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Abstract

BACKGROUND—Although correlation between cytosine-adenine-guanine (CAG) repeat length 

and age of Huntington disease (HD) onset is well known, improved prediction of onset would be 

advantageous for clinical trial design and prognostic counseling. We compared genetic, 

demographic, motor, cognitive, psychiatric, functional and imaging measures for tracking 

progression and predicting conversion to manifest HD.

METHODS—N=1078 research participants with the gene mutation for HD, but without a rating 

of 4 on the Diagnostic Confidence Level (DCL) following administration of the 15-item motor 

assessment of the Unified Huntington’s Disease Rating Scale. Participants were from 33 world 

wide sites and followed for up to 12 years (mean=5, SD=3·3) over the period 2001–2013. A subset 

of 225 participants prospectively converted to manifest HD according to the DCL (“meets the 

operational definition of the unequivocal presence of an otherwise unexplained extrapyramidal 

movement disorder in a subject at risk for HD” with ≥99% confidence). Joint modeling of 

longitudinal and survival data was used to examine the extent to which baseline and change of 40 

variables analyzed separately was predictive of CAG-adjusted age at motor diagnosis.

FINDINGS—Cross-sectional and longitudinal clinical and imaging measures were significant 

predictors of motor diagnosis beyond CAG repeat length and age. The strongest predictors in the 

top three phenotypic domains were total motor score (motor), putamen volume (imaging), and 

Stroop word test (cognitive). A one standard deviation (SD) difference in total motor score 

increased the risk of a motor diagnosis by 3·1 times (95% CI=[2·3,4·2]), one SD loss in putamen 

volume increased risk by 3·3 times ([2·4,4·7]) and one SD cognitive decline increased risk by 2·3 

([1·9,2·9]).

INTERPRETATION—Prediction of HD diagnosis can be considerably improved beyond that 

obtained by CAG repeat length and age alone. Such knowledge about potential predictors of 

manifest HD should inform discussions about revisions to guidelines for diagnosis, and prognosis, 

and counselling, and might be useful in guiding selection of participants and outcome measures 

for clinical trials.
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FUNDING—National Institutes of Health, National Institute of Neurological Disorders and 

Stroke, and CHDI Foundation, Inc.

INTRODUCTION

Huntington disease (HD) is an autosomal dominant neurodegenerative disease caused by 

expansion of the trinucleotide cytosine-adenine-guanine (CAG) in the first exon of the 

Huntingtin gene. There is a well-known relationship between the length of the CAG 

mutation and the age at disease onset1 although there is also substantial individual variation. 

Over the past decade, Neurobiological Predictors of Huntington’s Disease (PREDICT-HD; 

NS040068) and other studies2–11 documented disease-related changes of clinical features 

and biomarkers in persons with the CAG expansion, but not yet diagnosable with HD.12,13 

Useful clinical and biological markers should be predictive of landmark events, such as 

clinical motor diagnosis. In this study we compare genetic, demographic, motor, cognitive, 

psychiatric, functional, and imaging measures for predicting conversion to manifest HD in 

the largest study of gene mutation premanifest participants, culminating in 225 prospectively 

diagnosed HD patients. Improved predictability of HD diagnosis could advance research 

design, experimental trials, and clinical care through improved prognosis and earlier 

intervention.

METHODS

Participants

Participants were 1078 HD gene-expanded (CAG>35) individuals from the PREDICT-HD 

study who had less than the highest rating on the Diagnostic Confidence Level (DCL) 

(DCL< 4) of the Unified Huntington’s Disease Rating Scale (UHDRS) at the beginning of 

the study (see Table 1). Data were collected from 2001 to 2013, and all participants had 

prior and independent genetic testing for HD. Exclusion criteria included presence of other 

central nervous system disease, injury, or developmental disorder, or evidence of an unstable 

medical or psychiatric illness. All participants provided informed written consent (with full 

study approval by 33 site institutional review boards) and were treated consistent with 

ethical standards. Mean years in the study was five (SD=3·3) with a range from one to 

twelve. There were 959 participants (89%) who had two or more waves (years) of data, and 

118 who had only one time point (11%) (see web extra material for additional details). A 

subset of 225 HD gene-expanded participants received a motor diagnosis during the study, 

according to the DCL (“meets the operational definition of the unequivocal presence of an 

otherwise unexplained extrapyramidal movement disorder in a subject at risk for HD” with 

≥99% confidence). The DCL is administered by a movement disorder specialist after 

conducting the 15-item standardized motor assessment. PREDICT-HD also had N = 305 

non-gene-expanded controls who were used only for an ancillary analysis reported in the 

web extra material. All abnormalities in clinical and imaging data were forwarded to clinical 

investigators at the relevant site for additional review and discussion. When the data were 

found to suggest abnormalities in function or brain imaging, follow-up clinical 

investigations were encouraged. Findings were reviewed by the Executive Committee, who 

made decisions regarding use of the data in the study: if a control participant was found to 
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have a previously undetected neurological diagnosis, the participant and all of his or her data 

were excluded.

Measures

The web extra material details the 40 longitudinal measures, which were selected based on 

their sensitivity to the detection and progression of disease.12 Motor variables were total 

motor score (TMS) from the UHDRS and the chorea, bradykinesia, oculomotor, dystonia 

and rigidity subdomains from the 15-item standardized motor assessment. Cognitive 

variables included the Stroop Color and Word Test (three measures), the Symbol Digit 

Modalities Test, University of Pennsylvania Smell Identification Test, emotion recognition, 

speeded tapping, time production or paced tapping, and the Trail Making Test. Psychiatric 

measures included four subscales of the Symptom Checklist 90 (SCL90), the Beck 

Depression Inventory (BDI), and three subscales of the Frontal Systems Behavioral Scale. 

Imaging measures included intracranial-corrected volumes (ICV) for putamen, accumbens, 

caudate, hippocampus, thalamus, globuspallidus, cerebral spinal fluid, lobar white and gray 

matter. Functional outcome variables included the total functional capacity (TFC) and 

functional activity scale from the UHDRS, the World Health Organization Disability 

Assessment Schedule, and the Everyday Cognition Rating Scale (ECOG). Motor diagnosis 

was defined as a rating of “4” on the Diagnostic Confidence Level (DCL) of the UHDRS.

Statistical analyses

The primary goal was to examine the ability of each variable to predict time to motor 

diagnosis (first occurrence) over and above CAG repeat length, age, and their interaction. 

Time to diagnosis and longitudinal change were simultaneously modeled using joint 

modeling for survival and longitudinal data14,15 (see web extra material for details). The 

intent was to model progression over the entire lifespan by using the time metric of age 

adjusted for CAG expansion.

The survival model was a Cox regression model and the longitudinal model was a linear 

mixed effects regression (LMER) model. The time metric for both was age adjusted for 

genetic burden (CAG expansion), known as the CAG-Age Product (CAP), CAP = age × 

(CAG − 33 · 66).16 CAP reflects the cumulative exposure to the effects of mutant huntingtin, 

and is similar to other CAG and age based measures.17–19 CAP at motor diagnosis or 

censoring was used for the observation time in the Cox model, and CAP was the 

longitudinal time metric for the LMER model. It is emphasized that CAP as specified in this 

analysis is time-varying and represents age adjusted for CAG expansion. Because of the 

variability in age at study entry, the annual measurements span virtually the entire adult age 

range, which allows inferences about motor diagnosis risk over the HD lifespan. The natural 

CAP intercept (baseline) is CAP=0, denoting birth. Predictive power is meaningless at birth 

because the clinical variables are not measured. We chose the baseline cross-section of 

CAP=290 as the intercept because this is the value at which motor signs begin to appear in 

the PREDICT-HD cohort.6 At this baseline the predictors might have sufficient variability 

to correlate with later motor diagnosis. CAP=290 corresponds to the rounded ages of 40, 35, 

and 28 for individuals with the CAG sample quartile values of 41, 42, and 44, respectively.
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Each outcome was standardized and cubic splines based on five knots (1, 25, 50, 75, 99 

percentiles) were used in the LMER portion to model nonlinear change.12,13,20,21 Two joint 

models were fit for each variable: a reduced model that provided information about a 

marker’s baseline prediction of the hazard for motor diagnosis (at CAP=290), and a full 

model that incorporated change of the marker in the prediction. A statistically significant γ 

estimate meant a variable accounted for variability in the timing of diagnosis over and above 

CAG expansion and age. The covariates in all models were gender and education. For 

cognitive variables, depression (BDI) was added to account for mood changes. For imaging 

variables, field strength was added because some sites updated their scanners during the 

study. The Hazard Ratio (HR) was computed as exp (γ) and served as the primary effect size 

(HR-1 was used when the γ estimate was negative). A significant HR indicates a variable 

that adds to prediction beyond that of CAG and age (the latter variables being indexed by 

CAP).

A subsequent analysis was performed to characterize the risk of motor diagnosis over the 

lifespan. Individual fitted values from the LMER spline model were used to obtain baseline 

values at CAP=290. The baseline information was used in a separate (not joint) Cox model 

to predict time to diagnosis along with the covariates. The cumulative hazard was estimated 

based on the fitted models for various baseline predictor values.

An ancillary analysis examined the natural history of key variables from the premanifest 

phase through diagnosis. All converters were used for this analysis. The time metric was 

years to diagnosis and cubic spline curves were used with LMER models to allow for 

nonlinear trends over time.

Role of the funding source

The study sponsors had no role in study design, in the collection, analysis, and interpretation 

of the data, in the writing of the report or in the decision to submit the paper for publication. 

All authors had full access to all the data in the study and had final responsibility for the 

decision to submit for publication.

RESULTS

Figure 1 shows age at diagnosis as a function of CAG expansion for the converters who 

obtained a motor diagnosis during the study. The squared correlation between CAG repeat 

length and age at HD diagnosis was r2=0·53. For every CAG stratum the figure shows 

variation for age of diagnosis. Considering CAG=40, the range of diagnosis age is 31 years, 

and the difference between the first and third quartile is 15 years. Table 1 shows descriptive 

statistics for converters, non-converters, and the combined sample at study entry. Additional 

information is listed in the web extra material. Mean CAP at motor diagnosis was 447, 

which for the sample CAG quartiles of 41, 42, and 44, represents the rounded ages of 61, 54, 

and 43, respectively.

Table 2 shows the joint modeling results (each variable was tested separately). The 

longitudinal variables are grouped by domain and sorted within domain based on the 
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absolute Z-value of γ from the full model. N/A indicates the full model could not be 

estimated due to a lack of variability in the individual rate of change over time.

The column of reduced model γ estimates shows that the baseline information was a 

significant predictor of the hazard for 37 of 40 variables. A comparison shows that the full 

model γ estimates were larger in absolute value for every variable that had a full model 

estimated. Thus, prediction of motor diagnosis based on baseline and longitudinal change 

information was stronger than using only the former.

Regarding the full model results, the largest motor domain effect size was for TMS (Z=7·23, 

p<0·0001). The TMSHR indicates a one SD difference increased the risk of diagnosis by 

3·07 times (95% CI=[2·26,4·16]) For the imaging domain, putamen volume was the 

strongest predictor (Z=−6·95, p<0·0001), and a one SD difference increased the risk of 

diagnosis by 3·32 times ([2·37,4·65]). The strongest cognitive variable was Stroop word (Z=

−7·79, p < 0·0001), which increased the risk of diagnosis by 2·32 ([1·88,2·87]). The best 

psychiatric variable was executive functioning (Z=6·64, p<0·0001) with an increased risk of 

diagnosis of 1·86 ([1·55,2·23]). TFC was the strongest functional variable (Z=−6·34, 

p<0·0001), with an increased risk of diagnosis of 1·84 ([1·52,2·22]).

Figure 2 illustrates the Table 2 results for putamen volume, total motor score, and Stroop 

word test. Each variable was the strongest predictor within the three strongest domains 

(functional and psychiatric variables, though significant, had weaker prediction in terms of 

the estimated HR; see Table 2). The figure shows the cumulative hazard (accumulated risk 

rate) as a function of CAP for the three variables and a model with no predictor (solid black 

line). The no-predictor model represents the cumulative hazard associated with only CAG 

expansion and age (both variables are indexed by CAP). As indicated in the figure, the 

baseline was set to CAP=290, and the predictor curves were generated for values of the 

variables representing no deterioration (dash-dot lines) and advanced deterioration (solid 

lines). The no deterioration values (total motor score=0, putamen volume (ICV-

corrected)=0·008, Stroop word=183) were the most extreme values in the sample (minimum 

for total motor score, and maximum for the others). The advanced values (total motor 

score=15, putamen volume (ICV-corrected)=0·0038, Stroop word=85) were the medians for 

DCL=3 of the sample. The figure shows when there is advanced deterioration at baseline, 

the cumulative hazard for the predictors accelerates at a rate faster than when the covariates 

are ignored. Conversely, when there is no deterioration at baseline, the cumulative hazard 

for the predictors accelerates at a slower rate than when the covariates are ignored.

Figure 3 shows individual empirical curves (dashed lines) and fitted spline curves (solid 

lines) with 95% CIs for the converters. The vertical line in each panel denotes year of 

diagnosis (set to year=0). The two strongest predictors in each domain (based on absolute Z-

values) from Table 2 were selected for graphing. The web extra material lists descriptive 

information on all the variables for the converters at study entry and time of diagnosis.
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DISCUSSION

The current findings show several clinical and biological measures that can improve the 

prediction of HD diagnosis above and beyond that obtained by CAG repeat length and age 

alone. The strongest predictors (in terms of absolute Z-values in Table 2) were in the 

domains of motor (total motor score was the strongest predictor), imaging (putamen 

volume), and cognitive (Stroop word test). Psychiatric and functional variables were 

significant but relatively weak predictors in the sense of having estimated hazard ratios less 

than two. Findings suggest models of HD onset prediction can be considerably improved 

using straightforward clinical assessment. Volumetric MRI measures provide additional 

powerful predictors.

Figure 2 summarizes the statistical results in illustrating the importance of using putamen 

volume, total motor score, or Stroop word test in estimating the risk of future motor 

diagnosis in addition to CAG and age (and their interaction; see CAP definition above). The 

no-predictor curve represents the risk that is associated with CAP alone. Because CAP is age 

adjusted for CAG, the cumulative risk increases as CAP elapses because the likelihood of 

motor diagnosis increases as people age. As a result, the no-predictor curve represents the 

accumulated risk rate that one would predict based only on CAG and age (and their 

interaction). On the other hand, when a predictor from Table 2 is considered, the risk profile 

is modified based on the predictor value at baseline. The modification can result in a very 

different risk profile compared to using CAP alone. Figure 2 indicates for people with 

advanced deterioration at baseline, the risk of motor diagnosis is greater when a predictor is 

used, whereas for people with no or little deterioration, the risk is less. Thus, information 

from a clinical predictor is informative for future motor diagnosis risk assessment over and 

above CAG and age. Further research is critical to detect additional genetic, environmental, 

and biological contributions that may lead to new avenues for intervention.

A follow-up analysis not reported showed that using the composite of the three variables in 

Figure 2 did not improve upon using the variables alone. A complication of Figure 2 is that 

the maximum Stroop word value may not represent the absence of deterioration, but rather 

an advanced education level and/or advanced level of intelligence. The converse also holds 

for low Stroop word scores. However, the relation of Figure 3 still holds; superior or inferior 

Stroop word test performance at baseline alters the future risk assessment (similar comments 

regarding putamen volume and TMS also apply).

As expected, the best motor predictor of HD diagnosis was TMS, since diagnosis is based on 

motor findings. This underscores the value of the motor examination, even in the 

premanifest period. This result is consistent with previous findings of subtle motor 

abnormalities years before diagnosis, which may accelerate just prior to diagnosis.6,22 

Subdomains for chorea, bradykinesia, and oculomotor abnormalities were also predictive.

The strongest cognitive variable was the Stroop word test, a timed reading task. Previously, 

we documented 19 cognitive tasks that showed significant longitudinal change prior to 

motor diagnosis.12 The present results suggest that performance on just one of the most 

robust of these tests can significantly improve diagnostic prediction. The most robust 
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cognitive measures require just a few minutes to administer and can be used in a variety of 

settings, making them valuable for research design and clinical practice.

The utility of brain imaging markers in the detection of HD has been documented in several 

studies over the past decade.2,23,24 Striatal volume consistently distinguishes gene-mutation 

positives from negatives and tracks disease progression. The current study demonstrates 

imaging variables were among the best predictors of diagnosis in premanifest HD, and their 

preeminence offers biological validity for the models presented. The use of imaging 

variables may translate to advances in clinical trial design used either in selection criteria or 

as an outcome measure. Imaging may also be useful in clinical care and education, although 

broad dissemination of imaging predictors would require standardization of acquisition and 

analysis protocols for clinical care.

Findings validate and extend results from other studies using smaller samples, shorter 

follow-up and varying endpoints.2–11 The integration of these findings with the literature 

provide strong evidence that cognitive, motor, and imaging deficits are evident prior to 

traditional motor diagnosis and may provide an opportunity for earlier intervention, 

treatment and support. The predictive utility of the markers suggested by this research can 

be immediately integrated into clinical trial design and can be used to begin to advance 

clinical care through refined diagnostic and prognostic guidelines.

There is considerable evidence that the diagnosis of HD is made relatively late in the disease 

course, after a high proportion of persons already show significant cognitive decline,13,25 

psychiatric abnormalities,26–28 motor impairment,6,22 and at a time when over half of their 

striatal volume is lost.2 Notably, many persons are diagnosed after major changes in 

functioning have occurred (loss of usual employment or driving) as well as a reduction in 

basic activities of daily living (requiring financial or care assistance).29–32 It is possible that 

an earlier diagnosis might be more beneficial to intervention and life planning.33,34 Our 

analysis concerned the predictive ability of individual markers, and it might be possible to 

translate these findings into revised diagnostic and prognostic criteria for HD, which could 

advance research and clinical care.

The trajectories illustrated in Figure 3 suggest some interesting models regarding the course 

of the disease. Using the largest known sample of prospectively followed converters 

(N=225), the graphs suggest that many of the clinical markers of disease progression (i.e., 

cognitive, sensory, and psychiatric variables) progress in a near linear fashion and decline in 

concert with biological markers of brain imaging abnormalities. Additionally, it suggests 

motor and functional variables progress in a nonlinear fashion, which is reflected by the fact 

that motor signs and functional impairment become evident only at certain points of disease 

progression. There are several possible explanations for the variations in disease 

progression. One explanation may be that atrophy of each individual brain region proceeds 

relatively linearly, beginning with the striatum, but as additional brain regions begin to 

undergo degeneration and dysfunction, their combined effect causes acceleration of the 

clinical expression of disease. An alternative threshold hypothesis is that at some point, a 

threshold is surpassed, triggering acceleration of motor and functional deficits. Researchers 

making the critical choice of outcome measures for clinical trials might benefit from the data 
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provided so study designs can enhance the possibility of documenting therapeutic effects, 

should they occur. Given the variation in motor and functional changes across the disease 

course, it is likely that subject selection at varying disease epochs could drastically alter 

interpretations made about an intervention.

It is important to consider qualifications of these research findings. The baseline for 

prediction was defined at a point for which it is known the PREDICT-HD sample has the 

earliest detectible change in motor signs.6 Should other samples suggest the examination of 

additional cross sections in the premanifest period, the estimates may vary accordingly. It is 

encouraging to note, however, that the present findings mirror those reported by studies of 

smaller samples followed for shorter duration.11 Replication with other samples will 

continue to refine these predictive models. Translation of these models into clinical care 

may require further research to determine how such information can be integrated into 

genetic counseling in a safe and productive manner to promote understanding. Advances in 

diagnosis and prognosis will require clinical consensus as well as a white paper to best 

communicate standard criteria and clinical care practices. Implementation of new diagnostic 

and prognostic criteria requires patient-centered clinical outcome research to document best 

practices for HD families who choose to have greater prognostic information

Additional caveats concern the variability observed in this study. The graphs of converters 

(Figure 3) indicate a relatively wide range of values associated with motor diagnosis 

(time=0), especially for TMS (min=2, max=56). As discussed in the methods section, 

individuals might have had different motor examiners over time, which could inflate the 

TMS variability. Early in the study, substantial TMS variation was noted and efforts were 

made to help assure data integrity as outlined in the web extra material. Another source of 

heterogeneity was introduced by the upgrading of scanners at the sites (1.5T to 3T). Scanner 

strength was adjusted for, both in the image processing and the statistical analysis (see web 

extra material). It is noted that despite the substantial observed variability, both the TMS and 

the imaging variables were among the strongest predictors. Thus, sources of variance such 

as different raters and scanners did not overcome the predictive power of the variables. 

Future studies that constrain sources of variance by having the same scanners or the same 

motor raters might show even larger effect sizes than reported here.

The detection and tracking of early clinical signs and symptoms in HD is critical to choosing 

outcome measures useful for clinical trials. Treatments with face validity (impacting on 

symptoms of disability in motor, cognitive, psychiatric and functional domains) can be 

essential components of clinical trials and often mandated by regulatory agencies. The 

predictive measures reported here might have value in the selection of specific types of 

research participants and might help choose outcomes that are associated with a critically 

meaningful endpoint – that of being diagnosed.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Panel: Research in context

Systematic review

On August 25, 2014, we searched PubMed and Medline for English-language articles 

with human participants age 19 or older with the following search terms: “Huntington 

disease”, “longitudinal”, “prospective”, “onset”, and “diagnosis”. Reference lists of 

found articles were also reviewed. Since no previous PREDICT-HD study examined 

comprehensive prediction of diagnosis, they were excluded. Seven publications were 

found using prospective data to predict HD diagnosis based on motor criteria. Sample 

sizes for participants prospectively diagnosed were 21 to 70 and number of years 

followed were from 2.5 to 5.

Interpretation

Number of converters prospectively followed in the literature were smaller in size by 

over 320% and number of years followed was from 2.5 to 5. Four of the seven found 

studies only considered cognitive predictors, one study only considered dietary 

predictors, and the remaining two studies examined various comprehensive predictors of 

prospective diagnosis. Using data from the Huntington Study Group, Langbehn and 

Paulsen5 found cognitive, motor and self-reported symptoms to be predictive of 

traditional motor diagnosis. Although traditional motor criteria for diagnosis was not 

examined in Tabrizi,11 findings suggest cognitive, quantitative motor and imaging 

predictors of motor onset. The current study is the first to use comprehensive longitudinal 

assessments to prospectively predict traditional motor diagnosis in HD. Joint modeling of 

longitudinal change and time to HD diagnosis revealed several significant phenotypic 

and biologic predictors that might be useful as endpoints in clinical trials and for 

selecting samples. Findings fill a gap in the literature by identifying predictors that are 

important for HD diagnosis over and above CAG expansion and age, demonstrating that 

baseline status and longitudinal change are important in prediction of a relevant outcome 

in the progression of HD. Illustrations of our statistical analysis reveal cumulative 

relative risk of diagnosis profiles for persons in extremes of the disease course (far from 

diagnosis at baseline versus close to diagnosis at baseline). Our results provide insights 

regarding the nature of HD progression and show that a relatively brief clinical 

assessment can enhance prediction of motor diagnosis.
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Figure 1. Observed age of diagnosis by CAG expansion for N=225 prospective converters. 
Observations were slightly jittered horizontally to reveal overlapping cases
Figure 1 shows age of diagnosis as a function of CAG expansion for the N=225 people who 

obtained a motor diagnosis during the 12-year PREDICT-HD study (i.e., the converters). 

None of the individuals in Figure 1 were diagnosed at study entry and all have repeated 

measures, some with up to 12 years of observations (mean=5 years). The color change is at 

the median age for each CAG. As seen in the figure, the age at diagnosis can vary widely for 

individuals with the same CAG expansion. Considering CAG=40, the range is 31 years, and 

the difference between the first and third quartile is 15 years. The variability is indicative of 

the need to include variables in addition to CAG expansion with the goal of improving the 

accuracy of predicting the time of diagnosis. The main goal of this study is to improve 

predictive accuracy by identifying variables that are correlated with diagnosis, over and 

above CAG expansion. CAG=cytosine-adenine-guanine.
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Figure 2. Cumulative hazard (accumulated risk rate) of motor diagnosis by CAG-Age Product 
(CAP) for various baseline predictor values
CAP is age corrected for CAG expansion and is the time metric of the horizontal axis. The 

solid black line denotes the cumulative hazard for a model with no predictor representing 

prediction based only on CAG and age (as summarized by CAP). The dash-dot lines are risk 

profiles for predictors representing no deterioration at baseline (e.g., Total Motor Score=0), 

whereas the colored solid lines are risk profiles for predictors representing advanced 

deterioration at baseline (e.g., Total Motor Score = 15). Putamen volume is ICV-corrected. 

As a reference, CAP=290 corresponds to age 31 and CAP=600 corresponds to age 64 for a 

person with CAG=43 (the sample mean). CAP=Age × (CAG − 33·66).CAG=cytosine-

adenine-guanine.
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Figure 3. Trajectories of motor, imaging, cognitive, functional, and psychiatric variables for 
N=225 converters
The top-two strongest predictors in each domain were selected (see Table 2).Dashed lines 

are individual empirical data, and solid lines are cubic spline curves (shading shows 95% 

confidence interval). ICV=Intracranial-corrected volumes. Smell ID=Smell Identification 

(University of Pennsylvania Smell Identification Test). FrSBe=Frontal Systems Behavior 

Scale. SCL90=Symptom Checklist 90. TFC=total functional capacity. FAS=functional 

activity scale.
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Table 1

Descriptive statistics for non-converters, converters, and the combined sample (mean (SD) or counts (%)).

Non-Converters Converters Combined

N 853 225 1078

CAGa 42·21 (2·58) 43·57 (2·85) 42·49 (2·69)

Agea 38·92 (10·24) 43·03 (10·31) 39·78 (10·39)

CAPa 334·89 (82·74) 436·59 (81·82) 356·12 (92·30)

Duration 4·28 (3·31) 6·66 (2·48) 4·78 (3·30)

Educationa 14·56 (2·62) 14·08 (2·50) 14·46 (2·60)

Female N 540 (63%) 147 (65%) 687 (64%)

a
Measured at study entry. Age and education are expressed in years. Duration=years in the study.

CAG=cytosine-adenine-guanine expansion length. CAP=(Age at Baseline) × (CAG 33·66).
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