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ABSTRACT: Background: Several neuropatho- Results: Seed-based analysis found reduced func-

logical studies in spinocerebellar ataxia type 2 (SCA2)
have revealed significant atrophy of the cerebellum,
brainstem, sensorimotor cortex, and several regions in
the frontal lobe. However, the impact of the neurode-
generation on the functional integration of the remaining
tissue is unknown. To analyze the clinical impact of
these functional changes, we correlated the abnormal
functional connectivity found in SCA2 patients with their
scores in clinical scales. To obtain the functional con-
nectivity changes, we followed two approaches. In one
we used areas with significant cerebellar gray matter
atrophy as anchor seeds, and in the other we per-
formed a whole-brain data-driven analysis.

tional connectivity within the cerebellum and between
the cerebellum and frontal/parietal cortices. Cerebellar
functional connectivity increases were found with parie-
tal, frontal, and temporal areas. Intrinsic network analy-
sis found a functional decrease in the cerebellar
network, and increase in the default-mode and fronto-
parietal networks. Further analysis showed significant
correlations between clinical scores and the abnormal
functional connectivity strength.

Conclusion: Our findings show significant correla-
tions between functional connectivity changes in key
areas affected in SCA2 and these patients’ motor and
neuropsychological impairments, adding an important

insight to our understanding of the pathophysiology of
SCA2. © 2015 International Parkinson and Movement
Disorder Society

Methods: Fourteen genetically confirmed SCA2
patients and aged-matched healthy controls partici-
pated in the study. Voxel-based morphometry and
resting-state functional magnetic resonance imaging
(fMRI) were done to analyze structural and functional
brain changes. Independent component analysis and
dual regression were used for intrinsic network compar-
ison. Significant functional connectivity differences were
correlated with the behavioral scores.
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Spinocerebellar ataxias (SCAs) are a group of
autosomal-dominant cerebellar ataxias that are classi-
fied according to specific genetic mutations. Among
these, spinocerebellar ataxia type 2 (SCA2) is caused
by an expanded CAG trinucleotide repeat in the gene
ATXN2.! Patients with SCA2 exhibit a progressive
cerebellar syndrome characterized by ataxic gait, cere-
bellar dysarthria, dysmetria, and dysdiadochokinesia.>”
> In addition, most of the patients demonstrate other
visuospatial and cognitive impairments, including
slowing of saccadic eye movements.>®” Neuropatho-
logical studies have shown a reduction of overall brain
size with significant atrophy of the cerebellum, brain-
stem, and frontal lobe.® Magnetic resonance imaging
(MRI) analyses have confirmed the olivopontocerebel-
lar atrophy and in some cases thalamus degenera-
tion.”!? A recent study also demonstrated significant
parahippocampal atrophy in these patients.'’

However, information is lacking regarding the func-
tional brain changes that occur as a result of the
SCA2 degenerative process. Unlike other neurodege-
nerative diseases, only a few studies have addressed
functional connectivity (FC) in the SCAs,'*'* and
none have been conducted in SCA2 to elucidate the
functional abnormalities. The resting-state functional
magnetic resonance imaging (rsfMRI) technique®’
emerges as a powerful tool for delineating the brain’s
intrinsic functional wiring architecture and has been
successfully applied to study various neurodegenera-
tive diseases and psychiatric disorders.'®!” For exam-
ple, recent studies using a seed-based approach in
patients with SCA7 reported FC reductions of cerebel-
lar, visual and motor areas, highlighting visuomotor'*
and frontocerebellar'® deficits. At the same time,
numerous studies have identified “intrinsic" large-scale
brain networks that exhibit interactions at rest similar
to those identified during task.'”?® Several of these
networks have been described previously,”"** and
recent studies have reported altered network function-
ing in several disease states,'®!” indicating that this
marker of brain function can provide important infor-
mation about neural circuit abnormalities in psychiat-
ric and neurological disorders. In this study, we are
specifically interested in exploring the abnormalities in
the cerebellar network, the default mode network
because of its involvement in several neurological dis-
orders,”>** and the frontoparietal network, which is
related to decision making and could therefore be
related to the cerebellar cognitive affective
syndrome.****

To further understand the neural basis of the behav-
ioral deficits resulting from the SCA2 mutation, here
we identified the FC changes in SCA2 patients and
analyzed them in relation to their clinical and neuro-
psychological deficits. Functional connectivity changes
were obtained by using a seed-based approach and the

state of the intrinsic networks by means of whole
brain data-driven methodology. The results showed
significant correlations between FC changes and spe-
cific clinical deficits, providing a clearer understanding
of the circuitry changes involved in the clinical deficits
of these patients.

Patients and Methods
Subjects

Fourteen right-handed patients with a molecular diag-
nosis of SCA2 (9 women; mean age 37.3 = 15.9 y; com-
plete information in Supplemental Data Table S1) and
14 right-handed healthy volunteers age-matched to the
SCA2 group (8 women; mean age 41.7 = 12.8 y) par-
ticipated in the study. The control group had no history
of neurological or psychiatric disorders. All participants
gave their written informed consent before entering the
study. All procedures in this study were conducted in
accordance with the international standards of the Hel-
sinki Declaration of 1964 (including subsequent revi-
sions), and in accordance with the ethical standards of
the committees on human experimentation of the Uni-
versidad Nacional Auténoma de Mexico.

Clinical and Neuropsychological
Measurements

The Scale for Assessing and Rating Ataxia (SARA)
was used as a semiquantitative evaluation of the
movement impairment, comprising eight items related
to gait, stance, sitting, speech, finger-chase test, nose—
finger test, fast alternating movements, and a heel-
shin test.?”*®

The Cambridge Neuropsychological Test Automated
Battery”” was used to specifically test three cognitive
aspects previously reported as impaired in SCA2, specifi-
cally flexibility, planning, and movement execution and
supervision.”® Here we used the big/little circle task,
which evaluates comprehension and learning while
training the participant to follow and reverse a rule, and
the intra/extra dimensional shift, which assesses atten-
tional maintenance, shifting, and flexibility of attention.

Image Acquisition

All images were acquired using a 3.0-T Achieva
MRI scanner (Phillips Medical Systems, Eindhoven,
The Netherlands). The anatomical acquisition con-
sisted of a three-dimensional T1 fast field-echo
sequence, with TR/TE of 8/3.7 ms, field of view of
256 X 256 mm; reconstruction matrix of 256 X 256,
resulting in an isometric resolution of 1 X 1 X 1 mm.
Functional images were collected using an Echo Planar
Imaging single-shot sequence with a TR of 2,000 ms,
TE of 35 ms, and 120 whole-brain volumes with 34
slices. Final isometric resolution of the functional
images was 3 X 3 X 4 mm without gaps. During
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fMRI acquisition, subjects in all groups were
instructed to keep their eyes closed, to think about
nothing in particular, and to stay awake. Five dummy
scans were performed at the beginning of each func-
tional acquisition to allow magnetization to reach a
steady state.

Resting-State Preprocessing

The rsfMRI preprocessing included brain extraction,
time shifting, motion correction, spatial smoothing
(6 mm full-width at half-maximum Gaussian kernel),
linear trend removal, and temporal filtering (band
pass, 0.01-0.08 Hz), using FSL (FMRIB Software
Library (FSL), Oxford University, Oxford, UK). A
regression technique was used to remove sources of
variance, including white matter, cerebrospinal fluid,
and global mean signal.*! In addition, motion scrub-
bing was applied to scans that surrounded a minimum
signal change of less than 0.5% and a frame-wise dis-
placement of 0.5 mm.** All structural images were
warped to the Montreal Neurological Institute MNI
template, using the nonlinear registration method.*?
After rigid alignment of rsfMRI images to structural
images, spatial normalization of rstMRI images to the
MNI template was achieved by using the transforma-
tion field acquired during the structural image
registration.

Voxel-Based Morphometry Analysis

Voxel-based morphometry (VBM) analysis®* was per-
formed using FSL-VBM.* After smoothing the struc-
tural images with a Gaussian isotropic kernel of 2 mm
sigma, a two-sample ¢ test was applied. Significance was
defined as P < 0.05 after correcting for multiple compari-
sons using the randomized permutation method.>® The
VBM analysis showed a high degree of gray matter atro-
phy in SCA2 patients compared with healthy controls
(Supplemental Data Figure S1). Based on the local max-
ima of the resulting # map, a total of four regions of inter-
est (12-mm sphere centered at the local maxima) were
defined in which SCA2 patients exhibited the highest cer-
ebellar gray matter atrophy (Table 1).

Seed-Based Functional Connectivity Analysis

Based on the VBM results, we identified the most
affected cerebellar regions to use them as anchor seeds
for the next procedure (Table 1). The mean time course
of each defined seed was extracted by calculating the
average of all voxels within the 12-mm sphere (MAT-
LAB R2014b, The Mathworks, Inc., Natick, MA).
Functional connectivity maps were created by calculat-
ing a Pearson’s linear correlation between the seed’s
average signal and every other voxel in the brain. The
FSL-VBM gray-matter probability maps smoothed with
a Gaussian kernel of 4 mm were resampled to the func-

( FUNCTIONAL CONNECTIVITY ANALYSIS IN SCA2

TABLE 1. Cerebellar seeds locations for FC analysis

Anatomical region X Y z

Left anterior culmen —14 -38 —24
Right anterior culmen 14 —36 —-22
Left posterior semi-lunar —38 —68 —40
Right posterior semi-lunar 42 —70 —38

Seeds were placed at the cerebellar local maxima resulting from the VBM
analysis. MNI coordinates in mm. FC, functional connectivity.

tional images resolution (both images in MNI coordi-
nate space), to minimize partial volume effects.’”
Before groupwise analysis, each subject’s gray-matter
probability map was multiplied for its functional con-
nectivity map to reduce the effect of the gray matter
loss in the patients group. A two-sample ¢ test was per-
formed between SCA2 and healthy control functional
connectivity maps to detect significant differences.
Functional connectivity maps were corrected for multi-
ple comparisons at the whole brain level, setting a sig-
nificance P value of less than 0.05, corrected using false
discovery rate.®® The average functional connectivity
strength of each significant cluster was calculated. The
Pearson’s correlation between those functional abnor-
malities and the score of each clinical measurement was
obtained in two separate groups. The SARA scores
were correlated with motor-related connections (11
connections), and cognitive scores were correlated with
cognitive-related connections (8 connections). Finally,
the correlation significance was set at the P value
<0.05 Bonferroni corrected.

Independent Components Analysis

Independent components analysis (ICA) was carried
out using FSL’s MELODIC.*! Preprocessing consisted
of motion correction, removal of nonbrain tissue, spa-
tial smoothing using a 5-mm full-width-at-half-maxi-
mum Gaussian kernel, and high-pass temporal filtering
equivalent to 100 s (0.01 Hz). After preprocessing, the
fMRI volumes were registered to the subject’s high-
resolution T1-weighted scan, using affine registration,
and then to standard space (MNI152) images using
nonlinear registration with a warp resolution of 4 mm.
The data set was decomposed into 30 independent
components. These components comprised several
intrinsic functional networks and image artifacts such
as movement, physiological noise, and cerebrospinal
fluid flow. Three components of interest (cerebellar net-
work, default mode network, and fronto-parietal con-
trol network) were selected by visual inspection based
on previous literature?’** and by the frequency spectra
of the time courses of the components.

For between-subject analyses, a voxel-wise comparison
of the functional intrinsic networks was carried out using
a regression technique referred to as the “dual-
regression” approach.> Nonparametric permutation
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FIG. 1. Seed-based functional connectivity group differences. Parametric maps of group differences for functional connectivity related to seed in the
left column. Warm colors represent increased and cold colors represent decreased functional connectivity in SCA2 patients. SCA2, spinocerebellar
ataxia type 2. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

tests (5000 permutations) were used to detect statistically
significant differences between the groups within the
boundaries of the spatial maps obtained with
MELODIC. Correction for multiple comparisons was
performed, implementing threshold-free cluster enhance-
ment,*® using a significance threshold of P <0.05.
Because of the number of components selected, we per-
formed a Bonferroni correction, setting the significant P
value at P < 0.016. The regions that showed differences
in functional connectivity between groups were used to
extract mean functional connectivity from each individ-
ual spatial map. Finally, we calculated the Pearson’s cor-
relation between the extracted functional connectivity
and the behavioral scores by setting the significance value
at P < 0.05 Bonferroni corrected.

Results

Seed-Based Functional Connectivity
Abnormalities

Our FC analysis indicated abnormalities on each of
the four seeds used. When the SCA2 group was com-
pared with the healthy controls, a total of 19 func-
tional connections showed significant abnormalities,
including both hypo and hyper connectivity changes
(Fig. 1). The largest FC decrease in the SCA2 group
was found in the seeds surrounding the area of the
right anterior cerebellum, and the largest FC increase
was found between the right anterior cerebellum and
the left middle temporal gyrus (Table 2).

Our analysis found three significant correlations
between the clinical scores and the FC abnormalities
in the patient group. Figure 2 illustrates the cerebral
regions that showed significant FC abnormalities and
a significant correlation between a clinical score and
the FC strength within the cluster marked. The signifi-
cant correlations were found in the functional interac-
tion between the right posterior cerebellum and the
left superior frontal gyrus, which had a positive corre-
lation with the SARA score (r=0.73, P =0.0026); in
the functional interaction between the left anterior cer-
ebellum and the left superior parietal lobule, which
had a negative correlation with the reaction time in
the big/little circle test (r=—0.78, P=0.0011).
Finally, the functional interaction between the right
anterior cerebellum and the right precuneus showed
two negative correlations, one with the reaction time
in the big/little circle test (r=—0.77, P =0.0010), and
one with the reaction time in the intra/extra dimen-
sional shift test (r = —0.74, P =0.0022).

Intrinsic Networks Abnormalities

In SCA2 patients relative to healthy controls, a sig-
nificantly decreased FC within the cerebellar network
was found mainly in the left posterior cerebellum (Fig.
3A). Within the default mode network, a significant
increase in the FC was found in the posterior cingulate
gyrus (Fig. 3B). Similarly, a significant increase in FC
was found within the frontoparietal network,
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L FUNCTIONAL CONNECTIVITY ANALYSIS IN SCA2
TABLE 2. Significant group differences in cerebellar functional connectivity

Seed Anatomical Region BA t X Y Z
Right posterior Right inferior semi-lunar lobule * —-14.3 42 -70 —40
Left posterior Left cerebellum inferior semi-lunar > —12.59 —38 —70 —40
Right anterior Right anterior cerebellum culmen b —8.45 6 —46 —24
Left anterior Right anterior cerebellum culmen * —6.98 6 —46 —24
Right posterior Left superior frontal gyrus 10 —6.52 —34 66 8
Right posterior Left inferior semi-lunar lobule > —5.35 —-38 —74 —44
Right posterior Right middle frontal gyrus 6 —4.74 38 14 44
Right posterior Right supramarginal gyrus 40 —4.59 62 —54 36
Left posterior Right cerebellar tonsil > —4.08 46 —62 —40
Right posterior Left middle frontal gyrus 8 —4.04 -50 26 40
Right anterior Left cerebellar tonsil ** —4.01 —18 —62 —40
Right posterior Left superior frontal gyrus 8 —4 —26 46 36
Left posterior Left superior occipital gyrus 19 -3.75 -30 —82 32
Left anterior Left superior parietal lobule 7 417 —6 —66 60
Left anterior Left inferior frontal gyrus 9 4.43 —46 14 28
Left anterior Left thalamus b 4.44 —6 -6 16
Right anterior Right precuneus 7 4.44 6 —74 48
Right anterior Left precuneus 19 4.45 -30 —74 40
Left anterior Left middle frontal gyrus 6 4.57 —22 10 60
Right anterior Left middle temporal gyrus 21 513 —58 —38 0

Coordinates of each cluster’s peak value (MNI space in mm). BA, Brodmann area. Highlighted rows indicate functional connections that correlate with behav-

ioral scores.
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FIG. 2. Cerebellar connections showing correlation with clinical scores. Axial slices represent the seeds in the first column and the region showing a
significant FC difference in the second column. Colors in the second column are the same as in Figure 1. The third column shows the significant
correlations between the FC strength and the clinical scores. RPC, right posterior cerebellum; LAC, left anterior cerebellum; RAC, right anterior cere-
bellum; LSFG, left superior frontal gyrus; LSPL, left superior parietal lobule; RP, right precuneus. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]
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FIG. 3. Group differences in intrinsic functional networks. (A) Cerebellar network; (B) Default mode network; (C) Frontoparietal network. Pink color
represents the group-specific network. Warm colors represent increased and cold color decreased functional connectivity within the network. [Color
figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

including regions in the middle frontal gyrus and the
inferior parietal lobe bilaterally (Fig. 3C).

For each network, the regions showing significant
differences in patients compared with controls were
used as network-specific regions-of-interest to extract
the average FC values from the subject-specific spa-
tial maps of all subjects. Because the regions within
each network are highly correlated, we used all sig-
nificant clusters within each network as a unique
region-of-interest for each one. Our analysis found
significant correlations between the abnormal FC
within the cerebellar network and the three clinical
scores used (Supplemental Data Fig. S2). Specifically,
the cerebellar network abnormal FC showed a nega-
tive correlation with SARA score (r= —0.71,
P =0.0038), the intra/extradimensional shift reaction
time (r= —0.75, P=0.0019), and the big/little circle
reaction time (r= —0.84, P=0.0001). A significant
positive correlation was found between the default
mode network abnormal FC and the big/little circle
reaction time (r=0.79, P=0.0006). No significant
correlations were found between the frontoparietal
network abnormal FC and any of the clinical scores.

Discussion

In this study, we explored the clinical impact of the
SCA2 FC changes, using two different approaches.
First, we obtained the abnormalities derived specifi-
cally from the cerebellar structural degeneration, and

second, we found the changes in the FC of three
intrinsic networks across the whole brain. Our results
show significant correlations between FC changes and
the severity of motor and cognitive impairments
observed in SCA2 patients.

Abnormalities in Cerebellar Functional
Connectivity

The cerebellum contributes to both motor and non-
motor functions and receives input from a wide vari-
ety of sources, including neocortical areas.*! It is
thought that this information is funneled into the
motor system to generate and control movement,*>*?
However, previous SCA2 studies have focused on the
structural deficits associated with the cerebellum,
whereas potential FC abnormalities remain unknown.?
Here we delineated for the first time the cerebellar FC
abnormalities resulting from SCA2 neurodegeneration.

Our analysis showed that the largest decrease in FC
was within the cerebellum, whereas the right cerebellar
hemisphere showed a marked reduction in the func-
tional interaction with its own surrounding area. Simi-
larly, we found a significant disruption between the
corresponding contralateral regions in both posterior
and anterior cerebellar regions. These local disruptions
could be the result of extensive cerebellar atrophy
(Supplemental Data Fig. S1), suggesting that the
remaining tissue could be functionally impaired, affect-
ing the local information flow, including motor
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feedback.* The second largest FC decrease was
between the right posterior cerebellum and the left
superior frontal gyrus, which could impact different
cognitive operations such as self-monitoring and verbal/
visuospatial memory.**** Our results showed that the
strength of this functional connection had a significant
correlation with the SARA score. This result is sup-
ported by previous findings showing that the superior
frontal gyrus plays an important role in motor func-
tion*®*” and the regulation of intellectual function and
action.*® Interestingly, a similar disruption of the fron-
tocerebellar network was also found in two recent stud-
ies of spinocerebellar ataxia type 7.'*!8

Besides the hypo-connectivity changes described, our
analysis also found hyper-connectivity changes
between the cerebellum and specific cortical and sub-
cortical regions. Given previous reports that an
increase in FC may allow structurally atrophied brain
regions to remain functional,**-*! this enhanced con-
nectivity between the cerebellum and structurally
affected areas may reflect a compensatory mechanism;
for example, patients with temporal lobe epilepsy
show an increased brain activity within various struc-
tures of the memory network.’*>* Specifically, during
an autobiographical memory task, an overall reorgan-
ization was found in the hierarchical interactions
between temporal, parietal, and frontal structures,
showing the presence of brain plasticity in response to
pathological damage induced by this disorder.>?

Our results also showed an increase in the FC
strength between the cerebellum and the parietal lobe,
including the superior parietal lobule and the precu-
neus. The parietal lobe is involved in spatial atten-
tion/orientation and motion processing.’” Damage to
the superior parietal lobe region leads to both sensory
and motor deficits,’® supporting the idea that sensory
and motor signals are combined in these areas to pro-
vide an internal estimate of the state of both the
world and the body.>> The precuneus has been
involved in directing attention in space when an indi-
vidual prepares and performs movements,’”*® as well
as during motor imagery and attention shifting
between motor targets.’” It is also involved in motor
coordination, which requires shifting attention to dif-
ferent spatial locations.’” The FC strength between
the cerebellum and the superior parietal lobule
showed a negative correlation with the Big Little
Circle (BLC) reaction time, similar to the negative
correlation of the FC strength between the cerebellum
and the precuneus with BLC and Intra/Exta Dimen-
sional Shift (IED) reaction times. In both cases the
functional connection showed a negative effect, that
is, patients with stronger connections showed better
performance, supporting the idea of a compensatory
mechanism, as has been suggested for other neurode-
generative diseases.®’

( FUNCTIONAL CONNECTIVITY ANALYSIS IN SCA2

Abnormalities in Resting-State Networks

Our analysis of intrinsic functional networks found
significant group differences between SCA2 and
healthy controls. The independent component analysis
applied to resting state MRI data has been used in a
variety of neurological disorders,'®'” and its reliability
when used with dual regression has been previously
reported.®” Here we focused on three functional net-
works, including the cerebellar network, the frontopa-
rietal network, and the so-called default mode
network.

The cerebellar network is commonly associated with
a range of sensorimotor, autonomic, and cognitive
functions.® In SCA2 patients, we found significant FC
decreases within the cerebellar network, mostly in the
left hemisphere. Furthermore, we found a negative
correlation between the connectivity strength and
SARA scores, showing the close relationship between
the disruption of cerebellar FC and the motor impair-
ment, which included the negative correlation with
IED and BLC reaction time.

We found an increase of the FC of the default mode
network in SCA2 patients that is restricted to the right
posterior cingulate gyrus, and that correlates with the
BLC reaction time. Different studies have reported
synchrony increases within the default mode network
in neurological disorders, such as attention deficit-
hyperactivity disorder,”® schizophrenia,®* and trau-
matic brain injury,®® where this increased connectivity
may reflect an abnormality in the coordination of
information processing.®® The SCA2 patients showed
a similar phenomenon, where patients with stronger
default mode connectivity score had larger reaction
times in the BLC task.

The fronto-parietal network also showed increased
connectivity in the middle frontal gyrus. However, in
contrast to the other networks, we did not find any
behavioral measure that correlated with the change in
this network. Further exploration should include the
analysis of the relation of these changes with cognitive
processes, such as reasoning, attention, inhibition, and
memory, that have been associated with this
netwok.%?

Conclusion

Our FC analysis of the degenerated cerebellar areas
in SCA2 revealed a number of abnormalities in the
functional interaction in cerebellar, frontal, and parie-
tal circuits. The independent component analysis
showed abnormal decreased connectivity in the cere-
bellar network and increased connectivity in the
default and frontoparietal networks. Our results
showed significant correlations between specific motor
and cognitive deficits and FC changes in areas closely
associated with the affected processes. These results
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provide a new insight in the understanding of the clin-
ical dysfunction associated with the neuropathology of
SCA2 disease. @
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