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ABSTRACT: Background: Age of manifest
Huntington’s disease (HD) onset correlates with number
of CAG repeats in the huntingtin gene. Little is known
about onset with 36 to 39 repeats, the “reduced pene-
trance” (RP) range.
Objectives: We provide allele-specific estimates of
HD penetrance (diagnostic confidence level of 4) for
RP allele carriers.
Methods: We analyzed 431 pre-manifest RP allele
carriers from Enroll-HD, the largest prospective obser-
vational HD study. Cumulative penetrance (CP) was
estimated from Kaplan–Meier curves.
Results: No one with 36 repeats (n = 25) phen-
oconverted. CP for 38 repeats (n = 120) was 32%
(95% confidence interval [CI] 0%–55%) and 51% (CI,
10%–73%) by ages 70 and 75, respectively, and 68%
(CI, 46%–81%) and 81% (CI, 58%–92%) by ages
70 and 75 for 39 repeats (n = 253). CP was not esti-
mable at those ages for 37 repeats (n = 33).
Conclusions: Differences by RP-range repeat length
did not reach significance with a 3-year median follow-

up duration among censored individuals. © 2021 Inter-
national Parkinson and Movement Disorder Society
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Huntington’s disease (HD) is a fatal autosomal domi-
nant neurodegenerative disorder caused by a CAG repeat
expansion in the huntingtin gene (HTT). For those with
40 or more CAG repeats, penetrance is 100%, barring
competing risk of death, and several estimates of disease
onset have been published.1,2 Less is known about age of
onset for those with repeat lengths of 36 to 39, known as
the “reduced penetrance” (RP) range.3
Penetrance rates for RP allele carriers have been

reported previously. Brinkman et al4 estimated a 68%
risk of neurological or psychological onset by age
70 for those with 39 repeats, but did not evaluate
smaller repeat lengths. Langbehn et al5 estimated risk
of motor onset by age 70 to be 10% for 36 repeats,
17% for 37 repeats, 32% for 38 repeats, and 53% for
39 repeats. However, these estimates were extrapolated
from a parametric model designed for individuals with
41 to 56 repeats; RP allele carriers were excluded
because of potential non-representative ascertainment
in this range. Quarrell et al6 reported an empirical
cumulative penetrance (CP) of 67.1% by age 70 for RP
alleles; however, results for individual alleles may have
been unreliable because of small sample size (n = 176).
Several prospective observational studies emphasized

recruitment of pre-manifest individuals at risk for HD,
which may alleviate some ascertainment bias. In this
paper, we use the most recent data (December 2020) from
the largest such study, Enroll-HD, to provide empirical
estimates of HD penetrance over time for RP allele car-
riers and compare to full penetrance (FP) allele carriers.

Methods
Study Population

Data from Enroll-HD were made available by CHDI
Foundation Core datasets are collected annually for
over 20,000 participants globally. Data are monitored
for quality and accuracy using a risk-based monitoring
approach. All sites must obtain and maintain local ethi-
cal approval. For this analysis we used Periodic Data
Set 5, which also included data from REGISTRY,
Enroll-HD’s European predecessor study. When appli-
cable, we included patients’ preceding REGISTRY
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(protocol version 3) visits. Individuals were eligible for
this analysis if they were HD gene expansion carriers,
and if at baseline (Enroll-HD or REGISTRY3, as
appropriate) they were determined to be pre-manifest
with a diagnostic confidence level (DCL) <4 on the
Unified HD Rating Scale (UHDRS).7

Statistical Methods
Kaplan–Meier (KM) curves were fit to estimate inte-

ger age of phenoconversion to manifest HD diagnosis,
defined as the first occurrence of a DCL of 4. Individuals
who never reached a DCL of 4 were censored at the
age of their last recorded DCL. To account for left-
truncation (exclusion of individuals who were manifest
at baseline), we used a counting process style KM esti-
mation, only including individuals in the risk set while
they were on study (ie, period between baseline age and
diagnosis or censoring age). Because of this, the number
at risk for KM estimation can increase or decrease over
age. There may be periods with only one or even zero
people in the risk set, followed by enrollment of new
individuals. If an individual develops manifest HD
while being the only person in the risk set, the KM
curve will estimate 100% CP from that time forward,
even if other individuals enter the study at later ages,
leading to unreliable estimates. Therefore, we adminis-
tratively censored data at the earliest age beyond
60 years that the risk set decreased to only one individ-
ual. CP at age t, or the probability of phenoconverting
by age t, was defined as F tð Þ¼ 1 – S tð Þ, where S tð Þ is the
KM survival curve. Log-rank tests were performed at a
5% significance level to compare KM curves by CAG
repeat length and sex.

Results

After data cleaning, 3868 HD gene expansion car-
riers were eligible for analysis, defined as pre-manifest
at baseline (DCL <4) with at least one post-baseline
DCL on record. Among them, 431 (11%) had CAG
repeat lengths in the RP range (n = 25 with 36 repeats,
n = 33 with 37 repeats, n = 120 with 38 repeats, and
n = 253 with 39 repeats). The remaining 3437 with
alleles in the FP range had a median repeat length of
42 (range 40–60). RP allele carriers were older on aver-
age at baseline than FP allele carriers (mean � standard
deviation [SD]: 49.2 � 13.4 vs. 38.6 � 11.3 years,
respectively; t test, P value <0.001). A total of 42% of
RP allele carriers and 40% FP allele carriers were male.
Baseline DCL was 0 to 1 for 91% of RP allele carriers
and 84% of FP allele carriers (χ2, P value <0.001).
Median follow up duration among censored individ-

uals was 3 years (range 1–9 years). During follow up,
41 RP allele carriers and 820 FP allele carriers developed
manifest HD (DCL of 4). After administratively censor-
ing the RP cohort at 79 years and the FP cohort at
76 years, age of manifest HD diagnosis was significantly
older in RP versus FP allele carriers (median 66 vs.
38 years; P value <0.001; Fig. 1a). Among RP allele car-
riers, we administratively censored those with 36, 37,
38, and 39 repeats at ages 60, 61, 77, and 78, respec-
tively. Allele-specific CP probabilities at various ages are
presented in Table 1. No one with 36 repeats phen-
oconverted while on study, even without administrative
censoring. For 37, 38, and 39 repeats, CP probabilities
(and 95% confidence interval [CI]) by age 60 were 44%
(CI, 0%–75%), 32% (CI, 0%–55%) and 43%
(CI, 21%–58%), respectively. Among RP allele carriers,

FIG. 1. Cumulative penetrance over age, stratified by CAG repeat length. (a) Stratified by CAG repeat length 36–39 versus 40+. Log-rank P value
<0.001. (b) Individuals with RP alleles only, stratified by individual repeat length. Log-rank P value = 0.1. Comparing only 38 versus 39 repeats: P
value = 0.07. Kaplan–Meier curves were administratively censored at the earliest age beyond 60 years that the risk set contained only 1 individual.
[Color figure can be viewed at wileyonlinelibrary.com]

2 Movement Disorders, 2021

M C D O N N E L L E T A L

http://wileyonlinelibrary.com


we found no significant differences in age of pheno-
conversion by sex (P value = 0.4) or by individual repeat
length (P value = 0.1, Fig. 1b. 38 vs. 39 repeats: P
value = 0.07).

Discussion

Enroll-HD contains the largest sample of prospectively
collected data on HD penetrance for RP alleles. We lever-
aged this rich dataset to provide a new set of empirical
penetrance estimates for each allele within the RP range.
Comparing our findings to the literature, although

we found that no one with 36 repeats reached manifest
HD, cases of penetrance for this allele have previously
been documented.6 For individuals with 37, 38, and
39 repeats, allele-specific median ages of onset (65, 75,
and 65, respectively) were younger than the predicted
medians from the Langbehn et al formula (85, 76, and
69, respectively),5 with 37 repeats having the largest
discrepancy. Our allele-specific empirical CP estimates
are generally higher, although some similar, compared
to the model-based estimates from Langbehn et al.5

Our estimates for 38 repeats at ages 70 and 75 (32%
and 51%, respectively) are particularly close to those of
Langbehn et al5 (32% and 45%, respectively). Our esti-
mates for 39 repeats at ages 70 and 75 (68% and 81%,
respectively) agree with those of Brinkman et al4 (68%
and 79%, respectively), but not Langbehn et al,5 who
reported similar CP probabilities for 5 years later in life
(69% and 81% at ages 75 and 80, respectively).
Langbehn et al5 had extrapolated their estimates from
parametric models that exclusively used data from FP
allele carriers because of concerns about ascertainment
bias in the RP range. Our analysis used prospectively-
collected data from individuals who were pre-manifest
at baseline, so risk of ascertainment bias is low. Fur-
thermore, we mitigated additional bias from left-
truncation by only including patients in the risk set

while they were on study, rather than from birth. Our
findings suggest that some of Langbehn et al’s5 extrapo-
lated predictions of CP may be too low in the RP allele
population.
Our findings support claims that age of onset can

vary even among individuals with the same CAG repeat
length.1 One proposed explanation for this is simply
interlaboratory variation in repeat length determina-
tion.8 However, Enroll-HD used a central biorepository
facility to conduct all genotyping. There is increasing
evidence that the length of the uninterrupted CAG
repeat length is what correlates with age at onset. A
loss of interruption (LOI) variant has been shown to
associate with much earlier age of onset, particularly in
RP allele carriers. In one study, among RP allele car-
riers, the LOI was found in 33.3% of symptomatic
individuals, versus 5.1% of asymptomatic individuals.
Prevalence of the LOI was 100% among symptomatic
individuals with 36–37 repeats. The LOI was associated
with a striking 29.1-year earlier age of onset than
predicted for RP allele carriers, and a 12.8-year earlier
age of onset than predicted for FP allele carriers.9 In a
second study, the LOI, which was found in 1.02% of
symptomatic HD gene expansion carriers and 32.2%
of symptomatic RP allele carriers, was associated with
a 9.5-year earlier HD onset than expected after cor-
recting for possible underestimation of CAG repeats
because of the LOI.10 The likely mechanism is increased
somatic instability, which has been linked to earlier age
of onset in FP allele carriers.11 LOI data are not yet
available in Enroll-HD, but it is possible that all two
phenoconverters with 37 repeats in our KM analysis
and some phenoconverters with 38 to 39 repeats may
have the LOI variant. This would explain the earlier
median age of onset than predicted for 37 repeats.
Future work is needed to estimate the effect of LOI on
penetrance in this population.
This analysis is clinically important for genetic

counseling of individuals from known HD families with

TABLE 1 Estimated cumulative penetrance at various ages, stratified by CAG repeat length

Age
CAG 36
(n = 21a)

Cumulative penetrance (95% CI)

CAG 37
(n = 27a)

CAG 38
(n = 116a)

CAG 39
(n = 250a)

CAG 36–39
(n = 424a)

CAG 40
+ (n = 3435a)

50 0.00 (0.00–0.00) 0.25 (0.00–0.57) 0.21 (0.00–0.44) 0.09 (0.00–0.25) 0.13 (0.00–0.24) 0.83 (0.80–0.86)

55 0.00 (0.00–0.00) 0.44 (0.00–0.75) 0.32 (0.00–0.55) 0.23 (0.02–0.39) 0.26 (0.12–0.38) 0.91 (0.89–0.92)

60 0.00 (0.00–0.00) 0.44 (0.00–0.75) 0.32 (0.00–0.55) 0.43 (0.21–0.58) 0.37 (0.22–0.49) 0.96 (0.95–0.97)

65 NA NA 0.32 (0.00–0.55) 0.54 (0.33–0.69) 0.48 (0.32–0.60) 0.98 (0.98–0.99)

70 NA NA 0.32 (0.00–0.55) 0.68 (0.46–0.81) 0.57 (0.41–0.69) 0.99 (0.99–1.00)

75 NA NA 0.51 (0.10–0.73) 0.81 (0.58–0.92) 0.74 (0.57–0.84) 1.00 (1.00–1.00)

aSample size based on administratively censoring data at the first age beyond 60 when only one individual remains in the risk set.
Abbreviations: CI, confidence interval; NA, estimates are not available at the given age because of insufficient data.
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repeat lengths in the RP range who want more defini-
tive information of their risk of phenoconversion.11 It is
also important for the general population. One study
estimated that 1 in 400 people in the general popula-
tion have a CAG repeat expansion ≥36, most of which
are in the RP range.12

This analysis has several limitations. First, RP and FP
populations differed in age at study entry. It may be
more difficult in the older RP sample to discern HD
symptoms from signs of normal aging during UHDRS
evaluation. Second, although Enroll-HD specifically
recruited pre-manifest HD gene expansion carriers for
prospective observation, ascertainment bias may still be
present if the study populations are only representative
of those seeking medical care.3 Future work is needed
to include community controls in an analysis of HD
penetrance. Third, although visits were scheduled annu-
ally, some individuals had gaps of 2 to 9 years between
visits, posing risk of interval censoring for some pheno-
converters. Fourth, we assumed all individuals were
independent, although some correlation between family
members may exist. Last, future work is needed to
incorporate death as a competing risk.
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