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Number of tables: 1 
Summary for Social Media If Published: 

1. If you and/or a co-author has a Twitter handle that you would like to be tagged, 
please enter it here. (format: @AUTHORSHANDLE). 
N/A 

2. What is the current knowledge on the topic?  (one to two sentences) 
Disease-modifying therapies including various gene silencing strategies are in the 
therapeutic pipeline for spinocerebellar ataxias, and their effectiveness is most likely 
when administered early, prior to substantial neurodegeneration. To facilitate trials at the 
earliest disease stages, outcome measures are needed to detect changes in the brain at the 
stage when clinical measures have low sensitivity. 

3. What question did this study address? (one to two sentences) 
Which MR biomarkers that are collected using standard at 3T MRI equipment are most 
sensitive to the early changes in the brain before onset of motor symptoms in SCA1 and 
SCA3? Is it feasible to acquire multi-modal MR data with a harmonized advanced 
protocol in the multi-site academic trial setting? 

4. What does this study add to our knowledge?  (one to two sentences) 
Neurochemical and microstructural MR metrics distinguish preataxic SCA mutation 
carriers from matched controls with very high sensitivity (areas under the curve of 0.92-
0.95 in ROC analyses) and with higher sensitivity than structural metrics. Multi-modal 
MR metrics are strongly associated with a comprehensive battery of clinical outcome 
measures, including patient reported outcomes; and can be collected with a harmonized 
advanced multi-modal protocol in the multi-site clinical trial setting.  

5. How might this potentially impact on the practice of neurology? (one to two 
sentences) 
This work identifies the most sensitive MR markers to early brain pathology in SCA1 and 
SCA3 and opens the possibility of detecting disease effects in individuals before ataxia 
onset to facilitate subject stratification in clinical trials.  

Draft Tweet: 
Advanced MRI detects brain changes in spinocerebellar ataxias before motor symptom onset with 
high sensitivity in multi-site study. 
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Abstract 

Objective: To identify MR metrics that are most sensitive to early changes in the brain in 

spinocerebellar ataxia type 1 (SCA1) and type 3 (SCA3) using an advanced multi-modal MRI 

protocol in the multi-site trial setting. 

Methods: SCA1 or SCA3 mutation carriers and controls (n=107) underwent MR scanning in the 

US-European READISCA study to obtain structural, diffusion MRI and MR spectroscopy data 

using an advanced protocol at 3T. Morphometric, microstructural, and neurochemical metrics 

were analyzed blinded to diagnosis and compared between preataxic (n=11 SCA1, 28 SCA3), 

ataxic (n=14 SCA1, 37 SCA3) SCA and control (n=17) groups using non-parametric testing 

accounting for multiple comparisons. MR metrics that were most sensitive to preataxic 

abnormalities were identified using receiver operating characteristic (ROC) analyses.  

Results: Atrophy and microstructural damage in the brainstem and cerebellar peduncles and 

neurochemical abnormalities in the pons were prominent in both preataxic groups, when patients 

did not differ from controls clinically. MR metrics were strongly associated with ataxia 

symptoms, activities of daily living and estimated ataxia duration. A neurochemical measure was 

the most sensitive metric to preataxic changes in SCA1 (ROC area under the curve (AUC) 

=0.95) and a microstructural metric was the most sensitive metric to preataxic changes in SCA3 

(AUC =0.92).  

Interpretation: Changes in cerebellar afferent and efferent pathways underlie the earliest 

symptoms of both SCAs. MR metrics collected with a harmonized advanced protocol in the 

multi-site trial setting allow detecting disease effects in individuals before ataxia onset with 

potential clinical trial utility for subject stratification. 
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Abbreviations Expansion 

AD Axial diffusivity 

CBWM Cerebellar white matter 

CC Corpus callosum 

CCAS Cerebellar cognitive-affective syndrome 

CCFS Composite cerebellar functional severity score 

COA Clinical outcome assessments 

CR Corona radiata 

CST Corticospinal tract 

EC External capsule 

EQ-5D European quality of life 5 dimensions 

FA Fractional anisotropy 

FARS-ADL Friedreich’s ataxia rating scale activities of daily living subscale 

FARS-FS Friedreich’s ataxia rating scale functional staging 

FASTESTMAP Fast, automatic shim technique using echo-planar signal readout for 
mapping along projections 

FOV Field of view 

Glc+Tau Glucose + taurine 

GRAPPA Generalized autocalibrating partial parallel acquisition 
IC Internal capsule 

ICP Inferior cerebellar peduncle 

INAS Inventory of non-ataxia signs 

MCP Middle cerebellar peduncle 

MD Mean diffusivity 

mI myo-Inositol 

MPRAGE Magnetization-prepared rapid gradient-echo 

MRS Magnetic resonance spectroscopy 

PCT Pontine crossing tract 

PHQ-9 Patient health questionnaire-9 

RD Radial diffusivity 

SARA Scale for the assessment and rating of ataxia 
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SCP Superior cerebellar peduncle 

sLASER Semi- localization by adiabatic selective refocusing 
 

SPACE Sampling perfection with application-optimized contrasts using different 
flip angle evolution 

SS Sagittal stratum 

tCr Total creatine = creatine + phosphocreatine 

TE Echo time 

tNAA Total N-acetylaspartate = N-acetylaspartate + N-acetylaspartylglutamate 

TR Repetition time 

VOI Volume of interest 

WM White matter 
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Introduction  
Spinocerebellar ataxias (SCAs) are rare autosomal dominant neurodegenerative disorders, the 

clinical hallmark of which is progressive loss of balance and coordination. SCA1 is the fastest 

progressing,1, 2 and SCA3 the most common SCA worldwide.3 Both are polyglutamine diseases 

caused by translated dynamic CAG repeat expansion mutations and present with degeneration in 

the cerebellum and brainstem. Disease-modifying therapies including gene silencing strategies 

are in the SCA therapeutic pipeline.4 Effectiveness of such therapies is most likely when they are 

administered at early disease stages.5 However, clinical outcome measures have low sensitivity 

in early disease necessitating alternative measures to identify trial participants with cerebral and 

cerebellar changes before onset of ataxia. Non-invasive imaging may allow detection of such 

early degenerative changes in SCAs, and thereby facilitate trials at early disease stages. 

Atrophy of the cerebellum, brainstem and forebrain regions are reliably detected with 

structural MRI in SCAs,6 including in early stage at group level.7-9 In addition, microstructural 

damage to the white matter (WM) and neurochemical abnormalities that likely precede tissue 

loss were detectable at subject level in single site studies with few preataxic subjects using 

diffusion MRI10, 11 and magnetic resonance spectroscopy (MRS),12, 13 respectively. Hence, 

studies of larger trial-ready cohorts in the earliest disease stages with a multimodal imaging 

protocol are warranted.  

READISCA14 is a multinational longitudinal clinical trial readiness study that enrolls 

preataxic and early ataxic SCA1 and SCA3 mutation carriers15 and matched healthy controls. 

READISCA enrolled the largest preataxic SCA cohorts for multimodal imaging thus far. Here 

we report the baseline structural, diffusion MRI and MRS findings. Our goals were 1) to evaluate 

the feasibility of collecting multi-modal MR data using a harmonized advanced protocol in the 

multi-site academic trial setting; 2) to identify the structural, microstructural and neurochemical 

MR metrics that are most sensitive to early abnormalities in SCA1 and SCA3 mutation carriers; 

and 3) to investigate the associations of these MR metrics with early clinical presentation in 

SCA1 and SCA3 as assessed by a comprehensive battery of outcome measures covering motor, 

non-motor, cognitive function and activities of daily living. 
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Methods 
Study participants and design 
The imaging cohort of READISCA included 107 participants who were willing to undergo MRI 

and clear of MR contraindications (Table 1). They were enrolled at 16 sites14 in the US and 

Europe from 2018-2021. The sample size was guided by feasibility to enroll preataxic and very 

early-stage participants. Participants with a Scale for the Assessment and Rating of Ataxia 

(SARA)16 score less than 10 (range 0–40; 0 indicating no ataxia and 40 most severe ataxia) were 

targeted for enrollment. SCA mutation carriers with SARA<3 were classified as preataxic and 

those with SARA≥3 as ataxic.15, 17 Control subjects comprised of at-risk individuals (first-degree 

relatives of patients) who tested negative for SCA1 or SCA3 and healthy volunteers who were 

unrelated to the patients. Individuals who were diagnosed with a hereditary ataxia other than 

SCA1 or SCA3, had a concomitant disorder that affected assessment of ataxia, had taken 

investigational drugs, or had changes in coordinative physical and occupational therapy 2 months 

prior to participation were excluded. 

Participants underwent clinical evaluation at the enrolling sites and were scanned within 

9 weeks (87 subjects within 4 weeks) at one of the six imaging sites in the US (University of 

Minnesota, University of Florida, Johns Hopkins University, Massachusetts General Hospital) 

and Europe (German Center for Neurodegenerative Diseases, ICM Paris Brain Institute). Site 

selection was based on MR expertise, prior collaborations that enabled timely initiation of scans 

in parallel with clinical assessments, and availability of 3T Siemens scanners. All procedures 

were approved by the Institutional Review Board at each site. Informed consent was obtained 

from all participants. 

 

Clinical assessments 
All subjects underwent the SARA16 assessment, which is a composite cerebellar ataxia scale, and 

was used to define the preataxic and ataxic groups as described above. Ataxic participants 

reported age at ataxia onset (Table 1). In addition, time from ataxia onset was estimated using 

CAG repeat length for both preataxic and ataxic participants (using long alleles for SCA117 and 

both alleles with a newer improved statistical model for SCA3,18 which does not display a 

systematic bias in patients with late-onset ataxia observed with the original Tezenas formula, 
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Tezenas du Montcel et al, Neurology, revision submitted). All participants underwent the clinical 

outcome assessments (COAs) of READISCA, including the Composite Cerebellar Functional 

Severity Score (CCFS),19 Inventory of Non-Ataxia Signs (INAS),20 Cerebellar Cognitive 

Affective Syndrome (CCAS) scale,21 Friedreich’s Ataxia Rating Scale Activities of Daily Living 

(FARS-ADL) and Functional Staging (FARS-FS) subscales,22 Patient Health Questionnaire 9 

(PHQ-9)23 and the EuroQol 5D (EQ-5D) visual analogue scale.24 The COAs that showed 

significant group differences in the entire READISCA cohort (n=200; Tezenas du Montcel et al, 

Neurology, revision submitted) are summarized for the MR cohort in Table 1.  

 

MRI data acquisition 
MR data were acquired on 3T Siemens (Erlangen, Germany) scanners (5 Prisma, 1 Skyra) 

operating under Syngo MR E11 software and using body coil transmission and a 32-channel 

receive array. Structural and diffusion MRI were acquired with the Human Connectome Project 

(HCP) Lifespan protocol: 1) 3D T1-weighted MPRAGE (0.8mm3 isotropic resolution, repetition 

time (TR) = 2400ms, echo time (TE) = 2.22ms, inversion time = 1000ms, flip angle = 8°, 

GRAPPA factor = 2); 2) 3D T2-weighted SPACE (0.8mm3 isotropic resolution, TR/TE 

=3200/563ms, GRAPPA factor = 2); 3) multiband diffusion MRI acquired with opposing phase 

encoding in the anterior-posterior direction and q-space sampling split into two sets of 98, and 

two sets of 99 volumes, resulting in two sets of 197 volumes including 13 b=0 per PE (184 

unique diffusion images). On Prisma scanners, 1.5mm3 isotropic resolution, TR/TE 

=3230/89.2ms, multiband acceleration =4, and b-values =1500, 3000 s/mm2 were used. On the 

Skyra scanner, 1.7mm3 isotropic resolution, TR/TE =3390/103.2ms, multiband acceleration =4 

and b-values =1000, 2000 s/mm2 were used. Except b-values, q-space sampling was the same on 

Prisma and Skyra. 
Volumes-of-interest (VOIs) for MRS were pons (16x16x16mm3) and cerebellar WM 

(CBWM, 17x17x17mm3). VOIs were automatically prescribed with AutoVOI, using predefined 

voxels on the MNI152 atlas.25 MRS data were collected using sLASER (TR/TE =3000/30ms, 80 

transients),26 which was recommended by expert consensus for high fields.27 Unsuppressed water 

spectra were obtained as an internal quantification reference and for residual eddy current 

correction.28 An automated sLASER protocol29 with integrated B0 and B1 calibration minimized 

operator intervention. 
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MR quality control and preprocessing  
DICOM data were de-identified using DicomBrowser30 and T1 and T2 datasets were defaced 

using Face Masking31 on site prior to uploading to a Flywheel (https://flywheel.io/) instance 

running on a dedicated server at the University of Minnesota for centralized analysis. To ensure 

uniform data handling across sites, the data handling pipeline was created within a Docker 

container at the University of Minnesota and shared with other imaging sites.  

All MR data were analyzed blinded to diagnosis. Image sharpness, ringing and contrast-

to-noise ratio of T1 and T2 data were scored 0-2 in subcortical, grey and white matter regions, as 

described previously.32 Scores for all image features were averaged. T1 and T2 images that 

passed QC thresholds (Pass 0-0.25, Check 0.5-1, Fail 1.25-2) were preprocessed using the HCP 

minimal preprocessing pipelines33 and corrected for gradient non-linearity distortion, bias-field, 

and readout distortions.33 

Diffusion data were missing for two participants, and another was excluded due to 

motion artifacts. Diffusion images were corrected for motion artifacts, susceptibility-induced and 

eddy current distortions34 using the HCP pipelines.33 Three datasets did not include reversed 

phase-encoding direction due to operator error, and thus were corrected for susceptibility-

induced distortions using Synb0-DISCO35 and for eddy-current and motion artifacts using 

EDDY from FSL.34  

MRS data were missing for two participants. In addition, MRS data were excluded if the 

VOIs were misplaced when overwriting AutoVOI placement (1 pons spectrum, 3 CBWM 

spectra) or the linewidth (full-width-at-half-maximum) of the associated water reference was 

broader than 13Hz (11 pons spectra and 3 CBWM spectra). MRS DICOM files containing 

channel-combined single-shot sLASER spectra were corrected for frequency, phase and eddy-

current errors in an automated pipeline36 using MRspa 

(https://www.cmrr.umn.edu/downloads/mrspa/) before averaging. Single shots with poor water 

suppression or phase fluctuation indicating subject movement were excluded from averaging.  

 

Volumetry 

https://www.cmrr.umn.edu/downloads/mrspa/
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Cortical, subcortical and brainstem volumes were estimated using FreeSurfer (version 6.0).37, 38 

Since FreeSurfer only provides white and grey matter segmentations of the cerebellum, CERES 

(CEREbellum Segmentation, version 1.0), a patch-based multi-atlas segmentation tool,39 was 

used to estimate cerebellar lobule volumes. CERES was chosen for cerebellar segmentation 

because it outperformed other tools with respect to repeatability and reproducibility40 and 

cerebellar fissure segmentation in images with cerebellar atrophy.41 All volumes were 

normalized by each participant’s total intracranial volume. 

 

ROI-based diffusion analysis 
To minimize bias from differences in b-values and voxel sizes42 between Prisma and Skyra 

platforms, diffusion volumes with b=1500s/mm2 for Prisma and b=1000s/mm2 for Skyra were 

extracted for diffusion tensors calculation. Fractional anisotropy (FA), mean (MD), axial (AD) 

and radial diffusivity (RD) were subsequently calculated using FSL DTIFIT (FSL version 6.0) in 

25 WM ROIs for each subject in their native space as previously described.11 For the list and 

visualization of the 25 ROI, see Figure 1 in our prior publication.11   

A bias was noted in the diffusivity values in the Skyra (up to 20% higher) compared to 

Prisma data. To address this, diffusion data were acquired with the Prisma and Skyra protocols in 

the same session on a Prisma scanner from three healthy volunteers. AD, MD, and RD were 

computed from the same 25 WM ROIs. ROI-specific diffusivity scaling factors (diffusivity 

obtained with Prisma parameters divided by diffusivity obtained with Skyra parameters) were 

computed using average data from the three volunteers and ranged from 0.82 to 0.95. Skyra 

diffusivity values were then multiplied by the corresponding scaling factor. Statistical analysis 

was completed with both corrected and uncorrected Skyra diffusivities and with and without the 

Skyra data. 

 

MRS quantification 

Preprocessed, averaged spectra were quantified using a simulated basis set28 in LCModel 

(6.3.0G).43 Metabolite concentrations were corrected for water T2 relaxation time, tissue water 

content and CSF contribution in each VOI.13 For each VOI, metabolites with mean Cramér-Rao 

lower bounds (CRLB) ≤20% (estimated error of metabolite quantification) for the entire cohort 



11 
 

were included in the statistical analyses. All concentrations except those for which the fitting 

failed (CRLB=999%) were used when calculating mean CRLBs. For metabolites with strong 

correlations (r <-0.7), only the sum was reported, e.g., total N-acetylaspartate (tNAA) = N-

acetylaspartate+N-acetylaspartylglutamate, total creatine (tCr) = creatine+phosphocreatine, total 

choline = phosphocholine+glycerophosphocholine. Finally, glucose (Glc) + taurine (Tau) was 

reported if Glc or Tau had mean CRLB >20%.12 

 

Statistical analysis 
MR and clinical data from control, preataxic and ataxic groups were compared using non-

parametric Kruskal-Wallis test. SARA scores were only compared between control and preataxic 

groups, since SARA was used to classify preataxic and ataxic groups. P-values were Holm 

adjusted for multiple comparisons within each MR analysis (for 55 volumes in FreeSurfer 

volumetry, 26 volumes in CERES volumetry, 25 regions in each diffusion metric, 19 metabolites 

in MRS across both VOIs). The metrics that showed statistical significance (P <0.05) in the 

group comparisons underwent pairwise comparisons between the three groups in the SCA1 and 

SCA3 cohorts separately using two-tailed t-tests with Dunn adjustment for multiple pairwise 

comparisons. Cohen’s d were computed for each group comparison as the difference in means 

divided by the pooled standard deviation, which was calculated as the square root of the mean of 

each group’s variance.  

The MR metrics that best distinguished preataxic and control groups were identified 

using receiver operating characteristic (ROC) analyses. Optimal cut-off for the variables was 

determined using the Youden’s statistic that optimized specificity and sensitivity. The area under 

the curve (AUC) was calculated for each metric in both SCA1 and SCA3 groups. To assess the 

potential of multimodal MR metrics in identifying abnormalities at the preataxic stage, bivariate 

ROC analysis was done for SCA3 only (and not for SCA1 due to small sample size in the 

preataxic group, n <15).  

Pearson correlations between clinical and MR measures that showed significant group 

differences were computed for SCA1 and SCA3 using all participants’ data, as well as without 

the control group. There were no group effects nor non-linearity that could be visually identified. 

For diffusivity metrics (AD, RD, MD), we only computed correlations of MD with COAs 
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because it is representative of both AD and RD and showed the largest number of group 

differences. 

The clinical and imaging data from READISCA are available from the NIMH Data 

Archive (https://nda.nih.gov/, Collection C3155). 

 

Results 
Cohort characteristics and matching 
Consistent with the reported3 prevalence of SCA3, ~70% of SCA mutation carriers had SCA3 

(n=65) and ~30% had SCA1 (n=25), with 43-44% at the preataxic stage (Table 1). The control 

group was age- and sex-matched to mutation carriers. As expected, ataxic patients were older 

than preataxic participants, which was statistically significant for SCA3. Ataxic participants had 

mild symptoms and minimal disability (median SARA 7-8; functional stage 2). They had ataxia 

symptoms for 3-6 years. Ataxic groups scored worse than controls on Friedreich’s ataxia rating 

scale functional staging (FARS-FS), inventory of non-ataxia signs (INAS) count and Friedreich’s 

ataxia rating scale activities of daily living (FARS-ADL) subscale. Composite cerebellar 

functional severity (CCFS) score was significantly different from controls only in the SCA1 

ataxic group, and the cerebellar cognitive-affective syndrome (CCAS) scale only in the SCA3 

ataxic group. None of the COAs differed significantly between preataxic and control groups.      

 

Early atrophy in SCA1 and SCA3 
All structural images passed the QC threshold (score <1). The regions that showed significant 

pairwise differences between ataxic groups vs. controls in structural MRI were identical to the 

regions with significant differences in the 3-group comparisons (shown in the top two rows of 

each panel in Fig 1), with lower p-values (Supplementary Tables 1, 4). Cerebellar WM, medulla, 

pons, and superior cerebellar peduncle (SCP) were atrophied in both ataxic groups. In addition, 

SCA3 ataxic group had atrophy of the thalamus, nucleus accumbens, putamen, pallidum, total 

and subcortical (striatum, thalamus, pallidum) grey matter. The medulla and SCP were already 

atrophied at preataxic stage. In addition, the SCA1 preataxic group had atrophy of the pons and 

left cerebellar WM, and the SCA3 preataxic group displayed enlarged 4th ventricle.  
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Both ataxic groups had atrophy of cerebellar lobule IV. In addition, the SCA3 ataxic 

group showed atrophy of lobule X and left lobule I/II, with lobule X atrophied at preataxic stage. 

 

Early microstructural deficits in SCA1 and SCA3 
Diffusivity findings were largely identical with and without the Skyra data and with the corrected 

and uncorrected Skyra values; therefore, we report the statistical findings with the corrected 

Skyra diffusivities. Similar to volumetric findings, the regions that showed significant pairwise 

differences between ataxic groups vs. controls in diffusion MRI were identical to the regions 

with significant differences in the 3-group comparisons (shown in the top two rows of each panel 

in Fig 2), with lower p-values (Supplementary Tables 2, 5). 

Both ataxic groups displayed WM microstructural deficits in the pontine crossing tract 

(PCT) and cerebellar peduncles (inferior (ICP), superior (SCP), middle (MCP)) as measured by 

lower FA and higher diffusivities than controls (Fig 2 and Supplementary Tables 2, 5). In 

addition, corticospinal tract (CST), sagittal stratum (SS) and corona radiata (CR) were affected in 

both ataxic groups based on higher diffusivities. Corpus callosum (CC) was only affected in 

ataxic SCA1 (lower FA, higher MD and RD), while external (EC) and internal capsules (IC) 

were only affected in ataxic SCA3 (higher RD/MD).    

PCT and ICP were affected in both preataxic groups. In addition, the SCA3 preataxic 

group displayed widespread microstructural damage, including all cerebellar peduncles, CR, 

CST, IC and SS (Fig 2). 

 

Early neurochemical abnormalities in SCA1 and SCA3 
MRS data quality was high across groups, with comparable signal-to-noise ratio and linewidths 

between patients and controls (Supplementary Tables 3, 6). 

Group differences for multiple neurochemicals were highly statistically significant for 

both SCAs, particularly for the pons. For both ataxic groups, levels of tNAA, a marker of 

neuronal viability, was lower and myo-inositol (mI), a putative glial marker, was higher than 

controls in both VOIs (Fig 3). In addition, tCr and Glc+Tau, which may indicate deficits in 

energy metabolism, were higher in both VOIs in ataxic SCA3 and in pons in ataxic SCA1 than 

controls.  
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Neurochemical differences reached statistical significance only in the pons at preataxic 

stage. Namely, mI was higher in both preataxic groups than controls. Preataxic SCA1 

participants further had lower tNAA and higher tCr than controls. In addition, tNAA/tCr and 

tNAA/mI ratios, which are widely used measures of neuroglial status, were lower in the pons in 

both preataxic groups.  

 

MR metrics most sensitive to preataxic disease 

ROC analyses were used to identify the metrics most sensitive (highest AUC) to preataxic 

alterations within each modality (whole brain volumetry, cerebellar volumetry, diffusion MRI 

and MRS) (Fig 4).  

In SCA1, pontine tCr had the highest AUC (0.95) among the top metrics to distinguish 

preataxic participants from controls. Consistently, violin plots with individual subject data 

showed little overlap between the pontine tCr levels of the preataxic and control groups and 

largely equivalent tCr levels in the preataxic and ataxic groups. 

In SCA3, RD of ICP had the highest AUC (0.92), and, similar to tCr in SCA1, the ICP 

RD values for the SCA3 preataxic and ataxic groups largely overlapped. Combinations of two 

MR metrics distinguished preataxic participants from controls with higher AUC than single 

metrics (Supplementary Table 7). For example, the combination of ICP FA and cerebral 

peduncle AD resulted in almost perfect separation of preataxic participants from controls with an 

AUC of 0.97.  

 

Clinical correlations 
In SCA1, ataxia symptoms (SARA, FARS-FS) were significantly associated with volumes and 

microstructural measures from brainstem (pons, medulla), cerebellum and their connecting 

pathways, with the strongest associations detected for cerebellar peduncles (|r|=0.76-0.8, Fig 5). 

Strongest neurochemical correlates of ataxia were the neuronal marker tNAA (|r|~0.71-0.79), 

followed by the glial marker mI (r~0.62-0.76). MR metrics were also associated with fine motor 

function (CCFS), non-ataxia signs (INAS), and estimated ataxia duration. Among patient 

reported outcomes, the FARS-ADL scale showed the same pattern of associations with MR 

metrics as SARA and FARS-FS, while the European quality of life 5 dimensions (EQ-5D) and 
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depression/anxiety (PHQ-9) scales lacked these associations. Finally, the cognitive and affective 

symptoms as measured by the CCAS scale showed moderate associations (|r|~0.3-0.4) with 

CBWM volume, SCP and CC microstructure and the glial marker mI.  

Many clinical-MR associations were observed in the larger SCA3 sample (Fig 6). Similar 

to SCA1, macro- and microstructural metrics in the brainstem, particularly the pons, and 

cerebellar peduncles were the strongest correlates of ataxic symptoms (SARA, FARS-FS), fine 

motor skills (CCFS), non-ataxia signs (INAS), FARS-ADL and estimated ataxia duration. 

Importantly, volumes of several forebrain structures (thalamus, putamen, nucleus accumbens), 

and diffusivity of major cerebral WM tracts (CR, CST) were associated with ataxia symptoms, 

non-ataxia signs and FARS-ADL. The larger sample also revealed associations of cerebellar and 

brainstem macro- and microstructure with cognitive and affective symptoms (CCAS), and of 

pons and cerebellar peduncle measures with quality of life (EQ-5D) and depression/anxiety 

(PHQ-9). Neurochemical associations with ataxia symptoms, non-ataxia signs, patient reported 

outcomes (FARS-ADL, EQ-5D, PHQ-9) and estimated ataxia duration were overall stronger 

than those of the structural and microstructural metrics. 

The pattern of associations was similar without the control data, but associations were 

weaker. Correlations were not driven by cluster effects, as shown for SARA, FARS-FS, FARS-

ADL and estimated duration, the strongest clinical correlates of MR metrics overall (Fig 7). DTI 

and MRS metrics had the strongest associations with these COA.  

 

Discussion   
This study represents the first multi-site clinical trial readiness effort in SCAs to validate 

morphometric, microstructural, and neurochemical outcome measures using an advanced MR 

protocol. The data expand our current knowledge on the earliest structural, microstructural and 

neurochemical abnormalities that are present prior to ataxia onset and demonstrate WM damage 

that precedes GM damage in both SCAs. Thus, this is the first report of microstructural 

abnormalities in major WM tracts beyond the cerebellum and brainstem before ataxia onset in 

SCA3. From the trial readiness perspective, this is the first demonstration that neurochemical 

(for SCA1) and microstructural (for SCA3) MR metrics detect preataxic abnormalities with 

exceptionally high sensitivity (AUC >0.9 in ROC analyses) in a multi-site trial setting, that they 

are more sensitive than structural metrics to earliest changes and that neurochemical and 
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miscrostructural metrics are the strongest correlates of ataxia symptoms, activities of daily living 

and estimated ataxia duration. Most importantly, the data demonstrate the possibility of enriching 

clinical trial cohorts with those individuals with highest cerebral and cerebellar impairment 

before ataxia onset (detectable on a single subject level), which is currently not possible based on 

any clinical or laboratory measurements. 

First-in-human testing of gene silencing therapies has begun for SCA3.44 Interventions 

are most likely to slow pathological changes if administered before substantial 

neurodegeneration5 and hereditary SCAs will allow enrollment of mutation carriers in clinical 

trials before ataxia onset. Functional changes have been documented at the preataxic stage in 

SCAs using dopamine transporter45 and metabolic46 imaging. Due to broader availability of MR 

scanners, we aimed to identify MR endpoints sensitive to early pathology in the trial setting for 

SCAs, i.e., academic hospitals that house specialized ataxia clinics, which allowed us to 

implement a state-of-the-art MR protocol at 3T with advanced pulse sequences. The novel 

combination of morphometric with microstructural and neurochemical markers allowed a 

broader window into early pathology than prior multi-site MR studies of morphometric changes 

in SCAs.8, 47, 48 We chose ROI-based volumetric and diffusion MRI analyses to identify robust 

subject-level metrics for use in clinical trials. Future group-level analyses of the same data, e.g., 

using tractography, will likely identify additional affected areas. The MRS data were limited to 

two VOIs because SCA-control classifications are driven strongly by metabolite levels in these 

regions.12 

We took a conservative statistical approach because the goal was to identify the most 

robust metrics that may facilitate enrollment of mutation carriers in trials, rather than to provide a 

detailed account of MR detectable abnormalities. For example, we did not average right and left 

volumes or combine multiple cerebellar lobules to reduce the number of statistical comparisons. 

To allow readers access to the full set of findings, we provide adjusted and unadjusted P-values 

(Supplementary Materials). In addition, we primarily utilized univariate statistical analysis 

because the sample size was still limited for a training and testing set needed to validate a multi-

variate statistical model, for example to establish an MR score for SCA1 and SCA3. 

Atrophy in the brainstem, cerebellum, and SCPs in the ataxic groups was consistent with 

prior reports8, 13, 49, 50 (Fig 1). Notably the WM of the cerebellum was atrophied, while total 

cerebellar cortex was not, indicative of axonopathy that precedes cell loss. Together with the 
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microstructural damage in all cerebellar peduncles and brainstem (PCT) these data support WM 

deficits as the defining features of early-stage pathology in both diseases. Interestingly, RD 

differences were more prominent than AD in both SCAs, indicating more prevalent myelin loss 

than axonal injury.51, 52 While this interpretation is problematic in regions with many crossing 

fibers,52, 53 in highly ordered WM tracts, such as those in SCP (FA~0.67), and in the absence of 

edema, the prominent RD abnormalities are supportive of early oligodendrocyte pathology 

proposed in SCA3.54, 55   

Early grey matter damage was limited to select regions of the cerebellar cortex, namely 

lobules involved in motor processing (IV, I/II) and vestibulocerebellum (lobule X)56 and 

subcortical forebrain structures (thalamus, pallidum, putamen, nucleus accumbens). Importantly, 

despite large overlap in cerebellar/brainstem regions involved in SCA1 and SCA3, the pattern of 

tissue damage was genotype-specific, therefore imaging data collected clinical trials should not 

be pooled across genotypes.    

Cerebral involvement was detected with higher sensitivity by diffusion than structural 

MRI, consistent with microstructural changes preceding tissue loss. Prior work had shown 

damage to cerebral WM tracts, e.g., CC and CST, in more advanced cohorts with SCA1 and 

SCA3.7, 57 The current study revealed the presence of these WM alterations earlier in the disease 

course.  

At preataxic stage, brainstem atrophy was consistent with prior reports.7-9, 49 In fact, SCP 

volume was the top volumetric metric that distinguished preataxic participants from controls (Fig 

4). Microstructural damage was limited to brainstem (PCT) and cerebellar tracts (ICP) in SCA1, 

but widespread in SCA3, before ataxia onset. While cerebellar peduncle and midbrain WM 

damage was reported before ataxia onset in SCA3,7 extended cerebral microstructural 

abnormalities captured in our larger preataxic cohort show that whole brain WM damage is 

substantial before ataxia onset in SCA3. In addition to larger sample size, the preataxic SCA3 

group may have been closer to ataxia onset than the preataxic SCA1 group (Table 1), allowing 

the detection of more extensive WM damage. However, a systematic bias in the estimated time 

to ataxia onset is likely for the SCA3 cohort based on the inconsistency between the estimated 

vs. reported time from onset (9 vs. 3 years) in the ataxic SCA3 group. Ongoing follow-up of the 

preataxic patients will reveal if the preataxic SCA3 group was indeed closer to onset. 

Interestingly, diffusion measures in the ICP were the top DTI metrics that distinguished preataxic 
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from control groups, with AUC >0.9, for both SCAs, demonstrating impaired spinal input to the 

cerebellum as a very early event in the disease course. A caudal-rostral progression of SCA3 

pathology was proposed previously7 and our findings are supportive of this sequence of events 

for both SCA1 and SCA3, with pathology moving from the medulla to pons, cerebellum and 

later to cerebrum. In this sequence of events, pontine tissue loss and neurochemical 

abnormalities were more extensive in preataxic SCA1 than SCA3, possibly predictive of faster 

disease progression in SCA1 following ataxia onset. Notably, the pontine tCr level distinguished 

the preataxic SCA1 from controls with the highest AUC among all MR metrics, consistent with 

our preliminary observation that individual mutation carriers can be distinguished from controls 

based on MRS.12 This opens the possibility of enriching clinical trial cohorts with those 

individuals with highest impairment before ataxia onset. Although clinical disease manifestations 

can be detected before ataxia onset with larger sample sizes,9 and preataxic sensory and 

corticospinal signs were detected in the larger clinical READISCA cohort (N=200) (Tezenas du 

Montcel et al, Neurology, revision submitted), COAs were not significantly different in the 

preataxic groups than controls with the current sample size, demonstrating the higher sensitivity 

of the imaging markers to early disease.    

It is important for imaging markers to be related to the clinical presentation for their 

utility as clinically meaningful outcome measures in trials. We detected strong associations (|r| 

>0.7) of brainstem and cerebellar MR metrics with ataxia despite a limited SARA range. 

Correlations of macro- and microstructural metrics obtained in the pons, cerebellar peduncles 

and cerebellar WM and neuroglial markers tNAA and mI in the pons and cerebellar WM 

particularly stood out, underlining the importance of cerebellar afferent and efferent pathways in 

early symptomatology in both SCAs. MR-COA correlations were weaker overall for SCA3 than 

SCA1, potentially due to phenotypic heterogeneity characteristic of SCA3, which may be 

associated with varying MRI signatures.58 Also note that the markers most sensitive to preataxic 

pathology (e.g. tCr) may not necessarily be the most sensitive to progression (e.g. tNAA, the 

strongest neurochemical correlate of SARA), consistent with our experience in SCA1 mouse 

models.59, 60  

Patient reported outcome measures are particularly important for FDA approval of new 

therapeutics. FARS-ADL evaluates the impact of ataxia symptoms on daily activities such as 

speech, swallowing and motor function (dressing, hygiene, mobility) as reported by patients and 
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their families, and as such showed a very similar pattern of associations with MR metrics to 

SARA and FARS-FS. On the other hand, EQ-5D that combines multiple domains including 

mobility, pain and mental health, and the depression/anxiety scale PHQ-9 were not associated 

with MR metrics in SCA1 and weakly associated with few structural and neurochemical 

measures in SCA3. The CCAS scale,21 which was designed to detect and quantify the set of 

impairments identified in patients with cerebellar disorders, showed a higher number of 

correlations with MR metrics, primarily in the cerebellum and pons. 

We further observed moderate-to-strong associations of cerebellar and pons MR metrics 

with estimated ataxia duration. Existing statistical models to estimate time to ataxia onset in 

preataxic individuals utilize CAG repeat length and current age.17, 18 While they perform well at 

group level, these estimates carry a large uncertainty in estimating onset age of individual 

patients. Noninvasive imaging metrics can enrich these parametric models and are expected to 

reduce the uncertainty of these estimates, which will be critical in subject stratification in trials. 

The predictive value of MR metrics for ataxia onset will be better understood with longitudinal 

follow-up data that are currently being collected in the READISCA project.  

A limitation of the study was the smaller sample size in the SCA1 group, but the ratio of 

SCA1 and SCA3 sample sizes was consistent with prior multi-site studies.1 The smaller sample 

size in SCA1 coupled with a conservative type I error correction could have limited several MR 

metrics to reach statistical significance. Future studies need to collect trial readiness data with 

larger sample sizes in global efforts such as the Ataxia Global Initiative.61 A technical limitation 

was the use of scanners from a single vendor. Future trial readiness studies need to incorporate 

scanners from all major MR vendors. The use of state-of-the-art technologies will likely be 

limited in multi-site settings that prioritize inclusion of all vendors and scanner models with 

wide-ranging technical specifications. However, the high resolution utilized here for structural 

imaging, the basic DTI model for analyzing only the low b-value of the diffusion data, and the 

neurochemicals of primary interest (tNAA, mI, tCr) will be broadly appliable across vendors and 

models.          

To summarize, morphometric, microstructural, and neurochemical metrics are highly 

sensitive to pathology before ataxia onset and are associated with patient’s daily experiences. 

Neurochemical and microstructural metrics detected cerebellar and brainstem abnormalities at 

preataxic stage with higher sensitivity than morphometric measures. Non-invasive access to such 
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microstructural and biochemical changes before neuronal loss is expected to facilitate clinical 

trial enrollment of participants at the earliest disease stages, thereby increasing the likelihood of 

slowing pathological changes by potential therapeutics. 
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Figure captions 

Figure 1. Whole brain and cerebellar volumetry. Statistical maps of whole-brain volumetry 

using FreeSurfer (A, B) and cerebellum volumetry using CERES (C, D) for SCA1 (A, C) and 

SCA3 (B, D). Group comparisons are shown in the top two rows and pairwise comparisons are 

shown in the bottom two rows in each panel. The P-values (Kruskal-Wallis with Holm 

adjustment for C-P-A group comparisons, pairwise two-tailed t-tests for P vs. C comparisons, P 

<0.05) are mapped to each of the segmented volumes that are placed on a T1 atlas for whole-

brain volumetry. Similarly, P-values from cerebellar volumetry are placed on a subject T1 image 

that was transformed to MNI space. C = control, P = preataxic, A = ataxic, CBWM = cerebellar 

white matter, SCP = superior cerebellar peduncles, thal = thalamus, vent = ventricle. Ventricles 

marked with * indicate reversed relationship between groups, i.e. C < P < A. 

 

Figure 2. Microstructural MRI metrics from different ROI. Statistical maps of ROI based 

diffusion MRI analyses show significant differences in fractional anisotropy (A, B), axial 

diffusivity (C, D), radial diffusivity (E, F) and mean diffusivity (G, H) for SCA1 (A, C, E, G) 

and SCA3 (B, D, F, H). Group comparisons are shown in the top two rows and pairwise 

comparisons are shown in the bottom two rows in each panel. The P-value maps (Kruskal-Wallis 

with Holm adjustment for C-P-A group comparisons, pairwise two-tailed t-tests for P vs. C 

comparisons, P <0.05) are represented on WM ROIs on the FMRIB58 atlas FA map. C = 

control, P = preataxic, A = ataxic, PCT = pontine crossing tract, MCP = middle cerebellar 

peduncle, ICP = inferior cerebellar peduncle, SCP = superior cerebellar peduncle, CC = corpus 

callosum, CST = corticospinal tract, IC = internal capsule, SS = sagittal stratum, CR = corona 

radiata. 

 

Figure 3. Neurochemical abnormalities from MR spectra. MR spectra from one subject in 

each cohort. Voxel positions are shown on MPRAGE images. Arrows indicate type I error 

corrected significant metabolite differences in each SCA group compared to controls.  CBWM = 

cerebellar white matter, mI = myo-inositol, tNAA = total N-acetylaspartate, tCr = total creatine, 

Glc+Tau = glucose+taurine. 
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Figure 4. MR metrics most sensitive to preataxic alterations as identified from ROC 

analyses. Violin plots (A, C) and ROC curves (B, D) for the top volumetry (whole brain and 

cerebellar), diffusion and MRS metrics that best distinguish preataxic SCA1 (A, B) and SCA3 

(C, D) groups from controls. Violin plots are shown for all groups (ataxic, preataxic SCA and 

control) with two-tailed t-tests of pairwise comparison P-values reported, while ROC analyses 

included control and preataxic groups only. Area under the curve (AUC) for each metric is 

indicated in the ROC plots. ROC = receiver operating characteristic, Vol = volume, SCP = 

superior cerebellar peduncle, FA = fractional anisotropy, ICP-R = inferior cerebellar peduncle 

right, tCr = total creatine, RD = radial diffusivity, mI = myo-inositol, VIIIB = lobule VIIIB of 

cerebellum, X = lobule X of cerebellum. 

  

Figure 5. Associations of MR and clinical metrics in SCA1. Statistically significant (P <0.05) 

Pearson correlations between COAs and volumetric (A), neurochemical (B) and microstructural 

(C) metrics are shown. Correlation coefficients (r) were computed using all participants’ data 

(ataxic SCA1, preataxic SCA1, controls) and are color coded as indicated by the legend bar. The 

size of the circles also indicates strength of the correlation. SARA = scale for the assessment and 

rating of ataxia, CCAS = cerebellar cognitive-affective syndrome, CCFS = composite cerebellar 

functional severity score, INAS = inventory of non-ataxia signs, FARS-FS = Friedreich’s ataxia 

rating scale functional staging, EQ-5D = European quality of life 5 dimensions, PHQ-9 = patient 

health questionnaire-9, FARS-ADL = Friedreich’s ataxia rating scale activities of daily living 

subscale, Est-Dur = estimated ataxia duration, Lob-IV = lobule IV of cerebellum, CBWM = 

cerebellar white matter, mI = myo-inositol, tNAA = total N-acetylaspartate, tCr = total creatine, 

Glc+Tau = glucose + taurine, CC = corpus callosum, SCP = superior cerebellar peduncle, MCP 

= middle cerebellar peduncle, ICP = inferior cerebellar peduncle, PCT = pontine crossing tract, 

CR = corona radiata, SS = sagittal stratum, R = right, L = left. 

 

Figure 6. Associations of MR and clinical metrics in SCA3. Statistically significant (P <0.05) 

Pearson correlations between COAs and volumetric (A), neurochemical (B) and microstructural 

(C) metrics are shown. Correlation coefficients (r) were computed using all participants’ data 

(ataxic SCA3, preataxic SCA3, controls) and are color coded as indicated by the legend bar. The 

size of the circles also indicates strength of the correlation. SARA = scale for the assessment and 
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rating of ataxia, CCAS = cerebellar cognitive-affective syndrome, CCFS = composite cerebellar 

functional severity score, INAS = inventory of non-ataxia signs, FARS-FS = Friedreich’s ataxia 

rating scale functional staging, EQ5D = European quality of life 5 dimensions, PHQ-9 = patient 

health questionnaire-9, FARS-ADL = Friedreich’s ataxia rating scale activities of daily living 

subscale, Est-Dur = estimated ataxia duration, I.II-Lob = lobule I & II of cerebellum, IV-Lob = 

lobule IV of cerebellum, X-Lob =  lobule X of cerebellum, Thal = thalamus, Puta = putamen, 

Palli = pallidum, Accum = nucleus accumbens, Lat-Vent = lateral ventricle, Cere = cerebellum, 

CBWM = cerebellar white matter, mI = myo-inositol, tNAA = total N-acetylaspartate, tCr = total 

creatine, Glc+Tau = glucose + taurine, CC = corpus callosum, SCP = superior cerebellar 

peduncle, MCP = middle cerebellar peduncle, ICP = inferior cerebellar peduncle, PCT = pontine 

crossing tract, CR = corona radiata, SS = sagittal stratum, R = right, L = left. 

 

Figure 7. The strongest MR correlates of SARA, functional stage, activities of daily living 

and estimated disease duration in SCA1 and SCA3. Pearson correlations of MR metrics with 

the highest correlation coefficient with each of SARA, FARS-FS, FARS-ADL and Estimated 

Duration are shown for SCA1 (A-D) and SCA3 (E-H). Correlation coefficients (r) were 

computed using all participants’ data (ataxic SCA, preataxic SCA, controls). All correlations had 

P <0.001. 
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Table1: Cohort Characteristics 

 
Variable Control (C) SCA1 

Preataxic (P) 
SCA1  

Ataxic (A) 
SCA3 

Preataxic (P) 
SCA3  

Ataxic (A) 

N 17 11 14 28 37 

Sex (female)1 7 (41%) 8 (69%) 9 (67%) 19 (68%) 18 (49%) 

Age1 43 [34;51] 38 [34.5;45.5] 46.5 [36.5;54] 36 
[31.75;41.25] b 50 [42;57] b 

SARA 0 [0;1] 1 [0;1.9] 
(N=10) 8.3 [7;9] 1.3 [0;2] 7 [5.5;8.5] 

CAG repeat 
length (long 

allele) 
 42 [41.5;43.5] 

c 
45 [43;46] c 

(N=13) 70 [69;72.25] 71.5 [67;73] 
(N=36) 

CAG repeat 
length (short 

allele) 
 29 [29;30] 29 [29;30] 

(N=13) 23 [21;27] 23 [20;24] 
(N=33) 

Reported age 
at onset 

  40 [35;47.5] 
(N=11) 

 45 [37;48] 
(N=33) 

Reported time 
from ataxia 

onset 
  6 [4;12]  

(N=11)  3 [2;10] 
 (N=33) 

Estimated time 
from ataxia  

onset2 (years) 
 -7.01  

[-9.18; -2.19] b 

5.38  
[-0.56;12.29] b 

(N=13) 

-2.21  
[-6.78;2.36] b 

9.36  
[5.04;13.19] b 

(N=36) 

CCAS 108 [102;112] 101 [99;104] 
(N=10) 

95 [90;106] 
(N=13) 

101 [94;111] 
(N=25) 

96 [91;102] a 
(N=34) 

CCFS 
0.878 

[0.838;0.930] 
(N=15) 

0.872 
[0.845;0.894] b 

(N=8) 

0.976 
[0.930;1.030]a, b 

(N=12) 

0.851 
[0.835;0.886] b 

(N=25) 

0.922 
[0.864;0.982] b 

(N=35) 

PHQ9 2.0 [0;3.0] 0.5 [0;3.5] 
(N=10) 5.5 [1.5;8.8] 2.0 [0;4.0] 3.5 [1.0;6.3] 

(N=36) 

FARS-ADL 0 [0;1.0] 0 [0;1.0] b 
(N=10) 

4.0 [3.5;8.0] a, b 
(N=13) 

0.5 [0;1.8] b 
(N=27) 

4.0 [2.4;6.3] a, b 
(N=36) 

FARS-FS 0 [0;0] 
(N=15) 

0 [0;0] b 
(N=9) 2 [1.5;2] a, b 0 [0;1] b 2 [1;2] a, b 

EQ5D 90 [80;90] 90 [81;96] 
(N=10) 80 [71;89] 90 [80;98] b 80 [70;85] b 

(N=36) 

INAS 0 [0;1] 1 [0;2] 
(N=10) 2 [1;2] a 1 [0;2] b 3 [2;4] a, b 



 

For qualitative variables, frequencies are provided using percentages and for quantitative variables 

median and interquartile range [Q1; Q3] are provided. N is provided when values are missing.  
a P < 0.01 for pairwise comparison between C and A. 
b P < 0.01 for pairwise comparison between P and A within a SCA group. 
c P < 0.05 for pairwise comparison between P and A within a SCA group. 

 
1No significant differences were observed in age and sex between the SCA groups and healthy 

controls. 
2Estimated time from onset (ataxia duration) was calculated for both premanifest and manifest SCA 

patients using CAG repeat length.  

 

SARA = scale for the assessment and rating of ataxia, CCAS = cerebellar cognitive-affective 
syndrome, CCFS = composite cerebellar functional severity score, INAS = inventory of non-ataxia 
signs, FARS-FS = Friedreich’s ataxia rating scale functional staging, EQ-5D = European quality of 
life 5 dimensions, PHQ-9 = patient health questionnaire-9, FARS-ADL = Friedreich’s ataxia rating 
scale activities of daily living 
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