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ABSTRACT  
 
Background 
Despite the monogenic autosomal dominant nature of Huntington’s disease (HD), the current 
research paradigm is still based on overt clinical phenotypes and does not address disease 
pathobiology and biomarkers that are evident decades before functional decline. A new research 
framework is needed to standardize clinical research and enable interventional studies earlier in 
the course of HD. 

Methods 
The HD Regulatory Science Consortium (HD-RSC), a precompetitive Critical Path Institute 
initiative that includes 37 member organizations, created the Regulatory Science Forum working 
group (RSF), which includes industry and academic representatives. To generate a new evidenced-
based HD Integrated Staging System (HD-ISS) using a formal consensus methodology, the RSF 
considered prognostic biomarkers, signs, and symptoms of HD, and performed empirical data 
analysis. We used observational data to calculate healthy-control-based landmark variable cut-offs 
for Stage classification and to internally validate the framework. 

Findings 
The HD-ISS starts with Stage 0, which comprises individuals with ≥ 40 cytosine-adenine-guanine 
repeats (CAG) in the huntingtin gene (HTT), before detectable indications of disease. We 
concluded that detectable HD progression is verified with measurable indicators of underlying 
pathophysiology (Stage 1), proceeds to a detectable clinical phenotype (Stage 2), and continues to 
a decline in function (Stage 3). Operationally, individuals can be unambiguously classified into 
Stages 1-3 based on CAG-independent thresholds of landmark assessments. Both cross-sectional 
status and longitudinal HD-ISS Stage progress align with HD natural history, and Stage transitions 
accelerate as CAG increase.  

Interpretation 
The HD-ISS encompasses the full course of HD starting at birth, defined by the presence of the 
genetic expansion. This new framework aims to standardize language for clinical research and its 
immediate use will enable further validation. The HD-ISS provides structure to harmonize clinical 
study populations and facilitates the clinical assessment of interventions earlier in HD to prevent 
or slow disease progression. 

Funding 
CHDI Foundation Inc. 
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INTRODUCTION 
 
Huntington’s disease (HD; OMIM #143100) is a genetic, autosomal dominant, neurodegenerative 
disease.1 While there is biological certainty that individuals who inherit a pathogenic expansion of 
CAG in HTT will eventually develop the signs and symptoms of HD, clinical practice still revolves 
around diagnosis based on clinical criteria that emerge well after the disease process is known to 
be underway.2,3 In the last decade, the scientific community has become acutely aware of the need 
to change the research paradigm to recognize the earlier phases of the disease spanning the period 
between birth and clinical motor diagnosis.4-7  
The concept of clinical diagnosis predates the discovery of HTT; it was created to identify HD 
cases based on clinical certainty before it was possible to test for the presence of the expansion of 
HTT CAG, and, importantly, before our knowledge of HD-related pathobiological changes that 
develop many decades before observable clinical signs.8,9 The Diagnostic Confidence Level 
(DCL) item, based on motor features included in the 1999 Unified Huntington’s Disease Rating 
Scale (UHDRSTM), was an attempt to standardize the clinical motor diagnosis concept and became 
widely used in research.10,11 DCL has been used with Shoulson and Fahn staging as the default 
process to classify HD participants in clinical studies.12  
However, like the diagnosis of Alzheimer’s disease (AD) at the onset of dementia, clinical 
diagnosis of HD at DCL = 4 (DCL4) is a later-stage event rather than indicative of the beginning 
of the biological disease process. The entirety of the disease course before DCL4 has been 
designated by various terms, “pre-symptomatic,” “premanifest,” or “prodromal,” which have taken 
on different meanings, leading to non-standardized case definitions in observational studies and 
clinical trials.13-18 For example, in the last two decades there have been foundational observational 
studies that contribute decisively to what is currently known about HD before clinical motor 
diagnosis – TRACK-HD, Track On-HD, PREDICT-HD, IMAGE-HD, Registry, Enroll-HD, and 
more recently HD-YAS.13-21 However, these studies each established distinct methods, including 
differently-adjusted products of age and CAG,4 to select and categorize participant disease 
progression. The lack of standardization makes it difficult to describe and compare populations 
across studies. Recently, a task force of the Movement Disorder Society proposed a standardization 
of the terminology to refine clinical diagnostic criteria; however, that initiative was grounded 
solely in clinical criteria, excluding genetic and disease progression biomarkers for its structure.22  
The progress of clinical research and development in the early, pre-DCL4 phases of HD requires 
an integrated system of classification and staging that incorporates all available data, including 
biomarkers, which will allow the conduct of clinical trials earlier in the disease course, data sharing 
with uniform case definitions, and validation of outcome measures for homogenous populations. 
In particular, such a system will facilitate the development of clinical trials aimed at slowing 
disease progression, which may need to be initiated early in the biological course of the disease 
for maximal benefit.  
The Huntington’s Disease Regulatory Science Consortium (HD-RSC23) is dedicated to building 
regulatory science strategies and creating new tools and methods to accelerate and de-risk the 
development and approval of HD therapeutics (see supplementary material). The HD-RSC 
comprises 37 members from the biopharmaceutical industry, academia, and nonprofit and patient-
advocacy organizations. The HD-RSC created the Regulatory Science Forum (RSF) as a working 
group to develop strategies to enable HD clinical trials before clinical motor diagnosis. 
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To address the issues above, the HD-RSC tasked our group, the RSF, to develop a framework that 
defines HD using biological criteria and to establish an evidence-based staging system, the HD-
ISS. The RSF voting body is composed of ten consortium representatives from industry and 
academia. We received input on the HD-ISS from regulatory agency representatives and the HD 
patient community, and the full HD-RSC formally endorsed the HD-ISS.  
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METHODS 
 
Formal Consensus Methodology 
We, the RSF, adopted a modified version of the NIH conference consensus method24 in which 
decisions were informed by rigorous evidence gathering, and empirical data was used to develop 
statistical models and validate the resulting staging system. We served as the expert panel and 
required ≥80% favorable votes for majority adoption of proposals. The conclusions and their 
evidentiary basis were formally reviewed by the HD-RSC Coordinating Committee. In addition, 
informal feedback was incorporated from regulatory agency partners and from the HD Coalition 
for Patient Engagement (HD-COPE), an international patient advocacy collaboration. 

Participants in the Analysis 
We used four publicly available data sets: Enroll-HD (4th periodic data set),18 IMAGE-HD,25,26 
PREDICT-HD,14,27-29 and TRACK-HD7,13,21 (Table S5, S7, <35 CAG: N = 4636 with 13,300 
longitudinal study visits; 40-50 CAG (excluding juvenile HD): N = 1107 with 3176 longitudinal 
visits with imaging). A larger dataset drawn from the four studies of N = 12,152 participants with 
36-50 CAG without imaging was used for the reduced penetrance analysis.  

Framework Development 
Biological HD Definition and Penetrance 
Development of a biological HD definition based on molecular genetics required demonstrating 
the size of the HTT CAG expansion that is deterministic, i.e., fully penetrant. We considered the 
rates of penetrance reported in the literature and carried out new statistical analyses to assess the 
probability of developing symptomatic disease in an expected life span. To estimate the 
population-average probability of DCL4 over time, we fit longitudinal logistic regression models 
by CAG. 
HD Staging System 
Conceptual model for stepwise progression of HD 
Clinical stages classify clusters of patients into broad groups based on shared prognostic features, 
expected outcomes, and required treatments.30 HD progression models informed the sequence of 
events from HD inception (birth) to death to identify critical disease-stage transitions, which we 
operationalized by defining landmark assessments and respective cut-off values. 
Landmark Selection 
The literature review generated an exhaustive list of candidate biomarkers and assessments 
(collectively, “assessments”) used in HD clinical research. We only considered assessments 
evaluated in studies with longitudinal design and sample size >100, and prognostic of disease 
progression (Tables S2 and S3). We selected two landmarks each for Stages 1-3, applying an 
either/or rule,31 and gave preference to assessments representing broader constructs and less 
affected by language and practice effects.  
Cut-offs Based on Controls 
To define cut-off values for the chosen landmarks, we conducted new data analysis (see 
supplementary material). Cut-offs for each landmark variable (Stages 1-3) are the quantiles 
associated with the 5% tail area of the variable’s distribution in control data over time, which were 
estimated using quantile regression for repeated measures (Figure S1). 
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Internal validation of the Staging system 
Participants with CAG ≥ 40 were scored for eligibility for each stage by determining whether their 
observed scores exceeded the cut-offs for the assessments (0 = ineligible, 1 = eligible). Eligibility 
for a stage was met if either or both cut-offs were exceeded. Stage assignment (classification) was 
determined by summing the number of eligibilities. The proportion of monotone patterns dictated 
by the staging system was tallied. Kendall’s tau-a was used to index the extent to which an 
individual progressed through the stages over time (the ordinal correlation between the 
individual’s stages and their visits).32 The continuation-ratio model for repeated measures33 was 
used to estimate the probability of being in a stage over time as a function of CAG. Missing data 
was handled with multiple imputation via a method that also allowed for bootstrapped confidence 
intervals (CIs).34 Additional details of the statistical methods can be found in the supplementary 
material. 
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RESULTS 
 
In accordance with the consensus methodology, we voted on the answers to each question below. 
All votes were unanimous. 

Biological HD Definition and Penetrance 
What size HTT CAG expansion is necessary and sufficient for HD pathogenesis? 
While the HTT glutamine tract is polymorphic in the general population, the HD genetic continuum 
comprises individuals with an expanded CAG tract (≥27 repeats) that is pathological and/or carries 
an increased propensity to transmit an enlarged CAG expansion to their offspring (Table 1).35-38 
We concluded from published studies of family pedigrees and our analysis below (Figure 1) that 
≥40 CAG in exon 1 of HTT on chromosome 4 has a positive predictive value for clinical 
manifestations of HD superior to 94%, and therefore can be considered causal.39,40 
Is there reduced or age-dependent penetrance of HD in individuals with 36-39 CAGs? 
Penetrance is defined as the proportion of individuals with a given genotype who exhibit the 
phenotype associated with that genotype.41 The phenotype was defined as reaching HD clinical 
motor diagnosis, here DCL4, in an expected life span (82 years).42 Allele lengths of 36-39 CAG 
are termed “reduced penetrance” implying that some, but not all, individuals in this population 
will exhibit the underlying pathology and overt signs of HD. It is possible that, just like for CAG 
≥ 40, there is age-dependent penetrance, and with sufficient life span, all individuals with CAG = 
36-39 would present with HD.35-38,43-50 We concluded that it is reduced penetrance in this CAG 
range based on  robust evidence from population-based epidemiological studies and case 
reports,45,46,48,49,51-53 and our novel modeling analyses illustrated here (full statistical analysis and 
results in supplementary material).  
Figure 1A shows that the proportion of individuals of ≥82 years that have not reached DCL4 
decreases with increasing CAG length (38 CAG: 3/6, 39 CAG: 3/21, 40 CAG: 1/41, 41 CAG: 1/40 
and 42 CAG: 0/10). Figure 1B shows that the predicted probabilities converge to 1 (complete 
penetrance) before the reference age of 82 for 41-43 CAG. For 40 CAG, the convergence to 1 is 
shortly after the reference age (86 years), and the curve looks similar to those of 41-43 CAG. In 
contrast, for 38-39 CAG, convergence is at >100 years old and the shape of the curves shift as 
CAG decreases (Table S6). Therefore, 36-39 CAG is necessary but not sufficient to define the 
disease state.  
We adopted the following definition of HD: 

Huntington’s disease is defined by the presence of a CAG expansion in exon 1 of the HTT gene 
of either (a) CAG ≥ 40; or (b) CAG ≥ 36 and the presence of a disease-specific biomarker or 
disease-specific clinical syndrome. 

Because research is needed to establish a disease-specific biomarker or clinical syndrome with 
high specificity, high positive predictive value, and compelling biological plausibility to 
operationally define HD for CAG = 36-39, at this time, the staging will focus on individuals with 
CAG ≥ 40. 
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HD Staging System 
What is the temporal sequence of events in the natural history of HD? 
Observational data and modeling analyses26,54-57 provide evidence that HD progression initiates 
with the genetic mutation, followed by the addition of measurable indicators of underlying 
pathophysiology (including neurodegeneration), then a detectable clinical sign or symptom, then 
a detectable functional change.  
HD-ISS Stage 0 includes all individuals that carry a pathogenic CAG expansion but for whom 
there is no detectable change in pathological biomarkers, or signs or symptoms, or functional 
changes associated with HD. Stage 0 includes the process of neurodevelopment in the presence of 
the expanded HTT CAG tract and includes a window before pathogenesis or clinical presentation. 
The disease process is a continuum beginning in utero,58,59 resulting in the eventual presentation 
of an HD clinical phenotype impacting functional ability.  
The pathogenesis that eventually initiates,26,60 and is then ongoing, can be detected by the 
measurable change in biomarkers indicating underlying neurodegeneration and signals Stage 1 and 
a change in prognosis. The presentation of definite clinical signs and symptoms, which can 
encompass cognitive or motor manifestations of HD, signals entry into Stage 2. Stage 3 is triggered 
by changes in an individual’s functional ability, such as a change in job status or difficulties 
performing activities of daily living. 
In summary, this temporal sequence is conceptualized as follows:  

HD-ISS: 
Stage 0: CAG ≥ 40 
Stage 1: CAG ≥ 40 & biomarker of pathogenesis  
Stage 2: CAG ≥ 40 & biomarker of pathogenesis & sign/symptom 
Stage 3: CAG ≥ 40 & biomarker of pathogenesis & sign/symptom & functional change 

Which landmarks are best suited to classify HD individuals into each Stage? 
Systematic literature review generated an exhaustive list of 2790 candidate assessments used in 
HD clinical research and we considered 16 potential landmarks (see Table S3) that had been 
evaluated in longitudinal studies of large sample size and are prognostic of further disease 
progression (Tables S1, S2, and S4).  
Stage 1 Landmarks: We identified volumetric neuroimaging assessments for six regions as 
biological markers of pathogenesis. In natural history modeling, caudate vMRI and putamen 
vMRI, adjusted for head size, were consistently the earliest imaging biomarkers to show atrophy 
in HD and therefore we selected these to capture the transition into the process of 
neurodegeneration.  
Stage 2 Landmarks: Candidates included motor and cognitive assessments but no behavioral 
ones; this is not unexpected since the latter typically do not progress with HD.61-63 To 
accommodate diversity in HD presentation, we selected one motor and one cognitive assessment 
as Stage 2 landmarks. To capture a more comprehensive motor construct, we selected the full Total 
Motor Score (TMS) over two of its components. In the cognitive domain, the Symbol Digit 
Modalities Test (SDMT) was the most widely reported in clinical research, while also 
demonstrating less combined impact of language and practice effects.64,65  
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Stage 3 Landmarks: We selected the Independence Scale (IS) and the Total Functional Capacity 
(TFC) over the TFC occupation sub-score because it captures broader information. 
Given Stage 3’s decades-long duration, we further divided it into three broad conceptual groupings 
of mild, moderate, and severe functional deficits, defined to give clear boundaries without relying 
on additional specific quantitative landmarks: 

Mild: Individual does not require assistance with routine activities, though they may be 
difficult and/or take a long time 
Moderate: Individual requires assistance with some routine activities 
Severe: Individual cannot perform any routine activities independently 
 

The landmarks and Stage conditions selected are depicted in Figure 2.  
What are the landmark cut-offs to operationalize the Stage criteria?  
To determine cut-offs, we chose the quantile associated with the 5% tail area of the control 
population to define entry into each Stage and applied it to all of the landmark variables (either 
upper or lower tail areas, Figure S1).66-68 For SDMT we stratified the data into two groups based 
on education level.69 Importantly, because the cut-offs are based on control data they are 
independent of CAG length. Table 2 details an abbreviated cut-off look-up table aggregated by 
five-year intervals and Table S8 displays yearly cut-off values. As an alternative to the look-up 
tables, we have also created a Stage “calculator” available as an online tool (https://enroll-
hd.org/calc/html_basic.htm). Given a person’s age and landmark assessment values, the calculator 
will output the Stage.  

Internal Validation of the Staging System 
Does Stage entry follow expected patterns? 
Figure 3 shows the predicted probability of crossing a cut-off and fulfilling a Stage condition as a 
function of age for CAG = 42 (curves for other CAG are similar). The Stage condition curves are 
shifted to the left of the individual landmark curves for each domain and are time-ordered.  
There is a similar sequential pattern for individual landmark curves. Note the SDMT curve crosses 
over the curves for the functional assessments because SDMT more gradually indexes HD 
progression (i.e., discriminates relative to controls at older ages). At younger ages the decline of 
SDMT for those with more education precedes the decline in TFC and IS, demonstrating that some 
individuals will meet the operational cut-off for SDMT before they show a functional change.  
Does analysis of individual study visits reveal expected Staging patterns? 
Evidence of ordered staging was assessed by scoring whether the individual met the cut-offs for 
each of the four Stages at that visit. A visit was only included in this analysis if there was complete 
data for all seven of the landmarks, including imaging data. Examination of Stage criteria patterns 
at each visit revealed that 87% of the patterns were consistent with the system (see Table S9).  
Do individual participants progress through the Stages over time? 
Overall, >85% of the participants had Kendall’s tau-a values32 that were consistent with orderly 
progression through the Stages; this percentage increased with more study visits (Table S10). 
Are longitudinal models of group-level progress consistent with the Staging construct?  
The estimated marginal (or in-Stage) probabilities and 95% CIs were computed from the estimated 
longitudinal continuation-ratio models (supplementary material). Figure 4 shows in-Stage 
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probabilities by age and paneled by CAG length. In all panels the Stage 0 curve begins at a high 
probability because it is constitutive and starts at birth. This curve is always decreasing because 
there is only transition out of Stage 0. In contrast, Stage 3 is increasing because there is only 
transition into this Stage. The curves for Stage 1 and Stage 2 wax and wane because of transitions 
into and out of these Stages. 
CAG length effects are also evident when comparing panels in Figure 4; as CAG increase, the 
Stages still proceed in chronological sequence, but transitions shift to younger ages. The panels 
also show that the rates of transitions increase with CAG, such that it takes less time to progress 
through the Stages as CAG increase. Thus, not only do the Stage transitions occur at younger ages 
as CAG lengthen, but the transitions also happen faster, consistent with the known natural history 
of HD. Importantly, these probability curves are consistent with the HD-ISS framework for all 
CAG lengths evaluated. 
Additional context for interpreting the HD-ISS Stages is provided by examining how they overlay 
with imaging and clinical variables over time (Figure 5, and supplementary Figure S5). For the 
cohort of 42 CAG, we fitted longitudinal models for the key clinical landmark assessments in order 
to predict the mean of each variable over time. Panel 5A shows stage probabilities and the 
predicted means transformed to a unit scale based on the proportional difference from controls.  
Putamen and caudate volumes decline linearly over the Stage probabilities (Panel 5B), whereas 
the clinical variables have a non-linear trend in which an initial consistency eventually gives way 
to rapid decline (Panels 5C and 5D). TMS shows its fastest rate of change on the descending limb 
of Stage 2 and the ascending limb of Stage 3. There appears to be a similar effect for SDMT, 
though the maximum rate might occur slightly earlier. TFC and IS decline fastest later when the 
probability of being in Stage 3 is relatively high. The correspondence of the cUHDRS70 and DCL 
to the HD-ISS is seen in Figure S4. While entry into each HD-ISS Stage marks an inflection point 
in the progression of the landmark assessments, each continues to change as the disease progresses.   
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DISCUSSION 
 
We present a new paradigm to define and stage HD, primarily intended for use in HD clinical 
research. We establish a standard HD case definition based on HTT CAG expansion (≥40) and a 
formal staging system for HD, the HD-ISS, using well-established prognostic biological, clinical, 
and functional landmarks. We provide preliminary evidence that the HD-ISS is a valid system of 
classification. We show it matches the known natural history of HD in that the residence times in 
each stage are in line with the empirical expectation, the age at crossing a stage boundary is CAG-
dependent as expected from previous research,71-73 and Stages are sequential, progressive, and 
align with age.  
The HD-ISS used the great wealth of clinical and biomarker data available in accessible datasets 
to develop an integrated classification and staging system without reference to clinically-derived 
concepts such as “manifest,” “premanifest,” or “prodromal”; it also provides methodology for 
clinical study of HD before the emergence of a clinical syndrome and allows for testing of 
preventive interventions.29,74 Indeed, the biggest advantage of the HD-ISS is the ability to 
recognize, classify consistently, and follow-up with individuals very early in the course of the 
disease. This fills a clear void in HD research because the Shoulson and Fahn system does not 
classify individuals without obvious clinical signs or symptoms12; the more recent proposal from 
the MDS task force addressed earlier phases of the disease but remains incomplete because it lacks 
objective biomarker data and analysis of how these biomarkers behave in healthy controls, without 
which the full range of HD cannot be precisely characterized.22 Future work will establish a 
mapping between the HD-ISS and other systems, including Shoulson and Fahn.75,76  
We followed formal consensus methodology and an evidence-based approach; nevertheless, there 
were some limitations. For example, the systematic literature review was restricted to English.77,78 
Additionally, the imaging datasets, while highly cited in the literature, may suffer from selection 
bias because of their small size, geographic constraints, and required knowledge of genetic status. 
However, the key measures of interest (brain volumes) are quantitative and therefore less 
influenced by the study population’s demographics. Additionally, Enroll-HD, like any cohort, may 
suffer from selection bias; however, the database is robust because of its size and duration. The 
control participants analyzed share environmental exposures with the HD individuals and are 
similar to a larger normative population.69 We used the same datasets to establish cut-off values 
and validate Staging as we used to inform the conceptualization of the system, which could lead 
to overfitting; further research with additional data will allow for any necessary corrections. 
Applying the HD-ISS in research will require additional considerations. First, while the 
implementation of vMRI requires specific technical considerations (supplementary material) and 
may be a hurdle,79 it would be essential for research studies to determine whether an individual is 
displaying neurodegeneration and is therefore in Stage 1. Second, our analysis indicates that the 
rate of “non-sequential individuals” in HD is similar to that in AD66,80,81; if there are HD 
individuals that biologically do not follow the sequential pattern, some may have a non-HD-related 
reason. Either way, they may be best excluded from studies. Third, while the HD-ISS is sufficiently 
flexible to incorporate new data, it is important for the system to maintain stability and 
comparability. Consequently, to establish a new landmark assessment, it will be important to 
understand how it affects classification accuracy and Stage boundaries. Finally, special 
considerations apply to either end of the HD genetic continuum. Although there is no maximum 
CAG in the HD definition, and cases of HD occur in children and adolescents (e.g. at CAG ≥ 56)82 
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and are included in the biological definition of HD, future research is needed to determine how the 
HD-ISS may apply specifically to this population. Individuals with reduced-penetrance alleles (36-
39 CAG) would need to present with a disease-specific biomarker or disease-specific clinical 
syndrome to be classified as having HD in the HD-ISS. Practically, while this HD population 
should be given more attention in clinical research, the inclusion of individuals with reduced-
penetrance alleles in interventional research would require careful consideration.  
Even if only adopted for research, we recognize that this system affects HD families by 
acknowledging pathology prior to the current concept of clinical motor diagnosis. While this may 
be difficult, it will advance therapeutic development and may allow for expanded drug labeling 
aimed at preventing clinical decline. We are appreciative of the feedback from HD-COPE and look 
forward to future partnership with HD families. 
In conclusion, we have developed a biological definition of HD and an evidence-based staging 
system of the entire disease course. The HD-ISS uses a numerical Staging that is similar to that 
adopted by the FDA Guidance for AD.83 We hope the HD research community will adopt this 
biological HD definition and the HD-ISS in all future clinical research studies. These Stages are 
not meant to be the sole inclusion criteria; more specific research participant selection, enrichment, 
and stratification approaches will be used to define subsets of the population that are particularly 
suitable for a given research project or therapeutic intervention. The HD-ISS could also be a 
biological paradigm for other genetic neurodegenerative diseases.84 This framework will enable 
the community to work together to bring hope to HD families and change the trajectory of HD. 
 
Future Directions 
The HD-ISS encompasses the entire course of HD and will enable a common language for the 
standardization of research. Broadly sharing clinical study data will allow for evaluation of the 
HD-ISS’s performance in a prospective setting. We expect that these Stages have intrinsic clinical 
relevance because each represents a substantive difference in the pathophysiological state from the 
previous Stage; future research will be needed to evaluate the correspondence between the HD-
ISS and existing measures, scales, and staging systems. Additional data on the reduced-penetrance 
allele population will allow the nomination and adoption of disease-specific biomarkers or clinical 
syndromes that meet the agreed-upon criteria. 
The complementary work to the creation of the HD-ISS will be the analysis and nomination of 
enrichment biomarkers and outcome assessments appropriate for each Stage and across Stages. By 
discussing trial design and endpoints, we hope to advance regulatory science in support of drug 
development across the spectrum of HD. In the future, we anticipate that the HD-ISS will 
contribute to informing the development of practical regulatory strategies for disease-modifying 
(and potentially preventative) HD treatments. 
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FIGURES & TABLES 
 

 
Table 1. HD genetic continuum. Individuals with CAG > 26 have an increased propensity to 
transmit an enlarged CAG expansion; the likelihood of developing the disease phenotype increases 
with CAG. 
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Figure 1. Reduced penetrance analysis. Panel A shows the age at last recorded study visit as a 
function of CAG expansion and rater assignment of DCL4 (Yes/No) for N = 12,152 participants 
from all the studies. Panel B shows curves from fitting a logistic mixed effects regression 
predicting DCL4 status (Yes/No) for each CAG expansion using the longitudinal data of each 
cohort. The vertical dashed line at 82 denotes the 2019 life expectancy of a western European.42 
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Figure 2. Cumulative Staging framework and landmarks. Graphical representation of the 
temporal sequence of Stage progression and the associated landmark assessments that define 
Stage entry. (Note: time not to scale) 
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Age 
Condition: Stage 1 Condition: Stage 2 Condition: Stage 3 

Putamen Caudate TMS SDMTa SDMTb TFC IS 
20 6.01 4.30 6 32 45 13 100 
25 5.92 4.23 6 32 44 13 100 
30 5.84 4.17 6 32 44 13 100 
35 5.75 4.10 6 32 44 13 100 
40 5.66 4.04 6 31 43 13 100 
45 5.57 3.97 6 30 42 13 100 
50 5.48 3.90 6 29 41 13 100 
55 5.39 3.84 6 27 39 13 100 
60 5.31 3.77 7 24 36 12 99 
65 5.22 3.71 9 21 33 12 98 
70 5.13 3.64 10 18 30 11 96 
75 5.04 3.58 12 14 26 11 92 
80 4.95 3.51 14 10 22 10 89 
85 4.87 3.45 17 6 18 9 85 
90 4.78 3.38 20 2 14 8 81 

a Less than or equal to high school education 
b Greater than high school education 

 

Table 2. Abridged landmark cut-off values by age. Putamen and caudate volumes are divided by 
intra-cranial volume and multiplied by 1000 (the table values can be divided by 1000 to produce 
the cut-offs as proportions). 
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Figure 3. Assessment and Stage progression curves for CAG = 42. Probability of crossing the 
cut-off for an assessment (lines) and fulfilling the condition (shapes) as a function of age. The 
SDMT solid line depicts the average probability over education, the SDMT dotted line shows the 
probability for low education (high school education or less, <HS) and the SDMT dashed line 
shows the probability for high education (greater than high school education, >HS). 
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Figure 4. Stage probability by CAG. The probability of being in a Stage (or in-Stage probability) 
as a function of age with a colored ribbon representing the 95% confidence interval. Each panel 
represents a different CAG length. 
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Figure 5. Overview of the HD-ISS for CAG = 42. Panel A shows the Stage probabilities (shaded 
regions) and the predicted change of the assessments as a proportion of the controls (which maps 
to a unit scale) as a function of age (see supplementary Figure S5). Panel B shows predicted mean 
putamen and caudate volumes divided by intra-cranial volume (ICV) with 95% CIs. Panel C shows 
predicted mean TMS and SDMT, with two education levels for SDMT (educ ≤ HS, educ > HS). 
Panel D shows the predicted mean TFC and predicted mean IS divided by 10. In Panels B-D a 
vertical dashed line (stage colors as in Panel A) denotes the age at which a Stage probability = 
0.50.   
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RESEARCH IN CONTEXT 
 
Evidence before this study 
Huntington’s disease (HD) clinical research and case definitions to date have been structured 
around clinical motor diagnosis. However, the clinical definition of HD was conceptualized before 
the full understanding of either HD’s genetic cause or the pathobiology that precedes HD clinical 
signs and symptoms. The existing terminology is focused on this relatively advanced “manifest” 
phase of disease and is not standardized or based on biology. Currently, only one staging system 
is widely used in HD, but it is only applicable to advanced disease. Until now, HD clinical research 
studies that include participants before clinical motor diagnosis have developed distinct methods 
to select and categorize participants. Recently, a Movement Disorder Society task force proposed 
terminology to standardize these populations based on clinical criteria, but without the 
incorporation of biomarker data, it is difficult to precisely characterize early disease progression. 
Therefore, the HD research community needs a system to describe the full course of disease from 
HD inception (birth) to death. This work was inspired by the precedent led by NIA-AA and the 
solution adopted in the FDA guidance for Alzheimer’s disease.  

Added value of this study 
For the first time, the HD-ISS establishes a biological definition of HD that considers the spectrum 
of known CAG expansions and an evidence-based staging system that allows for the research 
classification of HD individuals in any phase of the disease. Importantly, the HD-ISS addresses 
the decades-long gap in disease course before clinical signs and symptoms are unequivocal, 
providing the ability to identify and consistently classify individuals from birth. 
Furthermore, the HD-ISS affords common language and terminology to facilitate future data 
sharing and merging of datasets. Additionally, the Stage boundary landmark assessment cut-offs 
are based on empirical analysis of the difference between HD individuals and controls. These cut-
offs are the first in the field and provide an important novel tool. 

Implications of all the available evidence 
This HD framework provides a new structure for the conduct of clinical studies, representing a 
needed shift to allow for the possibility of testing interventions that prevent or delay the initial 
onset of symptoms and take place before current HD clinical motor diagnosis. By harmonizing 
both concepts and language, the HD-ISS can be immediately applied to enable standardized 
definitions of study populations and to facilitate cross-study comparison of inclusion criteria. 
Further, the HD-ISS will be an important foundation on which to build future regulatory strategies 
and guidance on appropriate outcome assessments for study participants in a specific Stage and 
across Stages.  
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