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   ABSTRACT 

  Objective :    To examine the value of MRI outcomes as endpoints for preventive and early- stage trials of two polyglutamine spi-

nocerebellar ataxias (SCAs).  

  Methods :    A cohort of 100 participants (23 SCA1, 63 SCA3, median Scale for the Assessment and Rating of Ataxia (SARA) score = 5, 

42% preataxic, and 14 gene- negative controls) was scanned at 3T up to 6 times (median follow- up 3 years) in the READISCA 

study. Structural, microstructural, and neurochemical outcomes were assessed for sensitivity to change. Associations between 

change in MR and clinical and patient- reported outcomes were evaluated. Sample sizes were estimated for preventive trials (at 

preataxic stage) and early- stage trials using the most sensitive outcomes.  

  Results :    Infratentorial volumes, middle cerebellar peduncle (MCP) diffusivities and select neurochemical outcomes were more 

sensitive to change than SARA in both SCAs with moderate- to- high effect sizes (Cohen ' s  d  ≥ 0.5). The pons volume was the most 

sensitive outcome at both preataxic ( d =  1.09) and ataxic ( d =  1.48) stages. The most sensitive MR measures overlapped between 

genotypes, except that SCA1 showed faster progression in the cerebellum and SCA3 in the pons. Changes in MCP diffusivities 

and pontine neurochemical measures were associated with changes in SARA and FARS- ADL (| r | = 0.28–0.47).  

 This is an open access article under the terms of the  Creative Commons Attribution- NonCommercial- NoDerivs  License, which permits use and distribution in any 

medium, provided the original work is properly cited, the use is non- commercial and no modifications or adaptations are made. 
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  Interpretation :    The estimated sample sizes to detect a 50% reduction in progression with 80% power using the pons volume 

as primary outcome measure indicate the feasibility of preventive trials ( n  = 73 per arm in a 1- year trial) in common SCAs and 

predict a 6- fold reduction in required sample sizes relative to SARA in early interventional trials. These findings support the use 

of MRI endpoints in early- stage SCA trials.    

       1       |    Introduction 

 Polyglutamine spinocerebellar ataxias (SCAs) are hereditary 

neurodegenerative diseases caused by CAG repeat expansions 

and present with progressive cerebellar ataxia, fine motor 

coordination deficits and speech impairment [ 1 ]. To date, 

there are no disease- modifying treatments for SCAs, but a 

growing number of treatments, including gene silencing 

approaches, are in the therapeutic pipeline [ 2 ]. Early inter-

ventions prior to substantial neuronal loss may prevent the 

progression of pathology and even reverse neuronal dys-

function in SCAs [ 3 ]. However, clinical outcome assessments 

(COAs), such as the Scale for the Assessment and Rating of 

Ataxia (SARA) [ 4 ], are not sensitive to change during the 

preataxic disease stage [ 2 ] hampering their use as endpoints 

for preventive SCA trials. In addition, trial designs that are 

used in more common [ 5 ] and faster progressing [ 6 ] neurode-

generative diseases to assess if interventions delay the onset of 

clinically manifest disease are prohibitive in the rare, slowly 

progressing SCAs. 

 Quantitative MRI outcomes may facilitate very early- stage 

SCA trials since they detect cerebral changes that precede 

motor symptoms cross- sectionally [ 7, 8 ]. Furthermore, the po-

tential for MRI outcomes to track early- stage pathology pro-

gression was demonstrated in single- site studies [ 9–13 ] and 

in a recent multisite SCA3 project [ 14 ]. Importantly, clinical 

trials increasingly utilize neuroimaging outcomes [ 15, 16 ]. 

With the possibility of preventive trials in SCAs, where CAG 

expansion carriers can be identified before onset of cerebellar 

signs, there remains a great need to assess the trial readiness 

of multimodal MRI outcomes in the multisite setting at very 

early disease stages. 

 READISCA [ 7, 17, 18 ] is a multisite longitudinal study that 

built a trial- ready cohort of preataxic and early- stage carriers 

of SCA mutations and matched gene- negative individuals to 

identify clinical and imaging outcomes for early- stage trials. 

Enrollment focused on SCA1 as the fastest progressing and 

SCA3 as the most common dominantly inherited ataxia. The 

project demonstrated the exquisite sensitivity of multimodal 

MRI to cross- sectionally detect volumetric, microstructural, 

and neurochemical abnormalities in preataxic and early SCA1 

and SCA3 [ 7 ]. Furthermore, select MR measures captured dis-

ease progression over 6 months in a subset of the cohort [ 7, 17 ]. 

Here we present longitudinal structural, diffusion MRI, and 

MR spectroscopy (MRS) findings in the READISCA cohort that 

was scanned annually up to 6 times at 4 US and 2 European 

sites. We identified the MR outcomes that are most sensitive to 

change at preataxic and early- stage, investigated if the sensitive 

MR measures differed between SCA genotypes, and evaluated 

their associations with COA changes, including patient- reported 

outcome measures (PROMs).  

   2       |    Methods 

   2.1       |    Study Design and Participants 

 In this prospective cohort study, 100 participants from the 

READISCA ( https:// clini caltr ials. gov/ ct2/ show/ NCT03 487367 ) 

imaging cohort [ 7 ] were imaged and assessed with a comprehen-

sive clinical battery [ 18 ] annually from 2018 to 2023 (Table   1 ). 

A subset ( N  = 44) was also scanned 6 months after baseline [ 17 ], 

resulting in up to 6 imaging visits in this group. The sample size 

for follow- up visits was determined by participants '  willingness to 

return during the COVID- 19 pandemic (Figure  1 , Tables  S1–S4 ). 

Participants were enrolled at 16 sites and scanned at six sites [ 7, 17 ]. 

Early- stage SCA1 or SCA3 expansion carriers (SARA < 10) and 

matched gene- negative controls were enrolled using inclusion/ex-

clusion criteria described previously [ 7 ]. As is standard in the field, 

a SARA threshold of 3 (out of a maximum score of 40 indicating 

severe ataxia) was used as indicative of manifest ataxia; expansion 

carriers with SARA < 3 were classified as preataxic [ 7, 19 ].   

 The study was approved by the Institutional Review Board at 

each site and informed consent was obtained. One individual 

was excluded from the analysis due to incidental findings in 

structural brain MRI that were unrelated to SCA.  

   2.2       |    Clinical Outcome Assessments ( COAs ) 

 Ataxia severity was assessed using the SARA score at all visits. 

SARA is a standardized composite clinical scale with demon-

strated construct validity, internal consistency, and inter- rater re-

liability [ 4 ]. The SARA score quantifies ataxia severity through 

assessments of gait, stance, sitting balance, speech, and coor-

dination tasks, including finger- chase, nose- finger, fast alter-

nating hand movements, and heel- shin tests [ 4 ]. As previously 

described in the imaging and clinical baseline studies [ 7, 18 ], 

annual visits also included the Inventory of Non- Ataxia Signs 

(INAS), Composite Cerebellar Function Score (CCFS), Cerebellar 

Cognitive Affective Syndrome (CCAS) scale, Fatigue Severity 

Scale (FSS), Friedreich Ataxia Rating Scale—Activities of Daily 

Living (FARS- ADL), Patient Health Questionnarie- 9 (PHQ- 9) and 

the European Quality of life- 5 Dimensions index (EQ- 5D). Ataxic 

participants reported their age at ataxia onset (Table  1 ). The time 

from ataxia onset at baseline was estimated using the CAG repeat 

length for all mutation carriers, as described previously [ 7, 17, 18 ]. 

Plasma neurofilament light chain (NfL) was measured at each an-

nual visit as previously described [ 18 ].  
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   2.3       |     MR  Imaging 

   2.3.1       |    Data Acquisition 

 MRI scans were performed on 3T Siemens systems (five Prisma 

and one Skyra) running Syngo MR E11, utilizing body coil trans-

mission and a 32-  or 64- channel receiver array. Structural and 

diffusion MRI sequences were harmonized with the Human 

Connectome Project (HCP) lifespan protocol [ 20 ] and key pa-

rameters included:

     •     3- dimensional (3D) T1- weighted magnetization- prepared 

rapid acquisition gradient echo: acquired in the sagit-

tal plane, 0.8 mm 3  isotropic resolution, Repetition Time 

(TR) = 2400 ms, echo time (TE) = 2.2 ms, inversion 

time = 1000 ms, flip angle 8°, generalized autocalibrating 

partially parallel acquisition (GRAPPA) = 2. 

   •     3D T2- weighted SPACE (sampling perfection with 

application- optimized contrasts using different flip angle 

evolution): acquired in the sagittal plane, 0.8 mm 3  isotropic, 

TR/TE = 3200/563 ms, GRAPPA 2. 

   •     Diffusion MRI: Acquired with multiband acceleration 

(factor 4) and reverse phase encoding. Prisma: 1.5 mm 3  

isotropic, TR/TE = 3230/89.2 ms,  b  values = 1500/3000 s/

mm 2 ; Skyra: 1.7 mm 3  isotropic, TR/TE = 3390/103.2 ms,  b  

value = 1000/2000 s/mm 2 . Both scanners used a matched  q - 

space scheme, acquired in the axial plane with 92 slices to 

guarantee full coverage of the cerebellum. 

 MRS data were acquired from the pons and cerebellar white mat-

ter using an automated and harmonized semi- adiabatic localiza-

tion by adiabatic selective refocusing (sLASER) protocol [ 21 ] (TR/

TE = 3000/30 ms, 80 transients) with integrated B0 and B1 cali-

bration [ 22 ]. Volumes of interest (VOIs) were automatically pre-

scribed in the pons (16 × 16 × 16 mm 3 ) and cerebellar white matter 

(17 × 17 × 17 mm 3 ) using the AutoVOI software [ 23 ], except for one 

site due to network issues. Unsuppressed water spectra were col-

lected for quantification and eddy current correction [ 24 ].   

  FIGURE  1       |                       Sample sizes for each magnetic resonance modality (structural, diffusion MRI and MR spectroscopy with two regions of interest, 

cerebellar white matter and pons) at the 6 study visits. Missing data (pink) and data excluded (green) based on incidental findings and quality control 

criteria are indicated. 
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   2.4       |    Quality Control ( QC ), Preprocessing and Data 
Availability 

 Participants from the READISCA imaging cohort with at least 

two timepoints were included in this study, including eight addi-

tional participants enrolled after the baseline MRI findings were 

published [ 7 ]. 

 All DICOM files were anonymized with DicomBrowser [ 25 ] and 

structural images were defaced using Face Masking [ 26 ] prior 

to upload onto a centralized Flywheel ( https:// flywh eel. io/  ) da-

tabase housed at the University of Minnesota. A standardized 

Docker container enabled consistent de- identification and data 

transfer across sites. 

 MR image analysis was conducted blinded to participant di-

agnosis. T1w and T2w images underwent quality scoring 

(0 = no artifacts, 1 = mild artifacts and 2 = severe artifacts) for 

sharpness, ringing, and contrast- to- noise ratio and QC thresh-

olds applied (pass = 0–0.25, check = 0.5–1, fail = 1.25–2), 

as detailed previously [ 7 ]. Diffusion images were quality 

checked using the FSL EDDY QC tool [ 27 ], which applies non- 

parametric corrections for motion and distortion and uses 

Gaussian Process predictions to repair affected slices [ 28 ]. 

Slice- to- volume alignment was performed for intra- volume 

motion correction [ 29 ]. Single- shot sLASER spectra were fre-

quency, phase, and eddy current corrected and then averaged, 

excluding shots with motion artifacts or unwanted coher-

ences, using MRspa ( https:// www. cmrr. umn. edu/ downl oads/ 

mrspa/   ) [ 24 ]. Spectra with poor water suppression, excessive 

linewidth (> 15 Hz) or those collected from an incorrect VOI 

were excluded from analysis.  

   2.5       |     MRI  Data Availability 

 MRI data were available from a total of 355 visits and included 

volumetric and microstructural measurements of the brain, the 

cerebellum and the brainstem, and neurometabolite levels from 

the cerebellar white matter and pons. For spectroscopy analy-

ses, total  N - acetylaspartate (tNAA), myo- inositol (Ins), total 

Creatine (tCr), and their ratios were of primary interest based 

on prior work [ 7, 17 ]. 

 Structural MRI data were missing for two visits, and three struc-

tural datasets were excluded due to segmentation errors after 

image processing (Figure  1 ). Diffusion MRI data were missing 

for five visits; one dataset was excluded due to incorrect field- of- 

view placement, and four others due to motion artifacts. MRS 

data were missing for five visits. Additionally, 11 MR spectra 

from the cerebellar white matter and 32 spectra from the pons 

were excluded, either due to manual VOI placement errors or 

broad spectral linewidth.  

   2.6       |    Structural  MRI  Analysis 

 Cerebral cortex, subcortical and brainstem volumes were ob-

tained from T1w images segmented with FastSurfer (v2.0.4) [ 30 ], 

a deep- learning platform mirroring FreeSurfer ' s (v7.3.2) anatom-

ical segmentation [ 31 ]. For longitudinal analysis, FreeSurfer ' s 

pipeline was applied using an averaged intracranial volume 

per subject, ensuring consistent within- subject measurements 

across timepoints [ 32 ]. Brainstem subregions (medulla, pons, 

midbrain, superior cerebellar peduncle) were segmented longi-

tudinally with subject- specific atlases, minimizing processing 

bias [ 33 ]. For brain analysis, 184 structures were extracted (36 

subcortical volumes and 148 cortical thickness). 

 Cerebellar structures were segmented using CerebNet (v1.0.0) 

[ 34 ], a deep- learning method built on the FastSurfer framework, 

which was trained with MR data from ataxic and non- ataxic 

individuals [ 34 ]. CerebNet employs three independent neural 

networks for each imaging axis, integrating their outputs to en-

hance boundary delineation of cerebellar white and gray matter 

[ 34 ]. Thirty different volumes, including 26 individual lobules 

(without combining left and right), were extracted to assess 

changes in the cerebellum. 

 All volumetric MR measures were normalized for intracranial 

volume estimated by FastSurfer.  

   2.7       |    Diffusion  MRI  Analysis 

 Diffusion MRI data were analyzed using the HCP pipeline and 

FSL DTIFIT (v6.0.4). To minimize bias from differences in  b  

values and voxel sizes between Prisma and Skyra platforms, 

only volumes with  b  = 1500 s/mm 2  (Prisma) or  b  = 1000 s/mm 2  

(Skyra) were included [ 35 ]. Diffusion images were preprocessed 

for motion, susceptibility, and eddy current distortions using 

the HCP pipeline [ 36 ]. Diffusion tensor metrics (fractional 

anisotropy, FA; axial diffusivity, AD; radial diffusivity, RD; 

mean diffusivity, MD) were then computed using DTIFIT (FSL 

v6.0.4) [ 37 ], and FA maps were registered to the Johns Hopkins 

University (JHU) white matter template  [ 38 ] with ANTs [ 39 ]. 

The JHU atlas was then projected back into native space to gen-

erate 25 standardized ROIs [ 13 ]. Skyra- derived diffusivity val-

ues were adjusted for  b - value and voxel size differences using 

established scaling factors [ 7 ]. In total, 100 measures were ob-

tained in this analysis, specifically FA, AD, RD, and MD from 

25 ROIs.  

   2.8       |    Magnetic Resonance Spectroscopy Analysis 

 Spectral data were quantified in LCModel (v6.3.0G) [ 40 ] with 

a simulated metabolite basis set [ 24 ]. Metabolite levels were 

corrected for tissue- specific water T2, water content, and cere-

brospinal fluid fraction [ 10 ]. Only metabolites with cohort- wide 

mean Cramér–Rao lower bounds (CRLBs) ≤ 20% were included 

in the statistical analyses, with exclusions applied for failed fits 

(CRLB = 999%). Nineteen measures, 10 for cerebellar white mat-

ter and 9 for pons, were extracted for analysis.  

   2.9       |    Statistical Analysis 

 Quantitative variables were expressed as median [Q1; Q3] 

and qualitative variables as frequency (%). Comparisons be-

tween genotypes at baseline were performed using ANOVA, 

with model assumptions assessed through visual inspection of 
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residual normality, followed by post hoc pairwise  t - tests with 

Holm adjustments for multiple comparisons. 

 Progression of clinical and MR measures was assessed with lin-

ear mixed models, using time since inclusion as the time vari-

able, genotype (Controls, SCA1, SCA3) or ataxia status (Control, 

Preataxic, Ataxic) and their interaction. Random effects included 

independent intercept and slope to account for intra- genotype 

or intra- status variability in rate of progression. We assessed 

the significance of progression for each ataxic status/genotype 

across all MR variables. To address the relatively small sample 

size and high data dimensionality (over 300 MR measures ob-

tained from 3 MR modalities) we first focused on 86 measures hy-

pothesized to be sensitive to longitudinal change based on prior 

literature (Table   S5 ). For this hypothesis- driven analysis, a sig-

nificance threshold of  p  < 0.01 was used to mitigate type I error. 

The hypothesis- driven analysis was followed by an exploratory 

analysis of the remaining MR variables, where  p - values were ad-

justed using the Holm method to account for multiple compari-

sons. Effect sizes were calculated as the mean annual progression 

divided by the square root of the sum of the random slope vari-

ance and residual variance, consistent with the interpretation of 

Cohen ' s  d  for annual progression [ 41 ]. Confidence intervals for 

effect sizes were estimated by bootstrapping over 1000 runs. 

 Pearson correlations between the rate of progression of the 

15 most sensitive MRI measures (i.e., with largest effect sizes 

across SCAs) and COAs (including all slopes, normalized CAG 

repeat lengths, baseline SARA scores and NfL levels) were cal-

culated using the individual random slopes estimated from the 

previously described models. Only participants who were ataxic 

at baseline or phenoconverted during the study were included to 

limit the MRI- COA correlation analysis to cases with observable 

clinical progression. For easier interpretation, the direction of 

the slopes for MRI measures that decrease over time on average, 

e.g., regional volumes with progressive atrophy, was inverted 

for all participants. Hence, a positive slope indicates worsen-

ing, e.g., increasing atrophy. Therefore, a positive correlation 

between two MR measures indicates co- occurring neurodegen-

erative changes. 

 For the top three MR metrics, we estimated sample sizes to con-

duct a trial that aims to slow the rate of progression of the MR 

outcomes by 30%–100% over one year, with 80% power. Sample 

sizes were estimated separately for ataxic and preataxic groups, 

with SARA as reference in the ataxic group, using the linear 

mixed models and the pooled SD derived from the individual 

slope variance and the residual error variance. 

 Statistical tests were performed at the conventional two- tailed 

type I error of 0.05. Data were analyzed using R version 4.2.0.   

   3       |    Results 

   3.1       |    Cohort Characteristics 

 The SCA groups were age- , sex- , and handedness- matched to 

controls at enrollment (Table   1 ). Both SCA groups were at an 

early stage at baseline (median SARA < 5) and matched for 

SARA; 42% of the mutation carriers were at preataxic stage. 

Preataxic individuals were younger than ataxic individuals, as 

expected, with no difference between their CAG repeat num-

bers. NfL levels were higher in both SCA groups than controls, 

and higher in ataxic than preataxic individuals. 

 The cohort was followed for a median of three years, during 

which 1/3 of preataxic individuals phenoconverted, based on a 

SARA ≥ 3 at one follow- up visit (Table  1 ). SCA groups remained 

matched to controls at follow- up (Tables  S1–S4 ). 

 SARA changed less than one point per year for SCAs and did 

not change in controls. When the preataxic and ataxic muta-

tion carriers were analyzed separately, SARA did not change in 

the preataxic group and increased annually by a median of 0.9 

points (IQR 0.6–1.5) in the ataxic group.  

   3.2       |     MRI  Changes in Control Participants 
and Participants With Early- Stage  SCA  

 Control participants showed progressive volume loss in the cau-

date and diffusivity changes in the posterior thalamic radiation, 

with small effect sizes ( d  < 0.4) (Tables  S7  and  S9 ). 

 To investigate SCA- related MRI changes, we first evaluated 

subject- level trajectories of MR measures that were previously 

shown to change over time in SCA1 or SCA3: The pons volume 

[ 42 ] and pontine tNAA/Ins [ 10 ], a neuroglial indicator mea-

sured by MRS, progressively declined and mean diffusivity 

(MD) of the middle cerebellar peduncle (MCP) [ 17 ] increased 

in expansion carriers (Figure   2 ). As expected, participants 

with higher baseline SARA scores had smaller pons volumes, 

higher MD of MCP, and lower pontine tNAA/Ins at baseline, 

consistent with strong cross- sectional correlations between 

these measures and SARA [ 7 ]. Interestingly, however, the pro-

gression rates (slopes) seemed consistent between participants 

with higher versus lower baseline SARA, especially for the 

pons volume, indicating a constant atrophy rate in this preat-

axic and early- stage disease. Additionally, greater reliability of 

the pons volume than that of the diffusion MRI (MD of MCP) 

and MRS (tNAA/Ins) measures was discernible from the data 

variation in individual trajectories of both expansion carriers 

and controls.  

 Among the 86 MR measures hypothesized to change (Table  S5 ), 

36 measures were more sensitive to change than SARA for 

SCA1 ( d  = 0.37) and 13 measures were more sensitive than 

SARA for SCA3 ( d  = 0.44) (Tables  S6–S14 ). Volumes of infra-

tentorial structures (pons, brainstem, cerebellar white matter) 

showed the highest sensitivity to change in both SCAs, with 

pons volume as the most sensitive measure ( d  = 1.3) (Figure  3 ). 

Other measures with moderate- to- high effect sizes ( d  ≥ 0.5) 

included volumes of deep gray matter structures (thalamus, 

caudate), diffusivities of cerebellar peduncles and MRS mea-

sures (tNAA/Ins, tNAA/tCr, Ins). The rate of change of these 

MR outcomes was significantly higher in SCAs than controls, 

including those that displayed age- related change in controls, 

such as the caudate volume.  

 Among the remaining MR measures (exploratory analysis), 

enlargement of the third and fourth ventricles and volume loss 
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of the cerebellar cortex and Crus I in both SCAs, lobule VI in 

SCA1, and ventral diencephalon in SCA3 were more sensitive to 

change than SARA (Tables  S6–S14 ). 

 To assess if the most sensitive MR measures differed between 

genotypes, the slopes and effect sizes of all MR outcomes 

were compared between SCA1 and SCA3, separately for vol-

umes, cortical thickness, MRS, and diffusion MRI measures 

(Figure  4A , Tables  S6–S14 ). Effect sizes of MR outcomes were 

highly correlated between the two SCAs with some exceptions: 

SCA1 showed faster progression in cerebellar structures, spe-

cifically the volume of the anterior lobe and microstructure of 

the inferior cerebellar peduncles (Tables   S6 ,  S9–S12 ). In ad-

dition, changes in metabolite concentrations and ratios were 

faster in the cerebellar white matter in SCA1, while they were 

faster in the pons in SCA3 (Tables  S13  and  S14 ).   

   3.3       |     MRI  Changes in Preataxic and Ataxic 
Participants 

 Because the most sensitive MR measures overlapped between 

the two genotypes, we further analyzed the data as preataxic 

and ataxic groups combining genotypes. In the preataxic 

  FIGURE  2       |                       Participant- level trajectories for selected MR outcomes (pons volume expressed as percentage of estimated total intracranial vol-

ume, the mean diffusivity (MD) of the middle cerebellar peduncle (MCP) and pontine total  N - acetylaspartate- to- myo- inositol (tNAA/Ins) ratio) and 

SARA. Dotted lines represent the mean progression estimated with the linear mixed model. 
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group, the volumes of pons, cerebellar white matter, brain-

stem, midbrain, caudate, thalamus, and superior cerebellar 

peduncle (SCP) had moderate- to- high effect sizes ( d  ≥ 0.5) 

while the SARA effect size was low ( d  = 0.12) (Figure   4B , 

Tables   S15–S23 ). In the ataxic group, pons, cerebellar white 

matter, brainstem, caudate volumes, MCP and SCP diffusion 

MRI measures, and pontine metabolite levels and ratios out-

performed SARA ( d  = 0.67). The pons volume had the highest 

sensitivity to change in both preataxic ( d  = 1.09) and ataxic 

( d  = 1.48) groups. The rate of change of these MR outcomes 

was significantly higher in preataxic and ataxic groups than 

controls, except for the caudate volume and MCP diffusivities, 

which did not differ between preataxic and control groups 

(Tables   S16 ,  S18–S21 ). MCP diffusivities (MD, radial diffu-

sivity, RD, and axial diffusivity, AD) showed the largest dif-

ferences in the rate of change between preataxic and ataxic 

groups (Tables  S15–S23 ). 

 The exploratory analysis of preataxic and ataxic groups high-

lighted ventricle enlargement as another sensitive outcome 

measure. The fourth ventricle volume was the most sensitive 

outcome in the preataxic ( d  = 0.73) and third ventricle volume in 

the ataxic group ( d  = 0.93) (Table  S16 ).  

   3.4       |    Clinical Correlations 

 Three groups of associations were apparent from Pearson 

correlation analyses between changes in clinical and most 

sensitive imaging outcomes (Figure   5 ): Volume changes 

(pons, brainstem, midbrain, cerebellar white matter and SCP) 

showed moderate- to- strong correlations between each other 

( r  = 0.46–0.98), but were not correlated with clinical change 

nor baseline characteristics, with one exception: SCP and left 

cerebellar white matter volumes were negatively associated 

with SARA change, i.e., participants with faster atrophy in 

these regions had slower SARA progression (Figure  S1 ). COA 

changes (SARA, FSS, PHQ9, EQ5D, INAS, FARS- ADL, CCFS) 

were also correlated with each other ( r  = 0.26–0.70). Lastly, 

significant associations were present between the slopes of 

  FIGURE  3       |                       Forest plots showing effect sizes (Cohen ' s  d ) of the most responsive MR outcomes and SARA change for (A) SCA1 and SCA3 groups 

and (B) preataxic and ataxic groups. Error bars were computed for each measure using a bootstrapping approach and represent the 95% confidence 

interval. CBWM, cerebellar white matter; ICP, inferior cerebellar peduncle; MCP, middle cerebellar peduncle; SCP, superior cerebellar peduncle. 
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select diffusion MRI and MRS outcomes ( r  = 0.32–0.51), and 

between change in these MR outcomes and COA changes. 

Specifically, changes in MCP diffusivities and pontine Ins 

were associated with SARA, CCFS and FARS- ADL change 

and pontine tNAA/Ins change with FARS- ADL change 

( r  = 0.28–0.47).   

   3.5       |    Sample Size Estimation 
for Interventional Trials 

 Finally, we estimated sample sizes for preventive and early- 

stage interventional trials of one- year duration, using the three 

most sensitive MRI outcomes for both genotypes (Figure   3 ), 

and compared them to using SARA as endpoint for an early- 

interventional trial. We do not report estimates based on the 

SARA score for a preventive trial, as its minimal change at the 

preataxic stage would lead to impractically large sample size 

requirements. 

 The estimated sample sizes using data from preataxic individ-

uals ranged from 73 (pons) to 150 (left cerebellar white matter) 

participants per arm to detect a 50% reduction in progression 

with 80% power in a preventive trial, i.e., an interventional trial 

at preataxic stage (Figure   6 ). For an early interventional trial, 

now including only early- stage symptomatic individuals, the 

estimated sample size for pons volume was 64 participants per 

arm, compared to 389 for SARA.    

   4       |    Discussion 

 This study identified MRI endpoints most sensitive to early pa-

thology progression in two common SCAs using a multimodal 

MRI protocol in the clinical trial setting. The findings support 

the feasibility of preventive trials in these SCAs. The combi-

nation of longitudinal multimodal MRI measures with a com-

prehensive clinical characterization of participants provides 

essential data to design early- stage trials before irreversible neu-

rodegenerative changes in SCA1 and SCA3. This approach can 

be extended to other hereditary neurodegenerative diseases to 

establish reliable imaging endpoints in prodromal stages of dis-

eases and to facilitate early- stage clinical trials. Similar longitu-

dinal multimodal MRI data are increasingly available for more 

prevalent disorders, such as Alzheimer ' s disease, frontotemporal 

dementia, and amyotrophic lateral sclerosis [ 43–45 ]. The use of 

a harmonized, state- of- the- art MRI protocol that results in high 

precision in the extracted MR outcomes is arguably more criti-

cal for rare hereditary neurodegenerative diseases with limited 

sample sizes. These diseases, on the other hand, provide an op-

portunity to transform neurodegenerative disease management 

from symptomatic treatment to prevention. 

  FIGURE  4       |                       Correlations between Cohen ' s  d  effect sizes for all diffusion MRI, magnetic resonance spectroscopy (MRS), cortical thickness and 

volumetry measures between (A) SCA1 and SCA3 groups and (B) preataxic and ataxic groups. Blue data points represent the measures hypothesized 

to change and the gray data points the exploratory measures. The SARA effect size is represented by a red data point. The solid line indicates the 

unity line. 
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 The study expands previous efforts to characterize progres-

sion of imaging abnormalities in SCA1 and SCA3 [ 9–11, 14, 

42, 46–48 ], and identifies numerous MR measures that out-

perform SARA. The poorer effect size of SARA in comparison 

to MRI measures is related to the greater variability observed 

in this clinical outcome with marked daily fluctuations. The 

ataxia research community has been working to address this 

known limitation of the clinical scales by better understanding 

the psychometric characteristics of SARA and other COAs [ 49 ] 

and, developing wearable [ 50 ] and video- based devices to objec-

tively and precisely assess the ataxia severity [ 51 ]. In parallel, 

validated MRI outcomes are expected to have great value par-

ticularly in early- stage trial designs. 

 We identified pons volume as the most sensitive outcome to pa-

thology progression in preataxic and early SCA1 and SCA3. Pons 

volume is also highly sensitive in later stages [ 9, 10, 12, 42, 46–48 ]. 

This is advantageous for trial design as regional volumes are de-

rived from 3D T1- weighted MRI, which is widely accessible and 

provides reproducible metrics through automated MRI process-

ing pipelines [ 52 ]. Importantly, basal ganglia and thalamus vol-

umes also showed progressive atrophy before ataxia onset. 

  FIGURE  5       |                       Correlation heatmap between clinical and MRI variable slopes and select baseline measures. Colors reflect correlation coefficients 

( r ), with statistically significant values indicated in bold. Hierarchical clustering was used to generate the dendrogram. 
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 In addition to infratentorial and deep gray matter volumes, 

microstructural and neurochemical measures were sensitive 

to early progressive pathology, consistent with prior reports 

at preataxic stage [ 10, 11, 14, 17 ], but had lower sensitivity to 

change than volumetric measures, likely due to greater mea-

surement variability. 

 These findings support the use of the pons volume as an out-

come measure in preventive trials of common SCAs. In addi-

tion, a six- fold reduction in sample size is predicted relative 

to SARA in an early- stage therapeutic trial. We previously 

predicted a five- fold sample size reduction for a 6- month long 

trial when using a diffusion MRI- based endpoint compared 

to SARA based on the 6- month follow- up data in a subset of 

the READISCA imaging cohort [ 17 ]. The longer follow- up and 

larger sample size in the current study pinpointed the most 

sensitive MR outcomes and allowed more definitive sample 

size estimations. Multi- variate analyses may allow further 

reductions in sample sizes because different MR measures 

provide complementary information about aspects of patho-

logical changes and their time courses. 

 Despite the overlap in the most sensitive MRI measures be-

tween SCA1 and SCA3, the diffusion MRI and MRS data also 

indicate a genotype- specific pattern of neurodegeneration, 

with faster change in the cerebellum in SCA1 and brainstem 

in SCA3 at this early disease stage. Considering a caudoros-

tral progression in both SCAs, these findings indicate that 

microstructural and neurochemical changes in SCA1 occur 

earlier than those in SCA3. Consistently, upper motor signs 

are present in a larger fraction of preataxic individuals with 

SCA1 than SCA3 [ 18 ]. 

 To validate candidate imaging biomarkers as trial outcomes, 

their associations with COAs, including PROMs, need to be 

demonstrated [ 53 ]. Pons volume, pontine MRS measurements, 

and cerebellar peduncle diffusion MRI metrics correlate 

cross- sectionally with SARA and FARS- ADL [ 7, 9, 14, 47 ]. 

Longitudinally, changes in MCP diffusivity and pontine MRS 

measures, rather than regional volumes, exhibited signifi-

cant correlations with SARA and FARS- ADL progression. 

This is likely due to faster progression of these MR outcomes 

in ataxic than preataxic stages. Interestingly, SCP atrophy, 

which was the most sensitive structural measure to detect 

preataxic abnormalities cross- sectionally in both SCAs [ 7 ], de-

celerated with ataxia onset, resulting in a negative correlation 

with SARA. 

 At this very early stage in the pathology progression, the atro-

phy rates of the most sensitive volumetric MR measures (pons, 

brainstem and cerebellar white matter) were not associated with 

SARA progression, unlike the microstructural metrics and neu-

rometabolite levels. This indicates that the microstructural and 

neurochemical measures, rather than the loss of tissue, are more 

closely associated with the functional outcomes, namely the 

cerebellar ataxic phenotype, at this early disease stage. These 

measures also show more genotype- specificity, consistent with 

their close association with disease- specific pathology. On the 

other hand, literature evidence points to the predictive value of 

volumetric measures. Thus, a prior single- site study reported 

that baseline pons volume predicts subsequent SARA progres-

sion in SCA1 [ 47 ]. Similarly, a multisite study showed that lower 

medulla oblongata volume predicts future SARA progression 

in SCA3 [ 14 ]. Another single site study showed that one- year 

change in pontine volume correlated with subsequent change in 

ataxia severity and gait in a later stage cohort [ 54 ]. Therefore, 

the lack of an association between the progression rates of the 

top volumetric measures and SARA at this early stage does not 

mean the volume measurements are not associated with mean-

ingful clinical change across the disease continuum. Further 

longitudinal data from large, multisite cohorts are needed to 

confirm the predictive value of the MRI outcomes and for refin-

ing models that estimate disease progression and time to onset 

in preataxic individuals [ 14 ]. 

  FIGURE  6       |                       Sample size estimation for a 2- arm (A) preventive trial and (B) early interventional trial of 1- year duration to detect a significant 

difference in progression between a treated versus placebo group of 30% to 100% using the top three responsive MR metrics, pons, left cerebellar 

white matter (CBWM) and whole brainstem volume, (B) and SARA as primary outcomes. The sample sizes required for a 50% treatment effect are 

indicated in red. 
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 Interestingly, the rate of NfL increase also did not correlate with 

the rate of atrophy at this early disease stage, indicating that NfL 

and the structural MRI outcomes reflect different aspects of the 

pathology progression in these two SCAs. NfL levels are known 

to increase very early in the disease course but progress little 

during the symptomatic progression, as was recently shown 

for a large SCA3 cohort [ 14 ]. On the other hand, the volumetric 

measures progress continuously. 

 The primary limitation of this study is the relatively small 

sample size for SCA1 compared to SCA3, although the 

SCA1- to- SCA3 ratio aligns with their relative prevalence [ 1 ]. 

Consequently, effect size estimates for SCA1 are less reliable 

than those for SCA3. While the preataxic and ataxic group 

analyses combined the genotypes here, trials for disease mod-

ifying, e.g., gene silencing, therapies will be disease- specific. 

The small number of phenoconverters with each genotype did 

not allow identification of genotype- specific MRI measures 

that predict the transition from the preataxic to ataxic stage. 

In the larger READISCA cohort ( N  = 222), 17 preataxic partici-

pants phenoconverted (5 SCA1 and 12 SCA3); these individuals 

displayed higher levels of NfL at baseline [ 55 ]. Phenoconverters 

with either genotype and available MRI data ( N  = 11, 3 SCA1 

and 8 SCA3) had higher levels of cerebellar white matter atro-

phy at baseline. Furthermore, higher total creatine in the cer-

ebellar white matter at baseline was predictive of faster SARA 

progression [ 55 ]. Further assessments of preataxic READISCA 

participants who have not phenoconverted yet, as well as com-

bining phenoconversion data across multiple imaging cohorts 

is expected to provide sufficient sample sizes for robust predic-

tive analyses. Finally, all MRI data in the READISCA study 

were acquired using Siemens scanners. However, the most sen-

sitive MRI outcomes were regional volumes that can be repro-

ducibly measured across platforms. 

 In summary, structural, microstructural, and neurochemi-

cal measures are highly sensitive to pathology progression in 

preataxic and early stages for common SCAs. Pons volume 

may enable the inclusion of preataxic individuals in clinical 

trials, making preventive SCA trials feasible. Changes in se-

lect microstructural and neurochemical measures display 

genotype specificity and parallel changes in clinical and 

patient- reported outcomes.  
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nial volume, the mean diffusivity (MD) of the middle cerebellar pedun-

cle (MCP) and pontine total  N - acetylaspartate- to- myo- inositol (tNAA/

Ins) ratio). Pearson correlation coefficients ( r ) are shown in the top half 

of the association matrix.             Table S1:  Cohort characteristics at visit 2.  

    Table S2:  Cohort characteristics at visit 3.      Table S3:  Cohort charac-

teristics at visit 4.      Table S4:  Cohort characteristics at visit 5.      Table S5:  

Regions and neurochemicals known to be affected in SCA1 and SCA3 

and used in the hypothesis driven analysis.      Table  S6:  Longitudinal 

changes (slopes) in cerebellar volumes in controls, SCA1 and SCA3.  

    Table S7:  Longitudinal changes (slopes) in FastSurfer/FreeSurfer vol-

umes in controls, SCA1 and SCA3.      Table  S8:  Longitudinal changes 

(slopes) in FastSurfer/FreeSurfer cortical thickness in controls, SCA1 

and SCA3.      Table S9:  Longitudinal changes (slopes) in regional axial 

diffusivities in controls, SCA1 and SCA3.      Table  S10:  Longitudinal 

changes (slopes) in regional fractional anisotropy in controls, SCA1 

and SCA3.      Table S11:  Longitudinal changes (slopes) in regional mean 

diffusivities in controls, SCA1 and SCA3.      Table  S12:  Longitudinal 

changes (slopes) in regional radial diffusivities in controls, SCA1 and 

SCA3.      Table  S13:  Longitudinal changes (slopes) in cerebellar white 

matter (CBWM) neurometabolites in controls, SCA1 and SCA3.  

    Table  S14:  Longitudinal changes (slopes) in pontine neurometabo-

lites in controls, SCA1 and SCA3.      Table  S15:  Longitudinal changes 

(slopes) in cerebellar volumes in controls, preataxic and ataxic cohorts.  

    Table  S16:  Longitudinal changes (slopes) in FastSurfer/FreeSurfer 

volumes in controls, preataxic and ataxic cohorts.      Table  S17:  

Longitudinal changes (slopes) in FastSurfer/FreeSurfer cortical thick-

ness in controls, preataxic and ataxic cohorts.      Table S18:  Longitudinal 

changes (slopes) in regional axial diffusivities in controls, preataxic 

and ataxic cohorts.      Table  S19:  Longitudinal changes (slopes) in re-

gional fractional anisotropy in controls, preataxic and ataxic cohorts.  
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    Table S20:  Longitudinal changes (slopes) in regional mean diffusivi-

ties in controls, preataxic and ataxic cohorts.      Table S21:  Longitudinal 

changes (slopes) in regional radial diffusivities in controls, preataxic 

and ataxic cohorts.      Table  S22:  Longitudinal changes (slopes) in cer-

ebellar white matter (CBWM) neurometabolites in controls, preat-

axic and ataxic cohorts.      Table S23:  Longitudinal changes (slopes) in 

pontine neurometabolites in controls, preataxic and ataxic cohorts.    

         Table S24:  READISCA consortium collaborators that contributed to 

the collection of clinical data.        
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