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Research in context

Evidence before this study

We searched Medline and ISI Web of Science for reports

published before April 25, 2025, with the search terms

[“spinocerebellar ataxia type 3” OR “SCA3” AND “atrophy”

OR “MRI” AND “prospective” OR “follow-up” OR

“longitudinal”] plus [“spinocerebellar ataxia type 3” OR

“SCA3” AND “SuStaIn” OR “Subtype and Stage Inference” OR

“event-based modelling” OR “event-based modelling”]. Only

peer-reviewed, English-language reports of human cohort

studies with at least ten participants were considered. Seven

independent studies with participant numbers ranging from

17 to 23 and follow-up times from six months to 5 years as

well as one study with an overlapping sample found

progressive atrophy of a number of brain structures and

cervical spinal cord, as well as increasing abnormalities of

diffusion parameters of a number of brain fibre tracts in

SCA3 mutation carriers compared to healthy controls.

Added value of this study

In this global MRI study, we investigated the progression of

regional brain volume loss in a large cohort of SCA3

mutation carriers both before and after gait ataxia onset.

Using data-driven disease progression modelling, we

reconstructed the sequence of brain atrophy in SCA3, arising

from the brainstem and involving extensive white matter

atrophy. Our data enable the definition of distinct brain

atrophy stages that correlate with disease severity and

duration, predict future clinical decline, and support refined

patient stratification.

Implications of all the available evidence

The identified, purely data-driven sequence of brain atrophy

captures the specific temporal order and dynamics of

regional volume loss in SCA3. The derived brain atrophy

stages improve the prediction of clinical progression beyond

established clinical assessments and other MRI-based

markers. In clinical trials, atrophy staging enables a

substantial reduction in required sample size with only a

minimal increase in screen failure rates, thus providing an

effective enrichment strategy for future targeted trials.
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Role of funders

Results

Regional brain atrophy in SCA3 progresses along a
single uniform sequence
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Variable Missing (%) Preataxic

SCA3 ( = 67)

Ataxic

SCA3 ( = 255)

Ataxic

preataxic SCA3

Age (years) 37.54 (9.14) 47.69 (11.55) t (127.21) = 7.63****

Sexa 2(1) = 2.96 (n.s.)

Female 39 (58.21%) 116 (45.49%)

Male 28 (41.76%) 138 (54.51%)

CAG expanded allele 46 (14.29%) 68.00 (65.00–70.00) 70.00 (67.00–72.00) t (117.45) = 6.15****

Time from disease onset (years) 3 (0.93%) −7.55 (−11.80 to 1.90) 9.00 (5.57–12.86) t (78.73) = 14.26****

SARA score 6 (1.86%) 1.50 (0.50–2.50) 12.00 (9.00–15.50) t (296.37) = 28.87****

INAS count 114 (35.40%) 1.00 (1.00–2.00) 4.00 (3.00–6.00) t (126.27) = 12.07****

Self-reported gait status 175 (54.35%) 2(3) = 83.77****

Normal 22 (64.71%) 1 (0.88%)

Gait difficulties 12 (35.29%) 72 (63.72%)

Walking aid 0 (0.00%) 34 (30.09%)

Wheelchair 0 (0.00%) 6 (5.31%)

At least one follow-up visit 19 (28.36%) 53 (20.78%)

Data are n (%), mean (SD), or median (IQR). ****p < .0001. Abbreviation: n.s., non-significant. aSex was self-reported.

Characteristics of the analysed sample of SCA3 mutation carriers.

The proposed model of atrophy progression in SCA3, derived from structural MRI data from 322 SCA3 mutation carriers. (a) The

sequence of atrophy events as well as the model’s certainty about event locations is illustrated through a positional variance diagram. Higher

opaqueness represents a higher certainty of an atrophy event occurring in the respective location within the sequence. The term “atrophy

event” here refers to the point at which a regional volume falls below a specified threshold, with different colours representing different

thresholds. (b) The sequence at which regional volumes are abnormally reduced, as indicated by a value of 1.96 SD below the mean of the

healthy control group after correcting for the effects of age and sex. The pictograms shown in (c) depict the cumulative regional volume loss

across the modelled atrophy stages. (d) Ataxic patients were assigned significantly higher atrophy stages than preataxic mutation carriers. (e)

Probabilities of patients’ most likely atrophy stages were lowest at intermediate stages and increased towards the endpoints of the sequence.

(f) Atrophy stages from full-sample model training and their cross-validated out-of-sample (OOS) predictions showed high agreement. All

atrophy stage data points are jittered by ± 0.5 along the respective axis to improve readability. ****p < .0001.
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Brain atrophy stage correlates with disease
duration and ataxia severity
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Brain atrophy staging outperforms volumetric MRI
measures for clinical prognosis

Development of atrophy stages over time. (a) On the

group level, atrophy stages significantly increased over time in

ataxic (n = 158), but not preataxic (n = 56), SCA3 mutation carriers.

The displayed parameters are the estimated marginal means

(EMMs) of the linear trends of atrophy stage over time for preataxic

and ataxic SCA3 mutation carriers. (b) The differences in atrophy

stage to the previous MRI show that violations of stage mono-

tonicity (decreasing stages over time) were rare and primarily

occurred as a decrease of one stage. ****p < .0001.

Cross-sectional clinical correlates of atrophy stage. Plots

illustrate (a) atrophy stages across self-reported gait impairment

(n = 147), as well as the associations of atrophy stage with (b)

estimated time from disease onset (n = 319), (c) SARA scores

(n = 316), and (d) INAS counts (n = 208) for the two SCA3 groups.

The regression lines in (b–d) display the estimated relationships,

averaging across sexes and setting age to the median of all included

SCA3 mutation carriers (=46 years). Ribbons indicate 95% C.I.s. The

displayed parameter b is the unstandardised estimate. All atrophy

stage and INAS count data points are jittered by ± 0.5 along the

respective axis to improve readability. ****p < .0001.
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Brain atrophy staging enables prognostic
enrichment in clinical trials

Predicting ataxia trajectories with baseline atrophy stage using linear mixed-effects modelling. (a) Higher baseline atrophy stage

was associated with a faster increase in SARA scores in 63 SCA3 mutation carriers. This relationship was adjusted for baseline age, sex, gait

status, INAS count, and length of the CAG expanded allele. (b) Using the same model, we predicted longitudinal SARA scores as a function of

baseline gait status and atrophy stage percentile. The dashed line indicates a SARA score of 3, representing the threshold for manifest ataxia.

Ribbons indicate 95% C.I.s. For the shown predictions, continuous covariates were set to the median of the respective gait status level and

effects were averaged across sexes. (c) ΔAIC between models including different MRI markers and the covariates-only clinical reference model

indicate that adding atrophy stage as a predictor results in the greatest improvement in model efficiency. The dashed lines represent

established thresholds for interpreting ΔAIC. ΔAIC ≤ −2 indicates little support for the clinical reference model and ΔAIC ≤ −10 indicates

essentially no empirical support for the clinical reference model. (d) The cross-validated Root Mean Squared Error (RMSE) was used to

evaluate the performance of LMMs in predicting SARA scores at each participant’s maximum follow-up assessment, based on different

baseline MRI markers. Displayed are ΔRMSEs relative to the clinical reference model. (e) RMSEs of the model including atrophy stage versus
the clinical reference model including no MRI information are shown by study visit. For visualisation purposes, RMSEs are displayed by study

visit (mean follow-up interval = 1.20 [SD = 0.50]), though time was modelled continuously in the underlying LMMs. Abbreviations: BL,

baseline. FU, follow-up.
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Discussion

Sample size reductions for hypothetical two-year, pla-

cebo-controlled, parallel-group trial using atrophy stage as an

enrichment variable. (a) Expected reductions in sample size (N; left
y-axis) and corresponding changes in screen failures rates (right y-
axis) for cut-offs between atrophy stages 0 and 17. Higher cut-offs

were not modelled due to limited data availability. (b) Absolute

required N for four enrichment scenarios: no enrichment (including

all participants regardless of atrophy stage) and progressively

excluding individuals below atrophy stages 1, 4, and 9. N represents

the total number of participants across both study arms, assuming

equal allocation per arm.
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