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IMPORTANCE Predictive genetic testing in Huntington disease (HD) enables therapeutic trials
in HTT gene expansion mutation carriers prior to a motor diagnosis. Progression-free survival
(PFS) is the composite of a motor diagnosis or a progression event, whichever comes first.

OBJECTIVE To determine if PFS provides feasible sample sizes for trials with mutation carriers
who have not yet received a motor diagnosis.

DESIGN, SETTING, AND PARTICIPANTS This study uses data from the 2-phase, longitudinal
cohort studies called Track and from a longitudinal cohort study called the Cooperative
Huntington Observational Research Trial (COHORT). Track had 167 prediagnosis mutation
carriers and 156 noncarriers, whereas COHORT had 366 prediagnosis mutation carriers and
noncarriers. Track studies were conducted at 4 sites in 4 countries (Canada, France, England,
and the Netherlands) from which data were collected from January 17, 2008, through
November 17, 2014. The COHORT was conducted at 38 sites in 3 countries (Australia, Canada,
and the United States) from which data were collected from February 14, 2006, through
December 31, 2009. Results from the Track data were externally validated with data from the
COHORT. The required sample size was estimated for a 2-arm prediagnosis clinical trial. Data
analysis took place from May 1, 2016, to June 10, 2017.

MAIN OUTCOMES AND MEASURES The primary end point is PFS. Huntington disease
progression events are defined for the Unified Huntington's Disease Rating Scale total motor
score, total functional capacity, symbol digit modalities test, and Stroop word test.

RESULTS Of Track’s 167 prediagnosis mutation carriers, 93 (55.6%) were women, and the
mean (SD) age was 40.06 (8.92) years; of the 156 noncarriers, 87 (55.7%) were women, and
the mean (SD) age was 45.58 (10.30) years. Of the 366 COHORT participants, 229 (62.5%)
were women and the mean (SD) age was 42.21 (12.48) years. The PFS curves of the Track
mutation carriers showed good external validity with the COHORT mutation carriers after
adjusting for initial progression. For required sample size, PFS with a motor diagnosis or total
motor score progression required about 4 times fewer participants than a motor diagnosis
alone. Including additional cognitive progression events further reduced the number. For
example, a 3-year trial with 10% attrition and a treatment effect of 50% requires a total of
661 with motor diagnosis as the survival end point but only 177 with a total motor score PFS.

CONCLUSIONS AND RELEVANCE Reasonably sized prediagnosis Huntington disease trials can
be planned with PFS, and there is evidence of generalizability of this approach.
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H untington disease (HD) is a devastating neurodegen-
erative disorder caused by a cytosine-adenine-
guanine expansion on the HTT (OMIM 613004) gene

of chromosome 4.1 Huntington disease is autosomal domi-
nant with reduced penetrance for 36 to 39 repeats and full pen-
etrance for 40 repeats or more.2 Progression leads to a triad
of signs and symptoms, including motor, cognitive, and be-
havioral features.3 A reliable predictive genetic test is avail-
able that can be used to establish whether an individual is an
HTT gene expansion mutation carrier prior to the emergence
of any signs or symptoms. Early identification of carrier sta-
tus enables trials to examine whether a therapeutic interven-
tion might prevent or delay the pathological processes that lead
to disease onset.

A landmark event in HD is motor diagnosis, which is de-
termined by the standard motor examination score on the Uni-
fied Huntington’s Disease Rating Scale (UHDRS).4 Motor diag-
nosis is the highest rating on the UHDRS Diagnostic Confidence
Level (DCL), which indicates the rater is at least 99% confi-
dent that the motor abnormalities displayed by the patient are
unequivocal signs of HD. Despite the prominent role of mo-
tor diagnosis in HD research, it is reluctantly used as an end
point in clinical trials.2 The reason for this reluctance is HD is
a slow progressing disease and only a small number of motor
diagnosis events for cohorts are followed over the short peri-
ods typical of clinical trials.

In HD therapy development, preventive clinical trials for
mutation carriers who have not yet been diagnosed are being
planned. With this population, it is crucial to have better-
defined, feasible, and cost-effective end points over time. The
number of events can be increased by considering a second-
ary variable associated with the definitive event of a motor di-
agnosis but has a faster rate of change. This alternative ap-
proach is known as progression-free survival (PFS), which is
widely used in oncology trials.5-7 Progression-free survival is
defined as the time elapsed from treatment initiation to the
first event of HD progression or motor diagnosis, whichever
comes first.

This study examines PFS using 7 years of data from the
Track observational study8-10 and evaluates the extent of re-
producibility using data from the Cooperative Huntington
Observational Research Trial (COHORT),11 a separate indepen-
dent study. Our hypothesis is that PFS will provide sufficient
events for the planning of feasible prediagnosis clinical trials
and show reasonable generalizability.

Methods
Standard Protocol Approvals, Registrations,
and Patient Consents
Study activities were reviewed and approved by the local eth-
ics committees for the Track study and the institutional re-
view boards for the COHORT study (the University of Roches-
ter and each site approved the protocol). Written patient
informed consent, according to the Declaration of Helsinki,12

was obtained from each participant (if unable, the partici-
pant had an authorized representative provide consent on their

behalf), including consent for the distribution of deidentified
data for research purposes. Data analysis took place from May
1, 2016, to June 10, 2017.

Study Population
Primary analysis involved HTT gene expansion mutation car-
riers and noncarriers from 2 phases of the Track study:
Track-HD and Track-On. Track-HD is a longitudinal cohort
study comprising prediagnosis and postdiagnosis mutation car-
riers and healthy noncarriers and was conducted at 4 sites in
4 countries (Canada, France, England, and the Netherlands)
from which data were collected for the period from January
17, 2008, through November 17, 2014.8-10 The inclusion crite-
ria for Track-HD were 18 to 65 years of age, tolerance for mag-
netic resonance imaging scans and biosample collection, ab-
sence of major psychiatric disorder or history of significant head
injury, not active in an experimental therapeutic trial, and no
comorbid medical conditions preventing assessment. Non-
carriers were selected from spouses or partners of carriers or
noncarrier siblings. Noncarriers were matched by age and sex
to the carriers.

Track-On is also a longitudinal cohort study of mutation
carriers and noncarriers. One hundred twenty-three of the
167 prediagnosis carriers (74%) and 99 of the 156 noncarriers
(64%) transitioned to Track-On from Track-HD. Participants
who transitioned could have a maximum of 7 years of data,
from which data were collected for the period from January
17, 2008, through November 17, 2014. Table 1 shows descrip-
tive statistics for key variables at study entry (baseline) by
carrier status.

The external validation for this study involved partici-
pants in COHORT, a longitudinal cohort study of 366 HTT gene
expansion mutation carriers and noncarriers conducted at 38
sites in 3 countries (Australia, Canada, and the United States)
and from which data were collected for the period February
14, 2006, through December 31, 2009. Enrollment in COHORT
was open to people who had tested positive for the HTT gene
expansion mutation (prediagnosis or postdiagnosis) or people
who were untested but had a family history of HD. Noncarri-
ers were family members verified by genetic testing to not have
the expansion mutation. Only confirmed prediagnosis muta-
tion carriers were considered for the validation analysis. Table 1
shows descriptive statistics for the COHORT sample along with
statistical comparisons with the Track carrier group. Note that

Key Points
Question Can survival end points for prediagnosis Huntington
disease trials be developed to provide feasible sample sizes?

Findings This study involving participants in 2 Huntington disease
studies found that progression-free survival—a composite of a
motor diagnosis or a progression event—yields much smaller
sample sizes than a motor diagnosis event alone.

Meaning The progression-free survival end point may provide
feasible sample sizes for clinical trial planning for Huntington
disease gene expansion mutation carriers who have not yet
received a motor diagnosis.
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the COHORT sample was significantly more progressed at base-
line, as indicated by the clinical measures.

Measures
Progression-free survival required a definitive end point, which
was motor diagnosis. It also required at least 1 secondary vari-
able associated with motor diagnosis but potentially had a
faster rate of change. The secondary variables considered were
the UHDRS total motor score (TMS), total functional capacity,
the symbol digit modalities test, and the Stroop word test.

End Points
Two types of survival end points were examined. The end point
for traditional survival analysis was motor diagnosis (DCL = 4),
and the time to first occurrence was analyzed. Progression-
free survival is a type of composite event triggered by either a
progression event or a motor diagnosis, whichever comes first.
Thus, the time to the composite event was used for the PFS
analysis.

The progression event was a change from baseline of suf-
ficient size to be deemed important, referred to as clinically
meaningful change (CMC).13 Statistical methods for CMC es-
timation are described. A progression event occurs for an in-
dividual if the change on the secondary variable meets or ex-
ceeds the CMC. For example, consider a CMC of 3 for the TMS
and an individual has 4 time points with a TMS of 8, 9, 12, or
13 at baseline (0) and 1, 2, and 3 years of follow-up. The TMS
difference from baseline is 0, 1, 4, or 5, and we assume that a
DCL of 4 does not occur. The third and fourth values meet the
criterion for a progression event, and the time to the PFS event
is 2 years because it is the first instance of the progression event
(time points after the event are ignored). Progression-free sur-
vival requires the composite event to occur after baseline; if
there is no composite event over the observed epoch, the in-
dividual is considered right censored, which means the com-
posite event will happen sometime in the future.

Statistical Analysis
Clinically Meaningful Change
Track data were used to develop the CMC. For the CMC to ac-
curately reflect disease effects as opposed to normal aging ef-

fects, we used an extreme score based on analysis with only
the noncarriers. Change from baseline was computed for
each follow-up time, which represented change due to natu-
ral aging (although there were practice effects for the symbol
digit modalities test and the Stroop word test). Extremes of
these changes were computed on the basis of quantile mixed
models for follow-up after baseline (eMethods in the Supple-
ment). The quantile mixed model accounted for the depen-
dency resulting from repeated measures, but unlike tradi-
tional mixed models, a quantile was estimated as a function
of time rather than the mean.14 Change from baseline was
regressed onto time on study, age at baseline, and their inter-
action. The 99th quantile was estimated for TMS because an
increase from baseline indicated greater HD progression.
Conversely, the first quantile was estimated for total func-
tional capacity, the symbol digit modalities test, and the
Stroop word test because a decrease from baseline indicated
greater progression.

External Validation
To assess the replicability (generalizability) of the end points,
the CMC developed in Track was applied to the COHORT data.
Mutation carriers from both studies were combined, study
membership was coded, and then the survival profiles of the
studies were compared using 2 statistical methods. The first
method was the Wald test of study difference (z score) using
the Cox proportional hazards regression model, and the sec-
ond method was the likelihood ratio test of study difference
based on smoothed cubic spline survival models.15 The null
hypothesis for both tests was that the survival curves of the
studies were equivalent, possibly adjusting for covariates.
Thus, evidence of the reproducibility of the PFS curves on
the basis of Track CMC would be provided if there was no sta-
tistically significant study difference; significance was
defined as a 2-sided P < .05 for all results. Spline modeling
provided smooth survival curves that were not unduly
affected by final times being event times (Figure). Study dif-
ferences were examined without and with adjustment for
covariates. The covariates were all baseline variables that
showed a significant study difference from Table 1, except for
follow-up.

Table 1. Descriptive Statistics for Variables Measured at Study Entry (Baseline)

Variablea
Track Study
Noncarriers

Track Study
Mutation Carriers

COHORT
Mutation Carriers Statisticb P Value

Participants, Total No. 156 167 366

Female sex, No. (%)c 87 (55.7) 93 (55.6) 229 (62.5) −1.50 .13

Age, mean (SD), y 45.58 (10.30) 40.06 (8.92) 42.21 (12.48) −2.00 .046

CAG expansion,
mean (SD), No.

NA 43.22 (2.42) 42.37 (2.80) 3.35 <.001

Total motor score,
mean (SD)

1.42 (1.65) 3.01 (2.28) 6.23 (8.57) −4.78 <.001

Total functional capacity
score, mean (SD)

12.99 (0.11) 12.86 (0.51) 12.36 (1.54) 4.13 <.001

Symbol digit modalities
test score, mean (SD)

52.49 (9.46) 51.66 (10.17) 44.99 (12.17) 6.17 <.001

Stroop word test score,
mean (SD)

105.35 (16.95) 99.95 (16.86) 90.76 (19.89) 5.18 <.001

Follow-up, mean (SD), y 4.00 (2.19) 4.22 (2.11) 2.27 (1.02) 14.41 <.001

Abbreviations:
CAG, cytosine-adenine-guanine;
COHORT, Cooperative Huntington
Observational Research Trial;
NA, not applicable.
a Mean (SD) was used for quantitative

variables, and number (percentage)
for categorical variables.

b Statistical tests are for CAG
expanded study participants (Track
vs COHORT).

c The z score was used for female sex,
and the unpaired, 2-tailed t test
(df = 531) was used for all other
variables.
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Required Sample Size
A popular test of the equivalence of survival curves among
groups is the log-rank test.16 Sample size can be estimated from
standard formulas when testing the null hypothesis of equiva-
lent survival curves, under the assumptions of proportional
hazards and exponentially distributed survival times
(eMethods in the Supplement).17 Sample size estimates for the
log-rank test required an estimate of the survival proportion
at study end. Survival proportions were estimated on the ba-
sis of the cubic spline survival curves. Sample sizes were es-
timated using the conventional type I error rate of 5%
(2-tailed test) and type II error rate of 20% (power = 80%). Es-
timates were for a 3-year, 2-arm parallel trial with equal group
sample size. To allow for attrition, the total sample size, N, was
adjusted by the dropout rate, w. The adjustment for dropout
was Nw = N/(1 − w), where w = 0, 0.10, 0.20.

To provide a benchmark for judging the performance of
the nonparametric log-rank test, sample size was also esti-
mated using the 2-group Mann-Whitney-Wilcoxon (MWW) test
of TMS at only the last time point. The MWW is a test of dif-
ference in group TMS medians when the group distributions

are identical except for a location shift.18 When the assump-
tions of the MWW test hold, it is more efficient than the log-
rank test and will yield a smaller sample size.19

The treatment effect size was defined as the hypothetical
proportion reduction (π) in the treatment TMS mean (μT)
relative to the placebo mean (μP) at the study terminus:
π = |(μP − μT)|/μP. The Track prediagnosis mutation carriers
were treated as a proxy for the placebo group, and the hypotheti-
cal improvement in the treatment TMS mean was computed
as μT = μP(1 − π). The quantity π was related to Cohen d as
d = μP(π)/σ, where σ2 was the common group variance. For the
Track data, the 3-year visit mean and SD were estimated to be

μP = 6.59 and σ = 5.86;^ ^

thus, a 50% TMS mean reduction produced d = 6.59(0.50)/
5.86 = 0.56. Cohen d was not appropriate for the nonpara-
metric log-rank test or MWW test. Therefore, Cohen d was
transformed into the area under the curve (AUC) of the
receiver operating characteristic curve in medical diagnostic
testing.20

Figure. Kaplan-Meier Survival Curves (Stepped) and Cubic Spline Curves (Smooth) by Follow-up Year and Study for Different Survival End Points
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Curves are unadjusted for covariates. COHORT indicates Cooperative Huntington Observational Research Trial; DCL, diagnostic confidence level.
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The AUC is a nonparametric effect size on the 0-1 scale and
has a convenient probability interpretation for the log-rank test.
The AUC is the probability that a randomly sampled patient
from the treatment group will delay an HD progression event
longer than will a randomly sampled patient from the pla-
cebo group.19 There was no treatment effect when AUC = 0.50
because there was an equal chance of longer delay for both
groups; only when there was an AUC > 0.50 did we have lon-
ger delay for the treatment group. For the aforementioned 50%
TMS mean reduction (with d = 0.56), the effect size was
AUC = 0.65 (eMethods in the Supplement).

Results
Of Track’s 167 prediagnosis mutation carriers, 93 (55.6%) were
women, and the mean (SD) age was 40.06 (8.92) years; of the
156 noncarriers, 87 (55.7%) were women, and the mean (SD)
age was 45.58 (10.30) years. Of the 366 COHORT participants,
229 (62.5%) were women, and the mean (SD) age was 42.21
(12.48) years. Results of the CMC analysis using the Track non-
carrier group are shown in Table 2, which shows the point es-

timates and 95% bootstrap CIs for select ages. Because the
UHDRS variables take only integer values, the CMC point es-
timates can be rounded up to the next extreme integer. For
example, the CMC for TMS is 3 for 30 to 35 years of age, 4 for
40 to 50 years of age, and so on. The CMC for total functional
capacity is −1 (loss of 1) for 35 years of age or older.

Results of the study survival curve comparison are pre-
sented in Table 3. Kaplan-Meier curves and fitted spline curves
without covariate adjustment are shown in the Figure. Kaplan-
Meier probabilities descend to 0 for some curves because the
final time is an event time (spline curves are unaffected by this
occurrence). The Figure shows that individuals from the
COHORT had a greater risk of an event than those from the Track
study, with the TMS curves being most similar. Likewise, the
upper portion of Table 3 indicates significant study survival
curve differences without covariate adjustment for all end
points except TMS. The bottom portion of Table 3 shows that,
after adjusting for baseline variables, the study differences were
no longer significant, except for the symbol digit modalities test,
which was not considered further for this reason.

The estimated total sample size is shown in Table 4 for a
hypothetical 3-year parallel-arm clinical trial with 10% attri-

Table 2. Clinically Meaningful Change Point Estimate for a Hypothetical 3-Year Triala

Variable

Age, Point Estimate (95% Bootstrap CI)

30 y 35 y 40 y 45 y 50 y 55 y 60 y 65 y 70 y
Total motor score 2.30

(1.35 to
3.21)

2.72
(1.64 to
3.77)

3.15
(1.95 to
4.31)

3.57
(2.23 to
4.89)

4.00
(2.46 to
5.51)

4.43
(2.72 to
6.11)

4.85
(2.95 to
6.72)

5.28
(3.20 to
7.32)

5.70
(3.48 to
7.92)

Total functional
capacity

−0.00
(−0.04 to
0.01)

−0.02
(−0.06 to
−0.01)

−0.03
(−0.09 to
−0.01)

−0.04
(−0.12 to
−0.01)

−0.06
(−0.15 to
−0.01)

−0.07
(−0.19 to
−0.02)

−0.08
(−0.22 to
−0.01)

−0.10
(−0.25 to
−0.02)

−0.11
(−0.28 to
−0.02)

Symbol digit
modalities test

−1.78
(−3.33 to
−0.11)

−3.70
(−5.05 to
−2.16)

−5.62
(−7.32 to
−4.10)

−7.54
(−9.69 to
−5.78)

−9.46
(−12.12 to
−7.17)

−11.38
(−14.67 to
−8.54)

−13.30
(−17.32 to
−9.88)

−15.21
(−19.93 to
−11.17)

−17.13
(−22.59 to
−12.44)

Stroop word test −10.39
(−17.04 to
−6.10)

−13.28
(−20.11 to
−8.85)

−16.16
(−23.18 to
−11.38)

−19.05
(−26.86 to
−13.49)

−21.94
(−30.54 to
−15.60)

−24.83
(−34.07 to
−17.60)

−27.72
(−37.73 to
−19.72)

−30.61
(−41.49 to
−21.64)

−33.50
(−45.25 to
−23.46)

a Each point estimate is the extreme quantile (1% or 99%) based on the Track nonmutation carriers (controls).

Table 3. Training and Test Study Survival Comparisons for Various End Pointsa

End Pointb

Cox Model Spline Model

B exp (B) SE z Score P Value χ 2
1 P Value

Study difference only

DCL −0.79 0.45 0.22 −3.63 <.001 16.60 <.001

Total motor score or DCL −0.15 0.86 0.13 −1.10 .269 2.17 .14

Total functional capacity or DCL −0.71 0.49 0.18 −3.97 <.001 21.03 <.001

Symbol digit modalities test or DCL −0.55 0.58 0.16 −3.53 <.001 17.26 <.001

Stroop word test or DCL −0.62 0.54 0.18 −3.51 <.001 15.13 <.001

Study difference + covariates

DCL −0.11 0.90 0.25 −0.43 .671 0.43 .51

Total motor score or DCL 0.07 1.07 0.15 0.49 .621 0.06 .81

Total functional capacity or DCL −0.29 0.75 0.20 −1.48 .139 3.56 .06

Symbol digit modalities test or DCL −0.45 0.64 0.17 −2.66 .008 10.23 .001

Stroop word test or DCL -0.34 0.72 0.19 -1.72 .085 3.82 .051

Abbreviation: DCL, diagnostic confidence level.
a Covariates are all significant variables (P < .05) from Table 1.
b Upper portion (study difference only) shows the results for study difference

not adjusting for covariates; lower portion (study difference + covariates)
shows study difference adjusting for covariates.
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tion (see eTable in the Supplement for results based on other
attrition rates). As expected, traditional survival analysis based
on the DCL had the largest estimated sample size. Progression-
free survival with TMS progression showed substantially lower
sample sizes than the DCL alone, being almost 4 times smaller
for most effect sizes. However, PFS based on TMS progres-
sion had sample sizes that were approximately 1.5 times larger
than the smallest possible sizes of the MWW test. Combining
TMS with Stroop word test progression lowered the sample
sizes to the point of being only about 1.3 times larger than the
sizes of the MWW test.

Discussion
The goal of this study was to define CMC and an HD progres-
sion event for use in preventive trials with HTT gene expan-
sion mutation carriers prior to receiving a motor diagnosis. The
Track study was favorable for CMC analysis because it was
conducted as a clinical trial but without an active treatment
group.8-10 Clinically meaningful change developed in Track was
used to define PFS end points, and the survival curves were
found mostly to be similar for the COHORT data, especially af-
ter adjusting for progression differences at study entry. There-
fore, the CMC values that we developed appear to be reason-
able general indexes for defining HD progression events in
clinical trial planning.

The required sample size for a clinical trial can be greatly
reduced when a TMS progression event is used in combina-
tion with a motor diagnosis, which is consistent with our ex-
plicit hypothesis. For example, a 3-year trial with 10% attri-
tion and a treatment effect of 50% requires a total of 661 with
motor diagnosis as the survival end point but only 177 with a
total motor score PFS. A motor diagnosis based on the DCL is
perhaps the closest the field has to a gold standard for a land-
mark progression event in HD. As expected, survival analysis

with time to motor diagnosis yielded the largest required
sample size, whereas the PFS end points offered substantial
reduction. With the help of PFS, one can retain the definitive
outcome of a motor diagnosis while providing enough HD pro-
gression events for a reasonably sized trial. Total motor score
progression, for example, requires approximately 4 times fewer
participants for the range of effect sizes considered. It is no-
table that PFS is approved by the US Food and Drug Adminis-
tration as a surrogate end point for cancer trials.21 Such an en-
dorsement is an encouraging sign that PFS might eventually
be successful in pivotal trials of HD.

The potential advantage of PFS is that it incorporates mo-
tor diagnosis and produces enough events to increase the fea-
sibility of prediagnosis trials. This is not to say that PFS nec-
essarily yields smaller sample sizes than do traditional
methods. It involves dichotomizing continually measured
UHDRS variables, which reduces information and can lead to
lower efficiency.22 Our results show that, although PFS can
drastically lower the sample size compared with using motor
diagnosis alone, the sample size is still larger than a method
that compares the TMS among groups at the last visit. There-
fore, if efficiency is the only criterion for choosing an end point,
then PFS may be less attractive than the traditional methods.

The primary appeal of PFS is that it is anchored to the event
of a motor diagnosis, which is a well-established landmark in
the progression of HD. In addition, PFS may be desirable because
its effect size can be expressed as a probabilistic statement of
potential patient benefit. For instance, AUC = 0.60 means that
a given person in the treatment group has a 60 to 40 chance of
delaying an HD progression event compared with a person in
the untreated group. Huntington disease prevention therapy
(eg, repeated lumbar punctures) will likely be demanding for
participants, and treatment may only be desirable to pursue if
the chance of benefit is sufficient in the minds of both the par-
ticipants and researchers. The AUC effect size provides a clear
means of articulating a minimum potential benefit.

Table 4. Required Total Sample Size for a 3-Year, 2-Arm Parallel Trial as a Function of Trial Condition and End Point

Condition

Sample Size, No.

Survival Analysis Progression-Free Survival Analysisa
MWW Test,
Median
ScoreTX Effect, %b AUCb DCL TMS or DCL TFC or DCL SDMT or DCL SWT or DCL

TMS or SWT
or DCL

25 0.579 2376 646 1450 960 1381 573 468

30 0.594 1689 457 1030 681 980 406 327

35 0.610 1269 342 773 511 737 302 242

40 0.625 993 267 604 399 576 236 187

45 0.640 801 214 488 321 463 189 149

50 0.655 661 177 402 266 383 156 122

55 0.669 557 149 339 223 322 131 102

60 0.683 477 127 290 191 276 112 87

65 0.697 412 110 251 166 239 97 74

70 0.711 361 96 220 144 209 84 66

75 0.725 320 84 194 128 184 74 58

Abbreviations: AUC, area under the curve; DCL, diagnostic confidence level; MWW, Mann-Whitney-Wilcoxon; TFC, total functional capacity; TMS, total motor score;
TX, treatment; SDMT, symbol digit modalities test; SWT, Stroop word test.
a Multiple response variables denote the composite event of progression-free survival.
b Calculations are based on equal group allocation: type I error rate = 5%, power = 80%, and 10% dropout.
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The question remains as to what minimum AUC is accept-
able. Pilot data can provide an indication of effect sizes that
are in reach, or HD stakeholders can decide on a minimum
probability. We offer the opinion that AUC values smaller than
0.60 seem to get uncomfortably close to a 50-50 chance of de-
lay, which is just a coin flip’s chance. Furthermore, our re-
sults indicate that AUC = 0.60 requires a total N = 364 for the
TMS end point in a 2-arm study with 10% dropout. When AUC
is less than 0.57, more than 500 participants total will be re-
quired. The feasibility of a particular sample size depends on
many factors, but we believe planning for a study with no
greater than 400 participants will increase the likelihood of a
trial being conducted. The lower bound of AUC = 0.60 is con-
sistent with this goal.

The PFS end point is a composite by definition. There is re-
cent increased interest in composite end points because of the
potential of smaller studies and lower costs.23 An advantage of
PFS is that the composite is defined in a clear manner, which
does not require weights for combining variables. Because key
variables are collected at the standard UHDRS examination, it
is feasible to use such composite end points at little cost. The
caveat here, as with any composite end point, is a potential lack
of clarity regarding the nature of the effects. For example, PFS
will not distinguish an individual who has a TMS progression
event from another who has a Stroop word test event. Assum-
ing a treatment has a benefit, the benefit must be reported in
terms of potentially delaying the package of HD progression
events. Perhaps PFS using TMS is most clear because the com-
posite focuses only on motor signs and a treatment benefit can
be expressed broadly as a delay in HD motor progression.

A particular CMC threshold does not necessarily speak to
the importance of the progression event in the experience of
a mutation carrier. In clinical trials in which PFS is used, an ex-
pert panel typically convenes to confirm the appropriateness
of the CMC as the basis of a progression event. For example,
panels of oncology experts have been convened to determine
the criteria for a solid-tumor increase to define a tumor pro-
gression event, resulting in the Response Evaluation Criteria
in Solid Tumors (RECIST) guidelines for cancer trials.24,25 Our
CMC results are not meant to substitute for an expert panel;
they are offered as database results that might be informative
to such a panel.

The focus of this study is on preventive trials involving con-
firmed mutation expansion carriers who have not yet re-

ceived a motor diagnosis. A mutation carrier may not have a
motor diagnosis at prescreening but may have a diagnosis at
the first visit. This situation is problematic because such a
person must be analyzed according to the intent-to-treat
principle, even though the person has 0 event time that is un-
informative. An approach to address this problem is to disre-
gard DCL status in the analysis and only use time to the TMS
progression event as the outcome. The TMS progression event
is defined relative to study entry; thus, there will always be an
analyzable event time. Analysis with this modified end point
is called time-to-progression analysis.5 Practically speaking,
in our analysis, there is no difference in the number of events
between time to progression and PFS (results not presented)
because every individual who is eventually assigned a motor
diagnosis has an earlier TMS progression event. Thus, motor
diagnosis does not contribute to the event status of PFS, and
it is equivalent to time to progression. The drawback, how-
ever, is that the method does not have the definitive end point
of a motor diagnosis (which is ignored).

Limitations
The finding that the mutation carriers from the COHORT were
more advanced at study entry than those from the Track study
is likely due to differences in recruitment strategy. Track-HD ex-
plicitly aimed to recruit prediagnosis carriers who were rela-
tively far from a motor diagnosis, whereas COHORT did not. The
external validation considered mutation carriers in both stud-
ies who were willing to undergo genetic testing. We provide evi-
dence that the participants from the 2 studies are similar after
adjusting for baseline progression. However, it is unknown if our
results generalize to the broader HD population because most
at-risk individuals do not undergo genetic testing.26

Conclusions
Minimum values are proposed for assessing clinically mean-
ingful change over time for HTT gene expanded mutation car-
riers who have not yet received a motor diagnosis. The change
values can be used to define progression events that are easy
to combine, yield trials of reasonable size, and may apply across
studies. This approach is especially appealing when a re-
searcher wants to examine whether a treatment delays motor
onset.
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