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Abstract

Objectives—To evaluate anthropometric measures of growth and development (height, weight,
body mass index (BMI)) in a group of children, adolescents, and young adults diagnosed with
Juvenile Onset Huntington’s Disease (JHD).

Methods—Growth measures for 18 JHD patients, documented prior to or shortly after diagnosis,
were obtained through medical records. JHD growth measures were compared to a large sample
(n=274) of healthy children, as well as the Center for Disease Control (CDC) growth norms.

Results—After controlling for sex and age, the JHD subjects had no significant differences in
height. However, they were an average of 10% lower than controls in weight and BMI. Using
CDC norms, the JHD subjects had the same pattern of normal height but decrement in weight.
Length of cytosine-adenine-guanine (CAG) repeat in the huntingtin gene was significantly
correlated to measures of weight with longer CAG repeats being associated with more severe
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weight reduction. A subset of 4 subjects had measures that pre-dated onset of any symptom and
were therefore prodromal JHD (preJHD). These subjects also had a significant decrement in BMI
compared to CDC norms.

Conclusions—Children with JHD have normal height, but significantly reduced weight and
BMI, indicative of a specific deficit in body weight. As the preJHD subjects were also low in BMI,
this suggests that these changes are directly due to the effect of the mutated gene on development,
rather than symptom manifestation of the disease itself. Potential mechanisms of the weight
decrement include energy deficiency due to mitochondrial dysfunction during development.
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Introduction

Huntington’s disease (HD) is a neurodegenerative disease, inherited in autosomal dominant
fashion, and typically manifests with cognitive decline, neuropsychiatric disturbances and
involuntary movements [1]. While the typical age range of disease onset is between 30 and
50 years old, approximately 5° of all HD patients [2—4] occur under the age of 21 years.
These earlier-onset cases are classified as juvenile huntington’s disease (JHD).

HD is caused by an expansion of cytosine-adenine-guanine (CAG) repeats in the huntingtin
(HTT) gene [5]. Although the mechanism by which mutant H77 (mHTT) leads to
neurodegeneration has not been fully understood, evidence suggest that defects in energy
metabolism may play a key role in the pathophysiology [6—8]. In HD, skeletal muscle has
been shown to have an energy deficit [9-11], which is in line with the most common
‘peripheral’ manifestation of HD: lower than normal body mass index (BMI) and weight
loss. The lower than normal BMI has been documented in prodromal HD (preHD) subjects
as well [12-14].

Energy deficiency may preferentially affect tissues of highest metabolic demand namely the
brain and skeletal muscle [15, 16]. During childhood growth and development - an epoch in
time of high metabolic demand [17—19], these tissues might be particularly vulnerable to
potential energy deficits related to the lifelong H77 expression [20].

Previously, we reported that preHD children (6-18 years of age, tested for the gene
expansion for research purposes only) to have normal height but decreased weight, resulting
in lower than normal BMI [21]. The current study was designed to extend our earlier
findings by evaluating growth and development measures (height, weight, BMI) in a group
of children diagnosed with JHD.

Materials and Methods

This study was approved by our local Institutional Review Board (IRB). Subjects with JHD
were identified by retrospective chart review. By accessing hospital database, we identified
535 patients diagnosed with Huntington’s disease at the University of lowa Hospitals and
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Clinics between the years of 1966 and 2013. Since no unique billing code exists for JHD, we
reviewed all of the charts with the HD diagnosis.

A total of 18 subjects (n=9 females, n=9 males), diagnosed between 1970 and 2010 fulfilled
the inclusion criteria of (1) symptom onset before 21 years old, (2) HD diagnosis confirmed
by documented genetic testing in the patient or clinical diagnosis of HD based on the
accepted criteria prior to the availability of genetic testing [22-24], and (3) height, weight,
and BMI data available at time of diagnosis or prior to HD diagnosis. Age at symptom onset
was defined as the age when the first significant change was noticed, either in cognitive,
psychiatric or motor symptoms [24, 25]. Clinical characteristics of 12 of the 18 had been
reported previously [23], however growth measures were not documented in that case series.

The average age of symptom onset was 11.9 years (range 4.0-19.4 years). The most common
presenting symptom was behavioral change (n=8), with the beginning symptom being motor
in 7 patients, cognitive change as presenting symptom in 2 patients, and onset of seizures as
presenting symptom for one patient. Age at diagnosis was determined by the age at which
the clinical diagnosis of HD was made. All diagnoses were made before the age of 21 with
the exception of one patient in which formal diagnosis was made soon after she turned 22
years old. The average age at diagnosis was 15.0 years (range 6.3-22.4 years). Time between
symptom onset and formal diagnosis in JHD can be quite long and in this sample, the
average time was 3.2 years with a range of 0.9 - 10.9 years. Molecular confirmation with
CAG repeat length was available for 9 of the cases with an average of 75.1 repeats (range
53-130).

Healthy children (n=274) were recruited from the community via local newspaper
advertisements for separate studies on normal brain development. All children in the healthy
control group had no major medical, neurologic, or psychiatric illness, nor any history of
learning disability as disclosed by parents during the screening process. The Institutional
Review Board (IRB) of the University of lowa approved the study.

Growth Measures: For the healthy control sample, height (cm) and weight (kg) were
obtained by a trained research nurse at the University of lowa Institute for Clinical and
Translational Sciences, and BMI was calculated as weight (kg) / height (m2). For the JHD
subjects these measures were obtained from the medical records. Additionally, standardized
Z-scores for height, weight and BMI were calculated for the JHD subjects using CDC
growth charts database [26], controlling for age and sex. See Table 1 for demographic and
growth measurement data.

In order to minimize the direct effects of the disease process on growth measures, growth
measures were recorded as far from either symptom onset or diagnosis as possible. Most but
not all JHD subjects had multiple visits with recorded growth data. Growth data were
analyzed using the earliest time point available after birth, where it was possible to compute
Z-scores for height, weight and BMI at the same age according to CDC guidelines. All 18
JHD subjects had growth measures that were obtained either prior to their diagnosis (n=16)
or within 9 months of their diagnosis (n=2). Among the 16 with pre-diagnosis growth data,
the average elapsed time between measurement of growth and diagnosis was 2.15 years
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(SD=2.36, range 0.54 to 7.49). Therefore, these measures reflect the subject in the earliest
phase of disease (before or shortly after diagnosis).

Four of the 18 JHD subjects had growth measures that preceded symptom onset. In this sub-
group, the elapsed time between the growth measures and onset of symptoms was an
average of 2.90 years (SD=2.30, range 0.81 to 5.77). These measures would be considered to
reflect the child in a preJHD phase.

Statistical Analysis

Results

Statistical analysis was performed using software R, version 3.01[27] and SAS. Means,
standard deviations, minimums, and maximums were calculated for numeric variables. The
SAS GLM Procedure was used to compare all growth measures (height, weight, and BMI)
between JHD and healthy control groups, adjusting for sex, age, age?, and appropriate
interactions. For example, interactions between sex and the age terms were included for
modeling height and growth, since female growth tends to plateau around age 16 years,
whereas males continue to grow at this age, resulting in non-parallel growth curves for males
and females [21, 26]. However, exploratory analysis showed no evidence of age-by-sex
interactions for BMI, so group differences for BMI were only adjusted for sex, age, and
age?. Residual plots of the models suggested that the data may not have been normal, so we
also transformed the growth measures to improve normality, and compared the groups on the
transformed scales to confirm our findings. In addition to the above modeling, we also
performed one-sample t-tests of the Z-scores of the growth measures, to compare the 18
JHD subjects to national CDC norms. Z-scores are standardized accounting for age and sex
and are on a scale such that 0 represents a score equal to the normative values where positive
scores indicate a weight that is higher than the normative value and negative scores indicate
a weight that is lower than the normative score. Finally, we used Spearman correlations to
assess whether CAG repeats were associated with age at symptom onset and diagnosis, as
well as with the Z-score growth measures among the nine subjects for whom we had CAG
repeat data.

JHD vs. Controls

Descriptive statistics for age and unadjusted measures of growth are presented in Table 1.
Tables 2 and 3 contain a summary of our adjusted comparisons. Table 2 shows the results of
our model-based approach based on our entire dataset, while Table 3 compares the 18 JHD
subjects to CDC normative data via Z-scores. The consistent message is that there is no
significant difference in height of JHD subjects vs. controls, while weight and BMI tend to
be approximately 10° lower in JHD subjects, after adjusting for age and sex. In further
analyses, we also repeated the t-tests shown in Table 3, based on only the 4 subjects for
whom we had data prior to the onset of symptoms (preJHD). In this analysis, the mean Z
scores were 0.11 for height (p=0.791), —0.49 for weight (p=0.171), and —0.71 for BMI

(p=0.025).
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Relationship between CAG Repeats and Disease Progression

For this analysis, all children with genetic information (n = 9) were included. The mutated
allele repeats have a highly significant negative relationship with both age at JHD symptom
onset (rs=-0.95, p< 0.0001) and at disease diagnosis (rs=—0.97, p< 0.0001). Figure 1
shows the data relating CAG repeats to age at diagnosis.

Relationship between CAG Repeats and Growth Measures

Spearman correlations were used to assess the relationship between standardized Z-scores of
weight, BMI, and CAG repeat length. Weight Z-scores and CAG repeats had a significant
negative relationship (r;=-0.77, p= 0.016), indicating that the largest CAG repeat sizes
were associated with the greatest reductions in weight. The BMI Z-scores had a negative, yet
not significant relationship with CAG repeat length (rs=-0.52, p=0.154).

Discussion

In this first ever study of anthropometric measures of subjects with JHD, measures of height
taken either prior or near the time of diagnosis were not different from typically developing
controls. However, weight and the proportional measure of BMI were significantly lower in
the JHD group. These findings are consistent with previous studies that demonstrate
diminished weight and BMI in early and late HD patients [28, 29], pre-HD adults [14], and
pre-HD children [21].

Although the cause of weight change in HD is yet to be elucidated, it has been suggested
that changes in motor activity, caloric intake or metabolic rate [30] may underlie the
unintended weight loss. Given that JHD patients are, on average, much slower in their
movements due to bradykinesia and dystonia [23, 31] the suggested higher energy
expenditure due to excessive involuntary movements is unlikely to explain the current
findings. However, especially for those whose heralding complaint was oropharyngeal
dysfunction, the patients could have experienced difficulty chewing and slowing which
would affect adequate food consumption to achieve normal range of weight.

Could the decreased weight and BMI be due to environmental factors? Significant disruption
in the families of JHD patients likely exist; especially if one of the parents is in the
symptomatic stages of HD. This type of environment could lead to factors that could
impinge on weight such as lower socioeconomic status and its accompanying risk for poor
health care and poor nutrition. In addition, having an ill parent can lead to significant
emotional and behavioral issues for these children that could affect them long before they
manifest their own symptoms. However, in our previous study on growth measures in at-risk
children [21], all of the subjects had a parent with HD and therefore shared, at some level,
the same environmental hardships. Yet the weight and BMI measures of the gene-expanded
(pre-HD; referred to as gene-positive) children and those who were gene non-expanded
(referred to as gene-negative) was dramatically different. Compared to healthy controls, the
children that were raised in a home where a parent had HD, but were gene-negative had
significantly /argerweight and BMI measures compared to both the gene-positive group and
the healthy controls. Conversely, the group of children who also come from a home where
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one parent had HD but were gene-positive had the exact opposite pattern with significantly
lowerweight and BMI compared to the gene-negative or healthy control groups. This is
strong support for the notion that the growth measures in that study were more likely related
to the effects of the gene rather than the environment. For the current study, support for the
notion that the lower weight in the JHD sample is due to gene effects rather than
environment effects is the strong correlation between CAG repeat length, or degree of gene
mutation, and the z-score of weight.

Although the current study did not seek to identify the cause of the anthropometric measure
change, one proposed mechanism by which mutant A/ 77 leads to lower than normal BMI is
an energy deficit due to mitochondrial dysfunction [32, 3?']. Evidences of low ATP/ADP
ratio in cell lines from HD patients [34], where higher CAG repeat length was associated
with greater energy disruption and energetic disturbances found in HD adult skeletal muscle
[9-11] together, point to a systemic peripheral energy deficit in HD. Conformingly, while
weight and BMI were significantly different, the JHD patients did not differ in height from
healthy controls. This highlights the absence of a generalized growth defect where both
height and weight would be proportionately low, without the pronounced decrement of
weight and BMI. Whilst the exact change in body composition is unknown, inadequate
muscle bulk could account for the specific weight decrement as such tissues with very high

metabolic demand are particularly susceptible to the presence of systemic energy deficit [15,
16]_

The brain, like skeletal muscle, has a high energy demand and this is particularly true during
childhood growth and development [18, 19]. Previous work has shown that pre-HD adults
[35] and pre-HD children [21] have smaller than normal brain size. Whether or not this brain
growth deficiency is due to an energy deficit is not yet clear. However, the brain is entirely
dependent on energy substrates provided by the peripheral organs [36, 37]. Thus, a strain on
brain energy demands could prompt compensatory mechanisms in the periphery and the
need to shunt energy to the brain may subsequently exacerbate any potential primary
systemic energy deficit. Future studies clarifying the change in energy allocation during
development are necessary to understand the lifelong systemic impact of mHTT.

Early, pre-disease systemic metabolic defect is well documented by the studies that show
both lower than normal BMI [12-14] and abnormal energy metabolism [38] in PreHD
subjects. This is supported by our previous study of preHD children who show lower than
normal head circumference, weight, and BMI who are, on average, 30 years from expected
motor onset [21]. The lower BMI in 4 JHD children who had measures obtained prior to
symptom onset may extend upon these earlier findings. These measures were obtained, on
average, nearly 2 years prior to the time in which any symptom was identified, reflecting
measures within the preJHD phase. Although the reported age at symptom onset may not be
precise owing to the retrospective nature, collectively, the results support the notion that a
systemic metabolic defect is present prior to disease onset.

In the context of adults with HD, deficits in weight are due to weight loss, which can be
severe in the later stages of the disease. However reduced weight and BMI in children may
not be a loss of weight, but instead a lack of muscle, adipose tissue growth or even change in
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bone density. It is possible that for some of our children, weight and BMI were comparable
to the healthy controls, but then dropped when measured in the early phase of disease.
Unfortunately limited by recorded information available on charts, we do not have enough
longitudinal data that crosses the span of pre-symptomatic through later phase of the disease,
therefore it is unclear whether the expected weight was achieved at some point then
decreased over time. The lower than normal BMI in the preJHD children are more likely to
reflect poor body mass growth rather than a loss of normally developed muscle.

The findings of low BMI in JHD subjects is similar to the findings of adult onset HD,
providing another clinical feature that is shared by both. While the hallmark symptom
indicates that an overlapping pathophysiological deficit linked to CAG expansion is in place,
extreme CAG expansion may have a different pathogenic mechanism. However, limited by
the small sample size and unrecorded dietetic data of this cohort it is difficult to determine
the discrepancy. Many studies have displayed inverse correlations between CAG length and
age of onset, and have subsequently created moderately predictive equations [39]. It has
been estimated that repeat length only accounts for 67° of the variation of age at onset [40],
and other genetic modifiers and environmental condition play major roles [41, 42]. In
addition, it has been reported that the relationship between CAG repeat and age of onset is
stronger for adult onset HD compared to JHD [43]. The findings in our study, on the other
hand, suggest a much stronger predictive correlation in our JHD sample, with CAG length
explaining about 92° variation in JHD age at diagnosis [89° for symptom]. While
environmental and genetic factors have a strong effect in adult onset, these results suggest
the biological drive of the mutant allele in extreme CAG lengths may become more
dominant against other factors. Further accumulation of evidence showing the lack of or the
presence of amplified genetic influence of extreme CAG repeats on well-recognized
pathological features of HD may help establish a pathoetiological model potentially unique
to JHD.

In the current sample of subjects, growth measures were obtained on average 2.29 years
prior to the formal diagnosis of JHD with a focused effort to characterize the early course of
illness. During this early stage, the majority of the BMI and weight measures of the JHD
children remained within the normal percentile range (defined as 51 percentile to 85t
percentile) when compared to the CDC norms, however on average were lower than the
healthy controls. Therefore, it is important to note that, although the drop in weight and BMI
in the JHD patients are statistically significant, they are subtle in a clinical sense.
Nevertheless, the current findings not only extend the documentation of phenotypic features
of JHD but could also further our understanding of the effect of CAG expansion on
development that could potentially influence the pathogenic process of HD.

Our report provides an additional characterization of a relatively uniform and objective
feature of this cohort. This may aid recognition of this rare form of HD, which presenting
clinical symptom and age at onset vary between individuals. Certainly the presence of lower
body weight and BMI should not hasten diagnostic genetic testing of children at risk for HD
[3]. Importantly, the impact of maintaining adequate caloric intake and weight on JHD
disease progression is worth further investigation.
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Figurel.
Relationship between CAG repeat length of the mutated allele and age at JHD diagnosis.

The dashed lines indicate the 95° confidence limits for the fitted line.
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Table 1

Demographics, unadjusted growth and genetic data.

JHD
9 males, 9 females

Mean (SD) Min-Max

Healthy Controls
135 males, 139 females
Mean (SD) Min-Max

Growth Data Age (years)
Height (cm)
Weight (kg)
BMI (kg/m?)
Symptom Onset Age (years)
JHD Diagnosis Age (years)
CAG Repeat : Mutated Allele (n=9)

13.3(54)  3.1-20.7
149.2 (29.2)  92.7-185.8
443(193) 127671

18.7(3.7)  14.6-29.2

11.9(47)  4.0-194

15.0(5.3)  6.29-22.4
751(25.0)  53-130

12.6 (3.6) 6.0-21.9
153.2 (17.2)  113.8-190.4
50.3(19.0)  20.4-130.8

207 (44)  133-39.1
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Table 2

Results of growth measure comparisons between the JHD group (n=18) and the healthy control group
(n=274).

Healthy JHD vs.

JHD Controls  Healthy Controls

Growth Measure

Mean (SE) Mean (SE) M ea(lgSEOng)ence (origF;)i_r\{z?JJ l.igale) (transfli;:/ r%ltl;; scale)
Height (cm)® 1514 (1.8) 153.1(04) ~-1.7(-53,2.0) 0.373 0.114
Weight (kg)® 449(29) 503(0.7) -5.4(-11,3,0.6) 0.071 0.018
BMI (kg/mz)b 18.6 (0.9) 20.7(0.2) -2.0(-3.9,-0.1) 0.036 0.027

Abbreviations: SE=Standard Error, CI=Confidence Interval.

2

aAdjusted for age, age2, sex, age x sex and age< x sex.

bAdjusted for age, agez, and sex.
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Table 3

Results of growth measure comparisons between the JHD group and CDC standards.

N Mean SD T Statistics P-value

Height (Z-score) 18 -0.18 1.13 -0.67 0.512
Weight (Z-score) 18 -0.36 0.67 -2.29 0.035
BMI (Z-score) 18 -04  0.92 -1.83 0.084

Abbreviations: SD= Standard Deviation
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