rodent model [75,76]

miRNA Silence HTT Testing in rodent and nonhuman
primates [6,72]

Chaperonins Decrease mHTT aggregation Showed efficacy in a rodent model [77,78]

AFQ056 The antagonist for glutamate receptor 5 Showed no improvement in chorea in a
clinical trial [79]

BN82451 Decreases glutamate release by blocking
Na+ channels Showed efficacy in a rodent model [80,81]

Antipsychotic drug Block or modulate dopamine receptors Under phase III trial -

Antiapoptotic drug Cleave mHTT Effective in mice model [82,83]

Diet Delay onset of disease Effective result but requires further
evaluation [84]
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Figure 2. Recent advancement in the therapeutics for Huntington’s disease. TBZ (Tetrabenazine); EPA
(eicosapentaenoic acid); MPTP (1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine); SAHA (suberoylanilide
hydroxamic acid); HDACi4b (histone deacetylase inhibitors); RNAi (RNA interference); ASO (antisense
oligonucleotide); ZFP (zinc finger protein); CRISPR-Cas9 (clustered regularly interspaced short
palindromic repeats); miRNA (micro RNA); siRNA (small interfering RNA).

3.4. Targeting Mitochondrial Dysfunction

3.4.1. Creatine

Creatine (with antioxidant properties) reduced serum levels of 8-hydroxy-2′-deoxyguanosine
(8-OH-2′-dG) in HD patients [85,86] and is safe and tolerable at a dose of 15 g twice daily [87]. In a
trial study (with HD patients), receiving a dose of 8 g/day of creatine was secure and well-tolerated
but produced no marked change on the UHDRS scale [86]. A randomized double-blind study trial
measuring TFC (up to 40 g daily) was terminated early due to futility criteria being reached. The use
of creatine fails to delay functional decline in an early manifestation of HD [57]. In another controlled
study, creatine (5 g/day; 1 year) treatment resulted in better muscle function capacity in patients with
neuromuscular disease but did not show improvements in neuromuscular function and the cognitive
status of stage I–III HD patients [88].

3.4.2. Coenzyme Q10

Coenzyme Q10 cofactor is involved in ATP production in the electron transport chain (ETC) of
mitochondria, and its supplementation in HD patients may improve mitochondrial function [89].
It was neuroprotective in R6/2 mice, delaying motor deficit, atrophy, and inclusion, and extending
survival [90,91]. In a phase III randomized clinical trial, coenzyme Q10 was not effective and the trial
was stopped as the futility criteria were reached (http://hdsa.org/wp-content/uploads/2015/01) [58].

3.4.3. Eicosapentaenoic Acid (EPA)

Ethyl-EPA is a derivative of the n-3 polyunsaturated fatty acid EPA, which binds to the peroxisome
proliferator-activated receptor of mitochondria [92]. Ethyl-EPA improves the neuronal function by
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inhibiting caspase and reducing mitochondrial damage by reducing the activity of the c-Jun N-terminal
kinase (JNK) pathway [93,94]. Treatment with ethyl-EPA (2 g/day) showed a stable/improved motor
function. However, intent-to-treat analysis showed no significant change between ethyl-EPA and
placebo for total motor score 4 (TMS–4) subscale in HD patients (stage III) [95]. Patients with fewer
CAG repeats showed significant improvement in TMS-4.

In a phase III, double-blind randomized control trial, ethyl-EPA did not show improvement in
TMS, cognition or global impression over 6 months. After 6 months, all participants (both those in the
treatment and placebo group) were given ethyl-EPA. Those in the original treatment group showed a
better motor function (indicated by TMS scores). This suggests that ethyl-EPA needs a longer period
before improvement can be observed which might possibly reflect a disease modification [96]. In a
recent study, no significant improvement of the treatment group over placebo group was found in
measures of TMS or UHDRS scores [59].

3.4.4. Cystamine and MPTP (1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine) Blockers

Both cystamine and MPTP increase the survival effects of HD cells and inhibit oxidative
damage [60].

3.4.5. Meclizine

Meclizine, an antihistamine drug, inhibits oxidative metabolism and apoptosis, and is
neuroprotective in drosophila model. Energy metabolism deficits and neuronal degeneration are
hallmarks of HD, so treatment with meclizine is a potential strategy, especially since it crosses the
BBB [20,61] (Table 1 and Figure 2). There is no human clinical trial for this drug listed in clinicaltrials.gov.

3.5. Targeting Transcriptional Dysregulation

3.5.1. Sodium Phenylbutyrate

Administration of sodium phenylbutyrate (an HDAC inhibitor) to N171-82Q symptomatic mice
showed less brain atrophy and extended survival rates. Further, it increased and decreased histone
acetylation and methylation, respectively, in the rodent brain. It also downregulated caspases involved
in apoptosis [62]. A dose-response study highlighted that sodium phenylbutyrate was safe, secure,
effective and well-tolerable in HD patients [97].

3.5.2. HDACi4b

HDACi4b (a pimelic diphenylamide HDAC inhibitor) improves motor impairment as well as
decreases neurodegeneration in mouse models of HD. Oral administration of HDACi4b to mice showed
improvement in these motor deficits. These mice also showed less striatal atrophy and brain-size
reduction. HDACi4b reversed hypoacetylation of the H3 histone subunit that occurs in the presence of
mHTT, and mRNA expression was returned to normal levels [63].

3.5.3. Suberoylanilide Hydroxamic Acid (SAHA)

Histone acetylation in the brain is increased by SAHA (by inhibiting HDAC) which improves
motor impairments in transgenic R6/2 mice. SAHA can be taken orally because it crosses the BBB,
however, this has not been tested in humans [64].

3.5.4. Mithramycin and Chromomycin

Treatments with mithramycin and chromomycin (anthracyclin derivatives) promote epigenetic
histone modifications in cultured R6/2 and N171-82Q transgenic cell lines, providing a basis for clinical
trials for HD [65,98,99].
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3.6. Agents Targeting Mutant Huntingtin

3.6.1. RNA Interference (RNAi) and Antisense Oligonucleotide (ASO)

ASO and RNAi execute their knockdown function by allele and nonallele-selective
manners [100–102]. As an example, modified ASO (peptide nucleic acid i.e., PNA) enables the
selective recognition of the mutant allele and selective inhibition of mHTT expression in human
fibroblasts [103]. RNAi reduced neuropathology, improved motor behavior and extended viability in
HD [102,104,105].

3.6.2. Intrabodies and Artificial Peptides

In transgenic mouse models of HD like R6/2, N171-82Q, YAC128, and BACHD, treatment with
intrabody gene therapy improved body weight, motor function, cognitive, and neuropathological
manifestation [66,106].

3.7. Nucleic Acid-Targeting Therapies

3.7.1. Therapies Targeting DNA

Currently, zinc finger proteins (ZFPs) and CRISPR-Cas9 (clustered regularly interspaced short
palindromic repeats-CRISPR-associated system) are under investigation.

ZFPs

ZFPs are one of the most abundant protein groups and have various functions, including regulation
of DNA, RNA, and protein function. They can bind to specific sequences of DNA and can be used
as therapeutic compounds. ZFPs reduce mHTT expression without affecting the expression of other
genes/wild-type HTT [67,102,107].

CRISPR-Cas9

CRISPR-Cas9 is involved in viral defense mechanisms of bacteria which recognize and destroy
foreign DNA. CRISPR-Cas9 is involved in the excision of CAG repeats to make harmless alleles
and silence the mHTT expression by insertion of stop codon/missense mutations [68,108–110].
In HD140Q-knockin mice, it was demonstrated that CRISPR-Cas9 can be used to reduce mHTT
and improve motor function, but not to increase the lifespan of these mice [69]. Ekman et al. showed
that CRISPR-Cas9 can be used for mHTT editing, which can extend survival and improve motor
function in the R6 mice following intrastriatal delivery [111].

3.7.2. RNA Targeting Therapies

The four major methods to inhibit the function of mHTT mRNA are: ASOs, RNAi compounds,
novel viral vectors, and small-molecule splicing modulators.

ASO Approaches

ASO are single-stranded DNA (ssDNA) molecules that primarily bind to a specific sequence on
RNA and regulate post-transcriptional gene expression [112]. The ssDNA diffuses well in the CNS and
is taken up by neurons. Therefore, the injection of ASOs into the cerebrospinal fluid (CSF) results in
ubiquitous delivery of drugs and suppresses the production of mHTT [70] (Table 1). However, ASO
delivery has some side effects, like thrombocytopenia which was observed in some human trials of
ASOs [113]. ASO can ameliorate transcriptional dysregulation and reduce the level of mHTT and
improve behavior in the YAC128, YAC18, and BACHD mouse models of HD [114,115].

IONIS-HTTRx is an important ASO. It has 12–25 nucleotides and transforms phosphodiester
linkages to phosphorothioate. IONIS-HTTRx caused a remarkable reduction in HTT mRNA and protein
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expression [71]. The injection of ASOs (conjugated with peptides), produced wide CNS distribution
and longer life span in the spinal muscular atrophy (SMA) mouse model [116]. In a recent study of
phase I–IIa trial, HTTRx lessened the concentration of mutant HTT in CSF of HD patients. Therefore,
ASO compounds not only suppress the expression of HTT mRNA and the huntingtin protein in CNS,
but also in CSF [117].

RNAi Approaches

RNA interference is a gene-silencing process that uses short interfering RNA (siRNA), short
hairpin RNA (shRNA), bi-functional shRNA and microRNA (miRNA). The combination of neural
progenitor stem cell therapy and RNAi therapy can ameliorate symptoms in mouse models of HD [118].
In the animal models (R6/1, R62, N171-82Q, RAT AAV-HD70d) of HD, siRNA, shRNA, and miRNA
treatments have been used to reduce neuropathology and improve motor function [6,72,104]. AMT-130
(adeno-associated virus vector) contains an artificial miRNA which produces a huntingtin-lowering
molecule. Side effects include peripheral neuropathy observed in clinical trials of siRNA. RNAi has
been tested in rodents and its delivery system has been tested in nonhuman primates [119].

Small Molecule Approach

Small molecules like RG7800 showed ocular complications in the Δ7 mouse model of spinal
muscular atrophy (SMA) [120], while the phase I trial of the molecule RG7916 (risdiplam) was recently
completed (NCT02633709). RG7800 and RG7916 are splicing modifiers, which change the way the
pre-mRNA is spliced so that it contains all the information necessary to make a functional protein.
They promote the production of a full-length and functional protein from the gene. RG7800 increases
the survival motor neuron (SMN) protein level by modifying the splicing of the SMN2 mRNA. RG7800
is shown to promote the inclusion of exon 7 in SMN2 mRNA, generating full-length mRNA, using
fibroblasts from an SMA type I patient. In the SMA mouse model, the treatment of RG7800 showed a
dose-dependent increase in SMN protein levels [121]. Oral administration of RG7800 in SMA patients
increased the functional SMN protein level up to two-fold from baseline [122]. New work is now
underway to identify these molecules and their possible role in the lowering of mutant HTT gene and
protein expression [102,123].

3.8. Other Therapeutics Advancements

3.8.1. Ubiquilin

Ubiquilin overexpression in R6/2 mice decreased aggregation in the hippocampus and cortex and
increased lifespan. However, its overexpression did not improve motor symptoms, and did not change
the amount of aggregates in the striatum [75,76].

3.8.2. Chaperonins

TRiC (CCT1-CCT8 subunit) is an example of chaperonin which is involved in the folding of about
9–15% of the normal proteins [77] and inhibits aggregation of mHTT [78]. It reduced the number of
inclusions, fibrillar oligomers, and insoluble mHTT fragments.

3.8.3. AFQ056

AFQ056 did not improve chorea in a randomized double-blind clinical trial [79].

3.8.4. BN82451

BN82451 inhibits cyclooxygenases and provides antioxidant, anti-inflammatory and
neuroprotective effects [80]. It also improved motor function and survival, decreased brain atrophy,
neuronal atrophy, and neuronal mHTT inclusions in the R6/2 mice [81]. Recently, a phase II clinical
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trial has been completed in male HD patients. As per clinicaltrials.gov (NCT02231580), no results have
been published.

3.8.5. Antipsychotic Drugs

Antipsychotic drugs are used to treat chorea associated symptoms because they block or modulate
dopamine receptors. Many antipsychotic drugs (especially typical antipsychotics) produce motor
dysfunction resembling Parkinson’s disease (PD). Currently, a phase III trial comparing TBZ with
olanzapine and tiapridal is under evaluation [39].

3.8.6. Antiapoptotic Drugs

Caspase cleavage (mainly caspase-3 and -6) occur in mHTT [83]. Mutating the caspase cleavage
sites on mHTT leads to neuroprotection and prevents neurodegeneration in yeast artificial chromosome
(YAC) mice that express mHTT. Caspase-3 and -6 resistant mice did not develop HD neurodegeneration,
indicating that cleavage at these caspase sites plays an important role in neurodegeneration of
HD [82,123,124].

3.8.7. Diet

Various studies indicate that a Mediterranean-type diet may delay the onset of other
neurodegenerative diseases, like AD, PD, dementia and cognitive impairment [125]. Recently a
study highlighted that a Mediterranean-type diet affects the time to HD phenoconversion. In fact,
eating high amounts of dairy products was associated with an increased risk of phenoconversion.
This may be due to a lower level of urate, which leads to a faster progression and manifestation of
HD. These types of diet-related studies need further investigation [84,107,126]. Intermittent fasting
promotes autophagy and cleared the mHTT [127].

3.9. Some Promising Clinical Trials

3.9.1. Cysteamine (CYST)

Cysteamine controls oxidation levels through increasing concentration of glutathione, activation
of protein catabolism through the hindrance of transglutaminase and induction of heat shock proteins
(HSPs) effects [128]. Inhibition of transglutaminase is the putative mode of action and is observed in
R6/2 and zQ175 mouse models of HD [129]. The Cysteamine-HD phase II/III trials indicated a delay in
the release of cysteamine in HD patients.

3.9.2. Pridopidine

Pridopidine is a modulator of the dopamine 2 receptor [130] and activates the sigma-1 receptor [131].
In the most recent trials of pridopidine, no improvement in motor symptoms (unified Huntington’s
Disease rating scale - total motor score (UHDRS-TMS)) was observed with placebo [132–134]. High level
of pridopidine is found in brain-derived neurotrophic factor (BDNF) and diminishes mHTT aggregate
size and improved motor performance in R6/2 mice [135,136]. In an early-stage HD, improvement in
the total motor score (TMS) was observed in treated patients [136,137].

3.9.3. Triheptanoin

Triheptanoin is a triglyceride that reverses the metabolic defects in HD by supplying substrates to
the Krebs cycle [138]. Recently, a phase II study using triheptanoin was conducted in the early phase
of HD patients (listed at clincialtrials.gov under #NCT02453061).
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3.9.4. Latrepirdine (Dimebon)

Latrepirdine stabilize and enhance mitochondrial membranes and functions. In a short duration
trial, latrepirdine promoted cognitive improvement (MMSE) in mild to moderate HD patients [11,139].
At the time of writing this, a total of 13 clinical trials using latrepirdine have been reported on clinicaltrials.
gov (NCT00497159, NCT01085266, NCT00920946, NCT00387270, NCT00988624, NCT00827034,
NCT00990613, NCT00824590, NCT00931073, NCT00831506, NCT00788047, NCT00825084).

3.9.5. Amantadine

Amantadine is a weak NMDA receptor blocker [140] and increases dopamine release [141].
Amantadine reduces dyskinesias in HD, without provoking parkinsonism [142].

3.9.6. Lamotrigine

Lamotrigine is an antiepileptic drug and decreases glutamate release by blocking voltage-gated
sodium channels [143,144]. It reduces motor symptoms and elevates mood in HD patients [145].

3.9.7. Selisistat

Selisistat is a selective SirT1 inhibitor which removes acetyl groups on proteins, including mHTT.
Therefore, blocking the deacetylation of mHTT should activate clearance. In early-stage HD patients,
selisistat improved TMS, but not in most measures of cognition, mood, and functionality [146,147].

3.9.8. Tauroursodeoxycholic Acid/Ursodiol

Tauroursodeoxycholic acid (TUDCA) is a bile acid and has antiapoptotic properties in a mouse
model of HD. Mice given TUDCA showed less striatal atrophy, apoptosis, and reduced locomotor and
sensory-motor defects [148]. A commercially available uroursodeoxycholic acid precursor, ursodiol,
has been examined in a phase I trial, but to date, not reported.

3.9.9. Laquinimod

Laquinimod reduces the expression of Bax, responsible for the release of cytochrome C from
mitochondria and activation of caspases, causing apoptosis and production of toxic mHTT fragments.
This drug improves motor function and reduces depressive behaviors in mice. It is recently undergoing
a phase II clinical trial in human HD patients [149]. Laquinimod ameliorates myelination deficiency
and behavioral deficits in the YAC128 mouse model of HD [150,151].

3.9.10. Kynurenine Inhibitors

The enzyme indoleamine 2,3 dioxygenase (IDO1) catalyzes the conversion of tryptophan into
kynurenine. Kynurenine is then metabolized into 3-hydroxykynurenine (3-HK) and quinolinic acid,
both of which are neurotoxic and are increased in HD. In contrast, kynurenine is also metabolized into
kynurenic acid, which is neuroprotective. In HD, an imbalance exists between the neurotoxic products
and neuroprotective products and targeting the rate-limiting step of IDO1 could effectively shift the
balance toward neuroprotective [152]. Kynurenine 3-monooxygenase is the enzyme that catalyzes
the conversion of kynurenine into 3-HK. Treating microglial cells from R6/2 mice with a kynurenine
3-monooxygenase inhibitor (Ro 61–8048) showed dramatically reduced 3-HK levels compared to the
vector containing cells [153].

4. Conclusions and Future perspectives

The current therapeutic investigations of HD mainly focus on excitotoxicity, dopamine pathway,
caspase inhibitors, mHTT aggregation, mitochondrial dysfunction, transcriptional dysregulation, and
diet. The application of robust molecular imaging and digital biomarkers may provide a valuable
therapeutic boost to the design of clinical trials. Additionally, the increased openness of regulatory
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agencies for effectiveness will also promote the development of clinical trials. The advancement
of modern technologies, and the availability of various promising agents/molecules enable the
development of therapies which will further improve the quality of research and outcomes in HD
patients. The most promising drugs are those that target the production of mHTT protein and block
its actions.
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Blood-brain barrier BBB
Brain-derived neurotrophic factor BDNF
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Cerebrospinal fluid CSF
Cytosine-adenine-guanine CAG
Eicosapentaenoic acid EPA
Electron transport chain ETC
Food and Drug Administration FDA
Huntington disease HD
Huntingtin gene HTT
micro RNA miRNA
Mini-mental state examination MMSE
Mutant huntingtin protein mHTT
Mammalian target of rapamycin mTOR
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine MPTP
N-methyl-D-aspartate NMDA
Parkinson’s disease PD
RNA Interference RNAi
small interfering RNA siRNA
Spinal muscular atrophy SMA
Suberoylanilide hydroxamic acid SAHA
Tauroursodeoxycholic acid TUDCA
Tetrabenazine TBZ
Total functional capacity TFC
Total motor score TMS
Unified HD rating scale UHDRS
Vesicular monoamine transporter 2 VMAT2
Zinc finger proteins ZFPs
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