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Abstract
Spinocerebellar ataxia type 7 (SCA7) is a neurodegenerative disease characterized by progressive ataxia and retinal
degeneration. Previous cross-sectional studies show a significant decrease in the gray matter of the cerebral cortex,
cerebellum, and brainstem. However, there are no longitudinal studies in SCA7 analyzing whole-brain degeneration
and its relation to clinical decline. To perform a 2-year longitudinal characterization of the whole-brain degeneration
and clinical decline in SCA7, twenty patients underwent MRI and clinical evaluations at baseline. Fourteen com-
pleted the 2-year follow-up study. A healthy-matched control group was also included. Imaging analyses included
volumetric and cortical thickness evaluation. We measured the cognitive deterioration in SCA7 patients using MoCA
test and the motor deterioration using the SARA score. We found statistically significant differences in the follow-up
compared to baseline. Imaging analyses showed that SCA7 patients had severe cerebellar and pontine degeneration
compared with the control group. Longitudinal follow-up imaging analyses of SCA7 patients showed the largest
atrophy in the medial temporal lobe without signs of a progression of cerebellar and pontine atrophy. Effect size
analyses showed that MRI longitudinal analysis has the largest effect size followed by the SARA scale and MoCA
test. Here, we report that it is possible to detect significant brain atrophy and motor and cognitive clinical decline in
a 2-year follow-up study of SCA7 patients. Our results support the hypothesis that longitudinal analysis of structural
MRI and MOCA tests are plausible clinical markers to study the natural history of the disease and to design
treatment trials in ecologically valid contexts.
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Introduction

Spinocerebellar ataxia type 7 (SCA7) is a neurodegenera-
tive autosomal dominant inheritance disorder [1]. It is
caused by an abnormal expansion of cytosine-adenine-
guanine (CAG) triplet in the ATXN7 gene located in the
chromosome 3p12-p21 [2, 3]. The abnormal expansion of
CAG triplets leads to the expression of a mutant form of
the protein ataxin-7 with several repetitions of glutamine.
Clinically SCA7 is characterized by dysarthria, dysphagia,
gait ataxia, and blindness due to pigmentary retinal degen-
eration [1, 4–6]. Studies that include cognitive testing show
deficits in attention, verbal memory, and semantic fluency
[7, 8]. Brain atrophy associated with SCA7 includes neu-
ronal loss in specific areas spread across all cortical lobes,
as well as in several subcortical regions including the cer-
ebellum, the inferior olivary complex, the subthalamic nu-
cleus, the pallidum, and the substantia nigra [9, 10].

A small number of longitudinal studies have characterized
neurodegeneration in spinocerebellar ataxias such as SCA1,
SCA3, and SCA6 and its relation to clinical deterioration.
These studies have used structural neuroimaging analyses
combined with motor scales such as the Scale for the
Assessment and Rating of Ataxia (SARA), Inventory of
Non-Ataxia Symptoms, Spinocerebelar ataxia functional in-
dex, and Unified Huntington’s Disease Rating Scale [11].
However, there is only one longitudinal study involving
SCA7 patients that analyzed pons and cerebellar volumes in
comparison with other SCAs (SCA1, SCA2, and SCA3) [10].
It also explored the relation of the progression of cerebellar
and pontine degeneration with the decline in SARA and the
Composite Cerebellar Functional Severity Score (CCFS).
Nonetheless, the authors did not report significant changes
in SARA scores, or specific correlations between structural
decline and clinical scores in SCA7.

In order to expand our knowledge on the neurodegenera-
tive changes occurring in SCA7 patients, here we aimed to
characterize longitudinally whole brain atrophy andmotor and
cognitive function during a period of 2 years. First, we per-
formed a neuropsychological test battery, SARA scale, and
MRI scanning in a cohort of SCA7 patients and an age-, gen-
der-, and years of schooling-matched group of healthy control
subjects. We found statistically significant changes in the
Mini-Mental State Examination (MMSE) and the Montreal
Cognitive Assessment (MoCA) scores and a conspicuous at-
rophy of the cerebellum and pons. Furthermore, the MoCA
score and SARA scale also showed a significant decline over
time, and structural MRI analyses showed atrophy in the me-
dial temporal lobe, without signs of progression of cerebellar
and pontine atrophy in SCA7 patients. We suggest that longi-
tudinal studies using the SARA scale, MoCA test, and struc-
tural MRI can potentially be used as both progression and
treatment response markers in treatment trials.

Material and Methods

Participants

Twenty SCA7 patients with molecular diagnosis were initially
enrolled in the study. However, after completing the initial
testing, six of them did not participate in the second testing
2 years later. Reasons for drop-out included the progression
toward advanced stages of the disease in five patients showing
extreme ataxia that precluded MRI scanning, and the passing
of one patient. The remaining SCA7 group consisted of 5
females and 9 males. We also included subject-to-subject–
matched healthy participants to SCA7 patients (age-, gender-,
and years of schooling-matched) as a control group. This
group consisted of 14 volunteers (5 females, 9 males) with
no history of neurological injury or psychiatric diseases. For
the longitudinal evaluation, only 12 healthy control completed
the follow-up assessment since two declined to further partic-
ipate in the study.

Patients and healthy controls underwent the same standard
neuroimaging procedures, as well as two sets of clinical and
cognitive assessments (baseline and follow-up) with a mean
inter-assessment interval of 23.83 months (SD 0.44 months)
for patients and 26.25 months (SD 1.28 months) for healthy
controls. All participants were native Spanish speakers recruit-
ed from the central region of Veracruz, México. The Research
and Ethics committee of the Faculty of Medicine of the
Universidad Nacional Autónoma de México approved the
study. Written informed consent was obtained from each par-
ticipant according to the Helsinki declaration (World Medical
Association, 2013).

Motor Assessment

All participants underwent ataxia evaluation using SARA that
includes eight tests: gait, stance, sitting, speech disturbance,
finger-chase test, nose finger test, fast alternating movements
test, and heel-shin test, with total score ranging from 0 (no
ataxia) to 40 (severe ataxia) [12]. However, in order to avoid
a bias in the total score due to the fact that some SCA7 patients
have visual deficiencies, we eliminated the nose finger and the
finger-chase test from the original test getting a total score
range from 0 to 32.

The PATA test was administrated to assess articulatory
speed [13]. Participants were asked to repeat “pata” as quickly
and distinctly as possible for 10 s. The test was repeated twice
and the mean number of correct “pata” words spoken by each
participant was calculated.

Cognitive Assessment

The neuropsychological tests used were chosen for their min-
imal reliance on visual and motor performance.
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Screening Tests

MoCA (blind version) screens different cognitive domains in-
cluding memory, visuospatial abilities, attention, concentration
and working memory, language, abstract reasoning, and orien-
tation to time and place [14]. The maximum score is 22 points;
a score above 18 is considered normal. MMSE consists of a
variety of questions, grouped into 7 categories representing
different cognitive domains including time and place orienta-
tion, verbal memory, attention and calculation, working mem-
ory, language, and visual construction [15]. Items 9 and 11
were eliminated from the total score for both groups due to
the visual impairments of SCA7 patients (total score, 28).

Backward Digit Span

The backward digit span task measures the capacity to recall
digits in reverse order. The examiner says a list of digits at a
rate of approximately one digit per second. Subjects are re-
quired to immediately repeat the list in the inverse order. If
they succeed after two opportunities, a list one digit longer is
presented. The list length is gradually increased, starting with
two numbers, to a maximum of nine items. The span is the
length of the longest list recalled correctly [16].

Rey Auditory Verbal Learning Test Spanish Version

RAVLT-S examines auditory-verbal memory and learning
strategies for lists of nouns presented verbally [17]. A 15-
noun list (list A) is presented five times, and after each time
the participants has to repeat as many words as possible. After
an interference trial (list B), there is an immediate recall, a
delayed recall (after 20 min) and a final trial of recognition
of the list A nouns from a list of words that included nouns
from list B plus 14 distractor nouns. Based on RAVLT-S
performance, the following scores were calculated: immediate
memory span, defined as total correct words recalled in the
first trial (A1); learning rate, defined as the gain of recalled
nouns over five trials; proactive interference, defined as the
interference effect of a list of nouns previously learned over
the learning of a new list; retroactive interference, defined as
the interference effect of learning a new list of nouns over and
old list previously learned; forgetting rate, defined as the loss
of information acquired after 20 min; and recognition memo-
ry, defined as the percentage of nouns that were correctly
identified as familiar from a list containing familiar and unfa-
miliar nouns. The learning curve was also analyzed as the total
number of words recalled at each trial (A1 to A5) [18].

Verbal Fluency Tasks

In phonemic and semantic verbal fluency tasks, participants
are asked to generate in 1 min as many words as possible that

began with the letters P, M, R for phonemic fluency, and as
many animal names as possible for semantic fluency. The
qualitative analyses of the verbal fluency tasks were conduct-
ed using the Spanish adaptation of the verbal fluency scoring
criteria previously reported [19]. The following measures
were derived from these tasks: (1) total correct words, defined
as the sum of all words produced minus repetitions and errors;
(2) number of clusters, for semantic fluency successful seman-
tic cluster consisted of three or more successive words within
the same subcategory, e.g., farm animals, pet animals, water
animals, and amphibians. For phonemic fluency, successful
phonemic clusters consisted of three ormore successive words
that rhyme, begin with the same two letter or be homonyms.
(3) A number of switches are defined as the number of tran-
sitions between clustered or non-clustered words (single
words). (4) A mean cluster size is defined as the sum of all
clustered words divided by the total number of clusters.

Depression Assessment

The Spanish version of the Center for Epidemiologic Studies
Depression Scale (CES-D) was used as an indicator of de-
pressed mood. A score above 16 was considered clinically
significant [20].

MRI Data Acquisition and Analysis

Image Acquisition

All images were acquired with a 3 Tesla General Electric
MR750 Discover system at the Instituto de Neurobiología of
the Universidad Nacional Autónoma de México in Juriquilla,
Querétaro, México. The study consisted in the acquisition of
T1-3D anatomical high-resolution images using a SPGR se-
quence (Spoiled Gradient Recalled), with a TE/TR 3.18/
8.16 ms; FOV 256 × 256 mm2, and an acquisition and recon-
struction matrix of 256 × 256, resulting in an isometric reso-
lution of 1 × 1 × 1 mm3. MRI images were acquired at base-
line and at follow-up 24 ± 0.70 months later. Image acquisi-
tion included non-replacement of MRI scanners during the
longitudinal study, no relevant hardware or software changes,
and no significant changes of images quality. All images were
preprocessed before the analyses, including MNI orientation,
denoising, and intensity inhomogeneity correction [21, 22].

Cross-sectional and Longitudinal Gray Matter Density Change
Analysis

The structural analysis of the gray matter between control and
SCA7 groups was performed using Voxel Based
Morphometry (VBM) [23] implemented on FSL software
(FMRIB Software Library; https://fsl.fmrib.ox.ac.uk/fsl/
fslwiki/FSLVBM) [24]. First, we ran the Brain Extraction
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Tool (BET) [25] for automatic brain extraction in each image
to remove voxels from the scalp tissue, the skull, and dural
venous sinuses [26]. Resulting images were segmented into
gray matter, white matter, and cerebrospinal fluid (CSF) [24].
The next preprocessing step was spatial normalization of gray
matter images from all participants, which involves
transforming all subject’s data to the ICBM 152 atlas of the
Montreal Neurological Institute (MNI 152) [26] to create a
study-specific template averaging normalized gray matter im-
ages. Then, the 28 native gray matter images were co-
registered to this study-specific template through a non-
linear co-registration, and local changes in expansion or con-
traction were corrected through a process known as modula-
tion [26]. Smoothing was applied with an isotropic Gaussian
kernel with a sigma of 3 mm prior to performing the voxel-
wise tests. For cross-sectional analysis, we ran a no paired t
test analysis between control and SCA7 groups initial testing
data using the general linear model (GLM) and the randomize
permutation method adjusted for multiple comparisons
(10,000 permutations) [27]. Only the voxels showing a
p < 0.05 corrected were considered significant. Longitudinal
gray matter changes were examined using a flexible factorial
design assessing time (baseline and follow-up) × groups
(healthy control and SCA7) using the GLM and running
10,000 permutations. Significance correction was set at
p < 0.05. Only clusters with a size ofminimum 20 voxels were
reported for the cross-sectional analysis. The significant clus-
ters were segmented considering their local maxima values
and binarized for visualization purposes. Each binary mask
was applied to the single 4D modulate GM image of SCA7
group at baseline and follow-up. The correspondent values
obtained were used to determine the cluster longitudinal effect
size. Coordinates are reported in the standard anatomical
space of the Montreal Neurological Institute (MNI) atlas for
both analyses.

Longitudinal Cortical Thickness and Volume Analysis

Cortical reconstruction processing was performed using
FreeSurfer software stable version 6.0.0 (http://surfer.nmr.
mgh.harvard.edu/). All images from healthy controls and
SCA7 (baseline and follow-up) were preprocessed indepen-
dently following these steps: motion correction, nonuniform
intensity correction, automated Talairach transformation,
skull stripping, tissue partition, surface reconstruction by tri-
angular tessellation, surface inflation, spherical mapping to
standard coordinate system, as well as parcellation of cerebral
cortex [28–36]. Resulting images were inspected for accuracy
and minor manual corrections were performed. For longitudi-
nal analysis, images were subsequently run through the longi-
tudinal stream [36] and an unbiased within-subject template
space and image (base) was created [37] for each SCA7 sub-
ject using robust and inverse consistent registration [38]. Skull

stripping, Talairach transforms, atlas registration, spherical
surface maps, and parcellations were initialized using com-
mon information from the within-subject template, signifi-
cantly increasing reliability and statistical power [39, 40].
Cortical thickness and volume values resulting from this anal-
ysis were used to evaluate longitudinal gray matter change in
SCA7 and their rate of change.

Statistical Analyses

Normality of the standardized residuals (for cognitive and
motor variables) was evaluated with the Shapiro-Wilk test
and by the quantile-quantile plot of each variable versus a
normal distribution. Age, years of schooling, and months
among evaluations were compared between patients and con-
trols using independent samples Student’s t test or Mann-
Whitney U test, as appropriate. The effect sizes were calculat-
ed by Cohen’s d or r scores.

Longitudinal changes of the SARA scale, PATA test, and
neuropsychological assessment (except verbal fluency) were
determined with independent two-waymixedANOVAs using
time (baseline and follow-up) as within-subjects factor and
group (SCA7 and control group) as between-subjects factor.
To compare patients and controls changes in the RAVLT-S
learning curve, a three-way mixed ANOVA was conducted
using time and trials (A1 to A5) as a within-subjects factor and
the group as a between-subjects factor.

Significant interaction effects were further analyzed with
post hoc pairwise comparisons using Bonferroni adjustment.
Skewed distributions (SARA, CES-D, backward digit span,
MMSE, and RAVLT-S retroactive interference) were log10
transformed before statistical analysis. The effect size was
calculated by partial eta-squared (ηp

2).
Longitudinal changes on measures of verbal fluency were

compared among groups with a linear mixed model (maximum
likelihood estimation) for each variable. To control the influence
of articulation deficits in verbal fluency tasks, PATA grand-
mean centered scores were used as a time-varying covariate.
The effect of the group (patients/controls) on the rate of change
across time was tested in two growth parameters (initial status
and linear slope), whichwere allowed to vary across individuals.
A dichotomous variable (controls coded as − 1 and patients
coded as 1) was created as a major predictor. Measures derived
from verbal memory tests (RAVLT-S and backward digit), ver-
bal fluency tasks, cognitive screening tests (Moca and MMSE)
and motor tests (SARA and Pata), as well as the regional brain
volumes at baseline, were corrected for multiple comparisons
using FDR (q = 0.05). The aforementioned statistical analyses
were conducted with SPSS 25 and statistical significance was
set at p < 0.05.

Atrophy rate was calculated as the percentage of change
relative to the baseline of the ROI volume estimated from
automated segmentation and corrected for visit interval [11,
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40]. This atrophy rate was computed for volume and cortical
thickness measurements. The same formula was used to de-
termine the clinical and neuropsychological rate of change of
all the motor and cognitive scores.

Percent change ¼
Follow−up ROI value−Baseline ROI value

Baseline ROI value

� �

Visit interval monthsð Þ

The magnitude of the association between brain atrophy
rate and motor and cognitive rate of change on the different
measures used was determined through Spearman correlation.
Statistical analyses were performed using R3.5.2 and RStudio
1.1.453 version with an alpha set at 0.05 as a statistical thresh-
old for significance. FDR correction was employed to adjust
for multiple analyses (q = 0.05).

In order to be able to compare with previous reports and
between scales, we obtained effect size indices as previously
suggested [11]. These were calculated as the mean score
change/standard deviation (SD) of score change. Values of
0.20, 0.50, and 0.80 were considered to represent small, mod-
erate, and large changes.

Results

Significant effects found for log10 transformed motor/
cognitive scores (SARA, MMSE, and backward digit span)
remained constant when the same analyses were conducted
using raw scores (Supplementary Table 1).

Demographic and Clinical Data

Demographic and clinical characteristics at baseline and
follow-up appear in Table 1. There were no statistically
significant differences between groups in age (t (24) = −

0.03, p = 0.972, d = − 0.01) or years of education (t
(24) = 1.68, p = 0.104, d = 0.67)). However, the interval
between baseline and follow-up testing was longer for
controls (MED = 26.50, IQR = 2.0) than for patients
(MED = 24.00, IQR = 0.63; U = 5.50, p < 0.001, r = −
0.80). Patients and controls did not show differences on
CES-D (F (1, 24) = 0.091, p = 0.766, ηp2 = 0.004), nor a
group by time interaction effect (F (1, 24) = 2.709, p =
0.113, ηp2 = 0.101).

Motor Performance

Regardless of the time point, SCA7 patients showed a
slower articulation rate in PATA task (Fig. 1a) and a
poorer motor performance in SARA (Fig. 1b), compared
with controls (Table 2). It should be noted, however,
that five patients were excluded because the progression
of their ataxia prevented them to participate in the sec-
ond MRI scanning; therefore, there is a bias of our
results toward patients with smaller ataxia progression.

Cognitive Performance

Screening Tests

Cognitive deterioration in SCA7 patients at baseline and
follow-up was revealed by significant main effects of the
group for MMSE (Fig. 1c) and MoCA scores (Fig. 1d).
Furthermore, MoCA scores of SCA7 patients also showed a
significant decline over time (Table 2).

Verbal Memory

Regarding verbal working memory, SCA7 patients had
a lesser span in backward digit task relative to controls

Table 1 Demographical and clinical features of controls and SCA7 patients

Control group SCA7 group

Baseline Follow-up Range Baseline Follow-up Range

n 14 12 14 14

Age 31.42 ± 11.37 33.75 ± 11.15 15–55 31.57 ± 10.50 33.64 ± 10.46 16–50

Sex (F/M) 4/8 5/9

Years of schooling 10.63 ± 3.70 6–17 7.96 ± 4.24 2–17.5

Visit interval (months) 26.25 ± 1.28 24 ± .70

CAG repeat length 49.14 ± 4.53 44–61

Disease evolution time (years) 6.35 ± 3.15 1–13

Depression scale (CES-D) 7.42 ± 5.35 11.16 ± 6.59 2–27 10 ± 9.39 8.57 ± 5.57 0–21

Gait ataxia onset (age in years) 26.21 ± 9.21 14–42

Visual deficit onset (age in years) 27.21 ± 11.62 15–48
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(Fig. 1e). Despite this main effect of group, result from
SCA7 patients were not worsen from baseline to follow
up (Table 2).

As shown in Table 2, the measures derived from
RAVLT-S did not show statistically significant group or
group-by-time interaction effects. Nevertheless, the anal-
ysis of the learning curve showed a statistically significant
group-by-time interaction effect (F (1, 24) = 4.53, p =
0.044, ηp2 = 0.15). Simple main effects revealed that
SCA7 patients showed a slower curve than controls at
baseline (p = 0.036; controls 9.13 ± 2.84; SCA7 7.44 ±
3.00; Fig. 1f), but not at follow-up (p = 0.371; controls
9.75 ± 2.87; SCA7 9.13 ± 2.98; Fig. 1g). These results
could reflect an improvement of patients’ memory

strategies once they were exposed to the requirements of
the task at baseline.

Verbal Fluency

There were no group differences in the initial status or in the
linear slope (from baseline to follow-up) for the measures de-
rived from semantic and phonemic fluency tasks (Table 3).
However, there was a non-statistically significant tendency sug-
gesting that patients were inclined to show reduced scores on
total correct words (uncorrected p = 0.077) and number of
switches (uncorrected p = 0.044) during the second evaluation
(Table 3). This suggest an apparent but non-statistically signif-
icant faster decrease of semantic fluency scores over time.

Fig. 1 Motor and cognitive tests showing significant longitudinal
differences among controls and SCA7 patients. SCA7 patients showed
a poor performance, reflected by a significant main effect of group, in a
mean number of words correctly repeated in PATA test, b SARA scores,
c MMSE scores, d MoCA scores, and e Backward digit span. SCA7

patients’ MoCA scores (d) also showed a higher rate of deterioration
(group × time interaction effect) at follow up. RAVLT-S learning curve
was significantly slower in patients at baseline (f), but not at follow-up
(g). Data are expressed as mean ± standard error of the mean. *p < 0.05
significant after FDR corrections
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Effect Size of Motor and Cognitive Tests Performance
Rate Change

As shown in Table 4, SARA and MoCA change rates reached
large effect sizes (above 0.90). However, the rest of the cog-
nitive tests showed only weak to moderate effect sizes.

Neurodegeneration Analyses

Cross-sectional Gray Matter Analysis

VBM analysis revealed graymatter decrease in SCA7 patients
in several cortical and cerebellar regions. The affected regions
included the cerebellum, thalamus, pre- and postcentral gyri,
medial and superior frontal gyri, superior and inferior parietal
lobules, superior and medial temporal lobes, and medial oc-
cipital gyrus (Fig. 2. See Table 5 for a complete list of affected
areas).

Whole-Brain Longitudinal Volumetric Analysis

SCA7 patients showed a statistically significant decrease of
longitudinal gray matter density compared to controls after a
period of 2 years. The affected areas included the brainstem;
cerebellum; basal ganglia; thalamus; and orbitofrontal,
mediotemporal, cingulate, and parahippocampal cortices
(Fig. 3). Table 6 shows a complete list of the significant clus-
ters, and their respective anatomical area (main and

secondary), including the effect size of longitudinal gray mat-
ter degeneration.

Longitudinal Rate of Change Correlations Between
Volumetric and Motor and Cognitive Measurements

Longitudinal changes in SARA scores were significantly cor-
related with the longitudinal volume loss in middle frontal,
lingual, and superior frontal gyri. SARA score longitudinal
deterioration also correlated with cortical thickness longitudi-
nal loss in the superior frontal gyrus (Fig. 4 and Table 7).

Similar results were obtained between the longitudinal de-
cline of MMSE scores and progressive volume loss in the right
inferior and middle temporal gyri, the right entorhinal cortex, as
well as progressive cortical thinning in the left anterior cingulate
gyrus (Fig. 5 and Table 7). We also found statistically signifi-
cant correlations between the longitudinal MoCA decline and
the decrease of cortical thickness of right parahippocampal and
paracentral cortices (Fig. 6 and Table 7). We did not find any
statistically significant correlation between the rate of change of
motor and cognitive measurements.

Discussion

Here, we performed a 2-year longitudinal characterization of
the progression of the motor, cognitive, and brain deteriora-
tion in a cohort of SCA7 patients and a matched group of

Table 2 Longitudinal comparisons of motor, screening, and verbal memory tests among controls and SCA7 patients

Control group SCA7 group Main effect of group Group × time interaction effect

Baseline Follow-up Baseline Follow-up F value(1, 24) p
value

q*
value

ηp
2 F value(1, 24) p

value
q*
value

ηp
2

Motor performance
PATA test 38.04 ± 6.82 38.20 ± 3.24 25.25 ± 5.54 23.32 ± 5.66 47.29 > 0.001 0.050* 0.66 1.83 0.189 NS 0.07
SARA score 0.58 ± 0.73 0.87 ± 1.02 11.10 ± 3.83 14.50 ± 4.09 257.30 > 0.001 0.025* 0.91 1.16 0.292 NS 0.04

Screening tests
MMSE 25.92 ± 0.90 25.92 ± 1.38 24.21 ± 1.72 23.43 ± 2.10 15.49 0.001 0.050* 0.39 1.99 0.171 0.050 0.08
MoCA (blind) 18.41 ± 2.31 20.25 ± 1.60 16.57 ± 2.77 14.00 ± 2.96 22.47 > 0.001 0.025* 0.48 20.18 > 0.001 0.025* 0.45

Verbal memory
Backward
digit span

3.83 ± 1.27 4.08 ± 0.99 2.93 ± 0.83 2.64 ± 0.63 13.58 0.001 0.007* 0.36 2.95 0.098 NS 0.11

RAVLT-S
Immediate
memory
span

5.75 ± 1.36 6.25 ± 1.76 4.79 ± 1.72 5.43 ± 1.40 2.62 0.118 0.014 0.09 0.06 0.800 NS > 0.01

Learning rate 16.92 ± 5.98 17.50 ± 6.52 13.29 ± 8.40 18.50 ± 5.72 0.30 0.584 0.035 0.01 3.58 0.070 NS 0.13
Proactive
interference

0.90 ± 0.33 0.93 ± 0.30 0.96 ± 0.28 0.77 ± 0.27 0.34 0.565 0.028 0.01 2.20 0.151 NS 0.08

Retroactive
interference

0.82 ± 0.20 0.87 ± 0.09 0.77 ± 0.19 0.87 ± 0.18 0.13 0.716 0.050 > 0.01 0.63 0.432 NS 0.02

Forgetting rate 1.04 ± 1.49 0.89 ± 0.13 1.07 ± 0.33 1.03 ± 0.20 0.98 0.332 0.021 0.03 2.89 0.102 NS 0.10
Recognition
memory

11.33 ± 3.14 11.33 ± 2.64 10.21 ± 3.99 11.07 ± 4.32 0.28 0.599 0.042 0.01 0.49 0.488 NS 0.02

* denotes significant q values (in italics)
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healthy control participants. Our results suggest that progres-
sion of SCA7 is better quantified by measuring the atrophy
longitudinal changes obtained by imaging analyses, followed
by SARA and MoCA changes.

Our analyses show a significant longitudinal motor
decline as assessed with SARA. Our results are consis-
tent with multiple longitudinal studies analyzing the nat-
ural history progression of different SCAs using SARA,
including SCA1, SCA2, SCA3, SCA6, SCA7, SCA17,
and SCA 31 [41–45]. For example, our results showed
that the SARA effect size index in SCA7 was 1.4,
which is comparable to SCA1 (1.2) and SCA 3 (1.4),
which have been reported previously [11]. However, a
previous longitudinal study in a different SCA7 cohort
showed an effect size of only 0.05 [10]. It is important
to mention that SARA score deterioration is usually
accompanied by the large brainstem and cerebellar vol-
ume loss, like those in SCA1, SCA2, SCA3, and in our
SCA7 study, but not in patients with little volume loss,
like in SCA6 [7, 10, 11, 46]. Further studies are needed
to elucidate the possible reasons for the difference in
the SARA score between the two SCA7 cohorts, i.e.,
our study and [10], despite having similar brainstem
and cerebellar atrophy sizes.Ta
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S Table 4 Longitudinal rate of change and effect size in SCA7 patients´

behavioral tests

Behavioral test Rate of change Effect size index

SARA 0.014 ± 0.010 1.477

Verbal fluency

Semantic verbal fluency

Total correct words − 0.006 ± 0.008 − 0.757
Number of clusters − 0.001 ± 0.026 − 0.024
Mean cluster size − 0.004 ± 0.019 − 0.233
Number of switches − 0.005 ± 0.013 − 0.420

Phonemic verbal fluency

Total correct words 0.004 ± 0.013 0.318

Number of clusters − 0.005 ± 0.028 − 0.186
Mean cluster size − 0.011 ± 0.019 − 0.562
Number of switches 0.006 ± 0.013 0.475

RAVLT-S

Immediate memory span 0.010 ± 0.017 0.578

Learning rate 0.056 ± 0.98 0.574

Proactive interference − 0.005 ± 0.016 −0.285
Retroactive interference 0.007 ± 0.013 0.548

Forgetting rate 0.000 ± 0.010 0.041

Recognition memory 0.014 ± 0.053 0.271

MoCA − 0.006 ± 0.006 − 1.035
Backward digit span task − 0.003 ± 0.009 − 0.308
PATA test − 0.003 ± 0.004 − 0.769
MMSE − 0.001 ± 0.003 − 0.514
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Our results also showed that MoCA’s longitudinal
change was the only cognitive test with a large effect
size deterioration in SCA7. We are currently unaware of
any longitudinal SCA study using MoCA; however,
there are studies in other neurodegenerative diseases
suggesting that MoCA scores deterioration could be
used as an important predictor of disease progression,
including Parkinson’s disease [47], mild cognitive im-
pairment, and Alzheimer’s disease [48]. These results
suggest that, in future studies, it may be relevant mon-
itoring MoCA scores to determine if other SCAs follow
the same cognitive decline as assessed by this easy-to-
apply screening test.

Imaging analyses showed a number of areas with
significant group-by-time interactions suggestive of de-
tectable brain atrophy during a 2-year period. The larg-
est atrophy changes include areas within the temporal
lobe, as well as the putamen, caudate, nucleus accum-
bens, cingulate, thalamus, brainstem, pons, and cerebel-
lum. The analyses also showed significant correlations
between the progression of degeneration and the pro-
gression of behavioral impairment. Notably, longitudinal
thinning of the right parahippocampal and right
paracentral gyri correlated with the MoCA score.
Previous reports have shown parahippocampal atrophy
correlations with deficits in cognitive tests, including
RAVLT in SCA3 and SCA7 [8, 49], and verbal fluency
in SCA7 [8]. These results show that the correlation of
parahippocampal atrophy with cognitive tests declining
found in cross-sectional studies can also be found dur-
ing longitudinal analysis, suggesting that more research
is needed to analyze the possible role of this structure
in other SCAs where parahippocampal damage has been
reported such as in SCA2 [50]. We are aware that there
are three possible disadvantages of the MoCA test for

the evaluation of patients with SCA7: (1) the individual
cut-off points for MoCA are too lenient (e.g., backward
digit range); (2) some tests are mini versions of the
original test design (e.g., trails) that are not sensitive
enough in this population for the mental flexibility that
this test evaluates; and (3) errors in critical cognitive
skills are hidden in the MoCA total score [51].
However, despite these disadvantages, we found statisti-
cally significant differences. It is possible that using
tests such as the Schmahmann scale, which includes a
short set of cognitive tests with sufficient sensitivity to
detect the presence of cerebellar cognitive-affective syn-
drome and allows to selectively differentiate cerebellar
patients from healthy people [51], would potentially in-
crease the detection sensitivity of the cognitive deficits.

There are scarce longitudinal SCAs studies that in-
clude MRI analyses and clinical or cognitive tests [11,
52, 53]. These studies have found consistent atrophy in
the cerebellum, brainstem, and pons as expected. They
have also reported atrophy progression particular to each
SCA, including for example the parahippocampal cor-
tex, which correlated with global functioning deteriora-
tion in SCA17 [52]. It should also be noted that our
findings related to the atrophy in the striatum resemble
those previously reported in cross-sectional and longitu-
dinal SCA studies, specifically in SCA1 and SCA3 [46,
53]. The only previous longitudinal study involving
SCA7 patients that studied brain atrophy, analyzed only
pons and cerebellar volumes in comparison with other
SCAs (SCA1, SCA2, and SCA3) [10]. This previous
SCA7 study also explored the relation of the progres-
sion of the pons and cerebellar degeneration with the
decline in SARA and the Composite Cerebellar
Functional Severity Score (CCFS). However, the authors
did not report significant changes in SARA scores as

Fig. 2 Gray matter volume
reductions in SCA7 compared to
control group showed in three-
dimensional rendering (a) and
selected coronal sections overlaid
on images from theMNI 152 atlas
in neurological orientation (b). A,
anterior; P, posterior,;L, left; R,
right. Color bar indicates t values
(p < 0.05)
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discussed previously, or specific correlations between
any structural decline and clinical scores [10].

SCA7 patients showed a poor mean performance in
backward digit span and RAVLT-S learning curve com-
pared to controls and a non-significant tendency toward
impairment in semantic verbal fluency. Although these
results seem to coincide with a previous cross-sectional
study [8], the 2-year decline in our cohort did not reach
statistical significance. It is likely that in longer

longitudinal studies, the gradual deterioration of these
cognitive scores would become evident.

A limitation of our study is that it relies on a few
cases (n = 14). Taking the effect size of the rate of
change in MoCA and SARA tests from our study, and
a level of significance = 5%, power = 80%, Zα = 1.96
and Z (1-β) = 1.28, and using the following formula n =
2 (Zα + Z [1-β])2 × SD2/d2 [54, 55], we calculated a
suggested minimum sample size of 21 for MoCA test

Table 5 Areas showing significant degeneration in the SCA7 group as shown in the Cross-sectional gray matter analysis

Anatomical location Brodmann area MNI coordinates (mm) t value (local max) p-corrected

X Y Z

Posterior lobe Cerebellar tonsil L − 34 − 42 − 44 4.01 0.999

Anterior lobe Cerebellum L − 22 − 62 − 32 9.72 0.999

Posterior lobe Inferior semilunar lobule R 18 − 76 − 38 11.44 0.999

Anterior lobe Cerebellum R 22 − 62 − 30 8.14 0.999

Frontal lobe Precentral gyrus L 4 − 42 − 12 46 4.78 0.998

Frontal lobe Precentral gyrus L 6 − 60 0 8 7.93 0.999

Frontal lobe Medial frontal gyrus L 6 − 12 − 4 50 5.08 0.998

Frontal lobe Superior frontal gyrus R 6 26 8 66 4.57 0.997

Frontal lobe Medial frontal gyrus R 6 6 2 62 4.86 0.998

Frontal lobe Precentral gyrus R 50 22 34 5.38 0.999

Parietal lobe Superior parietal lobule L 7 − 20 − 50 68 4.48 0.998

Frontal lobe Medial frontal gyrus R 8 4 32 44 4.37 0.998

Frontal lobe Superior frontal gyrus R 8 6 40 46 4.45 0.998

Frontal lobe Superior frontal gyrus R 9 6 60 18 5.59 0.999

Frontal lobe Superior frontal gyrus L 9 − 4 64 22 4.8 0.998

Frontal lobe Middle frontal gyrus L − 40 0 50 4.33 0.998

Frontal lobe Medial frontal gyrus L 10 − 8 70 4 4.79 0.998

Frontal lobe Middle frontal gyrus R 10 40 60 − 8 4.76 0.998

Frontal lobe Superior frontal gyrus R 10 34 58 18 5.5 0.998

Frontal lobe Inferior frontal gyrus L 45 − 54 40 − 2 5.21 0.999

Parietal lobe Postcentral gyrus R 2 60 − 24 44 4.67 0.999

Parietal lobe Postcentral gyrus L 3 −20 −30 70 5.59 0.999

Parietal lobe Inferior parietal lobule R 40 52 − 60 48 5.02 0.993

Parietal lobe Supramarginal gyrus L 40 − 58 − 38 36 4.34 0.999

Sub-lobar Insula L 13 − 54 − 32 20 7 0.999

Temporal lobe Middle temporal gyrus L 21 − 64 2 − 18 4.42 0.999

Temporal lobe Superior temporal gyrus L 21 − 54 − 26 − 4 4.5 0.998

Temporal lobe Middle temporal gyrus R 21 58 8 − 30 4.22 0.994

Temporal lobe Superior temporal gyrus R 22 60 12 − 6 5.91 0.998

Temporal lobe Fusiform gyrus L 37 − 50 − 50 − 12 4.31 0.998

Occipital lobe Inferior occipital gyrus L 18 − 32 − 90 − 12 5.47 0.999

Occipital lobe Middle occipital gyrus R 19 30 −90 10 4.38 0.997

Occipital lobe Middle occipital gyrus R 60 − 62 28 4.21 0.998

Thalamus Pulvinar R 24 − 26 10 5.56 0.984

Thalamus Pulvinar L − 22 − 24 8 5.97 0.997

Brainstem Midbrain R 8 − 12 − 22 4.57 0.992
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and 10 for SARA test for a future clinical trial. Despite
its high incidence in Mexico with respect to that in the
world, SCA7 is still a rare disease; therefore, the sample
size in this and in other studies has weak statistical
power. Nonetheless, many of the results are highly sig-
nificant suggesting that findings are robust. We must

also acknowledge the high percentage of SCA7 patient’s
attrition, which is predictable given the increasing dis-
ability in this group. However, this infringes our as-
sumption of missing data randomly and therefore, our
estimates may be biased presumably toward less longi-
tudinal change. Another limitation of our study is that it

Fig. 3 Longitudinal GM change in SCA7 patients compared to healthy
controls. The image shows significant clusters that demonstrate
differences in atrophy progression given by interaction effect: time ×
group. Color scale bar indicates the t value (p < 0.05). Each panel

shows a sagittal, coronal and axial view of the corresponding slices of
the MNI anatomical template. Radiological orientation. TFC, threshold-
free cluster enhancement; A, anterior; P, posterior; R, right; L, left; S,
superior; I, inferior

Table 6 Areas showing significant longitudinal degeneration in the SCA7 group. VL = very large, H = huge

Cluster Cluster
size

t value

MNI coordinates
(mm)

Anatomical region included in the cluster

Effect
size

Cohen’s
d(peak max) X Y Z Main Secundary

1 2086 20.2 4 − 34 − 14 Brainstem and pons. Right thalamus and right cerebellum
(I-IV, V, VI and Crus I)

1.171 VL

2 1918 18.1 − 8 18 − 20 Fontal pole Bilateral orbitofrontal cortex − 1.36 VL

3 1769 10.7 − 22 24 8 Left putamen and caudate. Left paracingulate and anterior cingulate
gyri

− 1.241 VL

4 1394 11.1 20 24 6 Right putamen and caudate Right anterior cingulate gyrus 1.388 VL

5 208 16.4 − 30 − 8 − 16 Left amygdala, hippocampus Left anterior parahippocampal gyrus − 2.124 H

6 48 10.4 − 64 − 6 − 2 Left anterior and posterior superior
temporal gyri

Anterior medial temporal gyrus − 2.052 H
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was focused on analyzing the progression of the disease
once the onset of cerebellar neurodegeneration was rec-
ognizable at the clinical level and the cerebellar degen-
eration was noticeable at the structural level with MRI
analysis. At this stage of degeneration, cognitive deteri-
oration was not apparent. We are aware that the study
of presymptomatic subjects would be ideal; however, in
the communities that we have contacted, presymptomat-
ic family members are not interested in knowing their
molecular diagnosis or their neurological health status.

Our study of the follow-up of patients with SCA 7 for
2 years, reveals that the neurodegeneration of the brain could
potentially be related to the emergence of cognitive impair-
ment. It is important to remember that although ataxins are
proteins preferentially expressed in the cerebellum, the distri-
bution of their expression in the anterior brain is unknown for
most of the SCAs. Differences in expression patterns could

explain why in some SCAs there is a parallelism between the
progression of motor and cognitive impairments and in some
others does not. In the absence of immunohistochemical data,
we believe that performing studies like ours for each type of
SCAwould contribute to shed light on this controversial issue.

Conclusion

Different approaches have been implemented as initial efforts
to characterize the longitudinal progression in SCAs [56].
Here, we monitored a cohort of SCA7 patients during an in-
terval of 2 years. Our results confirm previous studies in other
SCAs showing that MRI-based structural markers can be used
to detect the progression of the atrophy. However, our study
found that SARA and MoCA are also good indicators of the
progression of the disease. This is particularly relevant since it

Fig. 4 Correlation of the SARA score longitudinal deterioration with
cortical neurodegeneration in SCA7. Significant Spearman’s rho
correlations with volume loss in left caudal middle frontal gyrus in

yellow (a), left lingual gyrus in red (b), and volume and cortical
thinning in left superior frontal gyrus in green (c). All p values were
FDR corrected

Table 7 Areas showing
longitudinal rate of change
correlations between volumetric
and motor and cognitive
measurements in the SCA7 group

Clinical test Anatomical region S Spearman’s rho R2 p values*

SARA Left caudal middle frontal volume 846 − 0.8593407 0.5403 0.002188

Left lingual volume 822 − 0.8065934 0.5564 0.013766

Left superior frontal volume 796 − 0.7494505 0.346 0.033909

Left superior frontal thickness 844 − 0.8549451 0.6191 0.00344

MMSE Right inferior temporal volume 781.82 − 0.7182891 0.6973 0.024933

Right middle temporal volume 790.15 − 0.7365895 0.6152 0.024934

Right entorhinal volume 848.43 − 0.864692 0.6856 0.002236

Left caudal anterior cingulate thickness 795.35 − 0.7480272 0.6455 0.03598

MoCA Right parahippocampal thickness 802 − 0.7626374 0.5783 0.03852

Right paracentral thickness 812 − 0.7846154 0.5033 0.03851
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has been suggested that for longitudinal and interventional
studies, clinical scales like MoCA that are sensitive to disease
progression and easy and fast to administer, should be

favored, especially given the sociodemographic conditions
of many of these groups of patients that preclude access to
more advanced imaging facilities [56, 57].

Fig. 6 Correlation of theMoCA score longitudinal deterioration with cortical neurodegeneration in SCA7. Significant Spearman’s rho correlations with
cortical thickness loss in right parahippocampal in blue (a) and right paracentral in orange (b). All p values were FDR corrected

Fig. 5 Correlation of the MMSE score longitudinal deterioration with
cortical neurodegeneration in SCA7. Significant Spearman’s rho
correlations with volume loss in right inferior temporal in maroon (a),

right middle temporal in blue (b), and right entorhinal in brown (c)
regions, and cortical thinning in caudal anterior cingulate in green (d)
region. All p values were FDR corrected
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