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Abstract

Background

Previous studies of SCA2 have revealed significant degeneration of white matter tracts in

cerebellar and cerebral regions. The motor deficit in these patients may be attributable to

the degradation of projection fibers associated with the underlying neurodegenerative pro-

cess. However, this relationship remains unclear. Statistical analysis of diffusion tensor

imaging enables an unbiased whole-brain quantitative comparison of the diffusion proprie-

ties of white matter tracts in vivo.

Methods

Fourteen genetically confirmed SCA2 patients and aged-matched healthy controls participated

in the study. Tract-based spatial statistics were performed to analyze structural white matter

damage using two different measurements: fractional anisotropy (FA) and mean diffusivity

(MD). Significant diffusion differences were correlated with the patient's ataxia impairment.

Results

Our analysis revealed decreased FA mainly in the inferior/middle/superior cerebellar

peduncles, the bilateral posterior limb of the internal capsule and the bilateral superior

corona radiata. Increases in MD were found mainly in cerebellar white matter, medial lem-

niscus, and middle cerebellar peduncle, among other regions. Clinical impairment mea-

sured with the SARA score correlated with FA in superior parietal white matter and bilateral

anterior corona radiata. Correlations with MD were found in cerebellar white matter and the

middle cerebellar peduncle.
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Conclusion

Our findings show significant correlations between diffusion measurements in key

areas affected in SCA2 and measures of motor impairment, suggesting a disruption of

information flow between motor and sensory-integration areas. These findings result in

a more comprehensive view of the clinical impact of the white matter degeneration in

SCA2.

Introduction
Spinocerebellar ataxias (SCAs) are a group of clinically and genetically heterogeneous auto-
somal dominant neurodegenerative diseases characterized by a range of neurological symp-
toms, including loss of balance and motor coordination. The primary cause of SCAs is by the
progressive dysfunction of the cerebellum and of its afferent and efferent connections [1].
Spinocerebellar Ataxia Type 2 (SCA2) is caused by an expanded CAG trinucleotide repeat in
the gene ATXN2 encoding the protein ataxin-2 [2]. It is characterized by a progressive cere-
bellar syndrome including ataxic gait, cerebellar dysarthria, dysmetria, dysdiadochokinesia
and other visuospatial impairments including saccadic and voluntary eye movements [3–5].
Several neuropathological studies have revealed a generalized reduction in brain volume,
with significant atrophy of the cerebellum, brainstem, and frontal lobe, as well as changes to
the midbrain substantia nigra and reduction of the cerebral and cerebellar white matter
(WM)[6]. A number of studies using magnetic resonance imaging (MRI) to explore the
SCA2 neurodegenerative process have confirmed olivopontocerebellar atrophy, and in some
cases significant degeneration of the thalamus and cortical areas [7–9]. Furthermore, a recent
longitudinal study has even suggested the use of MRI as a possible biomarker of the SCA2
degenerative process [10].

Advances in MRI, particularly diffusion tensor imaging (DTI), allow the acquisition of
detailed structural images in a millimetric resolution, reflecting the tissue microstructure and
integrity through the measurement of water diffusion properties [11]. DTI enables mapping
white matter tract changes across the life span, as well as alterations in neurological disorders,
becoming an important tool in the study of neurodegenerative diseases [12]. Mean diffusivity
(MD) (also referred to as apparent diffusion coefficient, ADC) and fractional anisotropy (FA)
have gained widespread acceptance as sensitive indicators to quantify microstructural damage
of gray and white matter in neurodegenerative diseases including SCAs [13–16]. Although a
number of studies have analyzed WM changes using these methods in SCA2 [17–19], only one
study has found correlation between white matter integrity and clinical scores changes using a
global analysis in SCA2. This earlier study acquired DTI images in 15 directions of 10 SCA2
patients using a 1.5T MRI scanner, and found correlations between the International Coopera-
tive Ataxia Rating Scale (ICARS) scores and MD values in the left cerebellar hemisphere and in
the left fornix [18].

To further understand the relationship between WM integrity and SCA2’s ataxia severity,
we assessed 14 patients with SCA2 and age-matched controls using a voxel-wise whole-brain
analysis of multi-subject diffusion tensor data named Tract-Based Spatial Statistics (TBSS)
[20,21]. The resulting significant group differences in WM were correlated with the measures
of ataxia impairment using the Scale for Assessing and Rating Ataxia (SARA). We found signif-
icant WM group differences across the brain, including WM alterations that showed significant
correlations with the SARA score not previously reported.
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Materials and Methods

Subjects
14 patients with a molecular diagnosis of SCA2 were invited to participate in this study (9
female, right handed, mean age ± SD, 37.3 ± 15.9 years, complete information in S1 Table).The
SARA [21] was used as a semi-quantitative valuation of the movement impairment comprising
eight items related to gait, stance, sitting, speech, finger-chase test, nose-finger test, fast alter-
nating movements, and heel-shin test [22,23]. 14 controls (8 female, right handed, mean age
41.7 years) participated in the study. The control group denied any history of neurological or
psychiatric disorders. All procedures were in accordance with the ethical standards of the
responsible committee on human experimentation (institutional and national),with the Hel-
sinki Declaration of 1975, and the applicable revisions at the time of the investigation. There-
fore, the committees on human experimentation of the Universidad Nacional Autónoma de
Mexico specifically approved this study. All participants gave their written informed consent
before entering the study.

Image Acquisition
Images were acquired using a 3 Tesla Philips Achieva MRI scanner (Philips Medical Systems,
Eindhoven, The Netherlands). The study included the acquisition of a high resolution T1 3D
volume and diffusion tensor imaging (DTI). The T1 3D acquisition consisted of a T1 Fast
Field-Echo sequence, with TR/TE = 8/3.7 ms, FOV 256x256 mm2 and an acquisition and
reconstruction matrix of 256x256, resulting in an isometric resolution of 1x1x1 mm3. The DTI
sequences consisted of Single Shot Echo Planar Imaging sequences, acquiring 33 volumes of 70
axial slices (2 mm slice thickness and no separation), one for each of the 32 independent direc-
tions of diffusion with b = 800 s/mm2 and one corresponding to b = 0 s/mm2, TR/TE = 8467/
60 ms, FOV 256x256 mm2 and an acquisition and reconstruction matrix of 128x128, resulting
in an isometric resolution of 2x2x2 mm3.

Voxel-Based Morphometry Analysis
For reference of gray matter atrophy, voxel-based morphometry (VBM) analysis [24] was per-
formed using FSL (FMRIB, Oxford University, Oxford, UK) [25]. The VBM analysis closely
followed that previously reported [26] and included seven steps: reorientation according to the
antero-posterior commissure line, template creation to improve brains segmentation, normali-
zation, segmentation in 3 classes of tissue (GM, WM and CSF), modulation, smoothing with a
2 mm full width half-maximum Gaussian kernel, and voxelwise statistical analysis [27].

Diffusion Tensor Analysis
The DTI images were processed using FSL's Diffusion Toolbox [25]. Eddy current effects were
corrected and the diffusion tensor model was adjusted to generate the fractional anisotropy
maps for each participant. The statistical analysis was done in a voxel-wise manner using the
TBSS methodology [20]. TBSS was done using the following steps: identification of a common
registration target and alignment of all participants FA images to this target, creation of a mean
FA map using the mean of all aligned FA images and of a thresholded skeletonized mean FA
image, and projection of each participants FA image onto the skeleton and voxel-wise statistical
analysis across subject on the skeleton-space FA data. Using the same nonlinear registration,
skeleton and skeleton projection vectors derived from the FA analysis, MD data were projected
onto the skeleton before voxel-wise statistical analysis across subjects [21]. A two-sample t-test
between SCA2 and control group was performed for FA and MD independently using FSL's
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randomise [28]. Age was included as covariates of no interest. Correction for multiple compari-
sons was assessed using randomized permutation methods [28,29]. Only those voxels surviving
this correction at a p value< 0.05 were considered as showing a significant group difference.
The final parametric maps were parcellated, binarized, and labeled using the white matter atlas
made at Johns Hopkins University [30] and the automated anatomical labeling atlas [31], and
used as masks for further analysis. The standardized and skeletonized FA and MD images were
then loaded in MATLAB R2014a (The Mathworks, Inc., Natick,MA) and using the parcellation
masks, the individual FA and MD values were extracted. For each white matter region the
mean FA and MD value of non-zero voxels were calculated. Pearson's correlation between
SARA score and diffusion measurements were calculated and significant correlations were set
at the p value< 0.05 after correcting for multiple comparisons using the false discovery rate
method [32].

Results and Discussion
VBM analysis showed a high degree of gray matter atrophy in patients with SCA2 compared
with healthy controls (S1 Fig). Reductions in gray matter were found in the cerebellum, vermis,
pons, and insular, frontal, parietal and temporal cortices.

TBSS group comparison revealed significant FA decreases in patients with SCA2 (Fig 1A) in
white matter tracts including the inferior/middle/superior cerebellar peduncles, the bilateral
posterior limb of the internal capsule, the bilateral superior corona radiata, the right posterior
thalamic radiation and the medial lemniscus (for a complete list see S2 Table).

TBSS group comparison revealed significant MD increases in patients with SCA2 (Fig 1B)
in cerebellar WM, including the medial lemniscus, the middle cerebellar peduncle, the bilateral
anterior corona radiata, the posterior limb of internal capsule, the pontine crossing tract and
the right corticospinal tract (for a complete list see S3 Table).

SARA scores correlated with diffusion measurements in several significant abnormal WM
tracts. Specifically, we found SARA correlations with FA in the parietal superior WM, the

Fig 1. TBSS significant differences in diffusionmeasurements between SCA2 and healthy controls. a)
Fractional anisotropy. b)Mean diffusivity. Warm and cold colors indicate an increase and decrease of these
measures in the patients with SCA2, respectively.

doi:10.1371/journal.pone.0135449.g001
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bilateral anterior corona radiata, fornix and the medial frontal gyrus WM (Fig 2A). Correla-
tions with MD were found in cerebellar WM including bilateral lobule IV and crus I, the mid-
dle cerebellar peduncle, the pontine crossing tract and the right corticospinal tract (Fig 2B).
Pearson's r and p values are detailed in Table 1 and Table 2.

Discussion
Here we explored the relationship between WM areas found to be altered in SCA2 compared
to controls, and SARA scores in a group of patients with SCA2. Our results showed significant
deterioration in FA and MDmeasures not previously reported, including superior parietal
WM and bilateral anterior corona radiata, as well as, cerebellar WM and middle cerebellar
peduncle that correlated with the SARA clinical scores, respectively.

Our results also corroborated previous findings showing significant degeneration in the cer-
ebellar peduncles, cerebellar WM, corona radiata and longitudinal fasciculus [17,18]. The
expanded results obtained in the current study are probably due to the use of a higher magnetic
field, larger number of directions, a different Ataxia rating scale, as well as a larger number of
patients with SCA2.

As expected, TBSS analysis of FA and MDmaps yielded only partially overlapping results.
Several studies have shown that FA and MD are not equivalent measurements [33,34], while
other studies including SCA1, SCA2 and Friedreich's ataxia participants have reported

Fig 2. Significant correlations between abnormal diffusivity measurements and SARA scores. a)
Fractional anisotropy. b) Mean diffusivity. For r and p values see Table 1. LSPG = left superior parietal gyrus;
LSCR = left superior corona radiata; RML = right medial lemniscus; RMOFG = right medial orbitofrontal
gyrus; RMSFG = right medial superior frontal gyrus; RSCR = right superior corona radiata; LCIV = left
cerebellum lobule IV; PCT = Pontine crossing tract; RCST = right corticospinal tract; MCP = middle cerebellar
peduncle; RCIV = right cerebellum lobule IV; RCCII = right cerebellum crus II.

doi:10.1371/journal.pone.0135449.g002

Table 1. Regions showing correlation between fractional anisotropy and SARA score.

Anatomical region r p

Left Superior Parietal Gyrus -0.85 0.0000

Left Superior Corona Radiata -0.73 0.0027

Fornix -0.73 0.0028

Right Medial Lemniscus -0.76 0.0029

Right Medial Orbital Frontal Gyrus -0.72 0.0031

Right Superior Corona Radiata -0.72 0.0035

Right Medial Superior Frontal Gyrus -0.71 0.0044

doi:10.1371/journal.pone.0135449.t001
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differences in diffusion metrics, including FA and MD, as well as, axial diffusivity(AD) and
radial diffusivity(RD) [14,17,18]. In this work we focus on the analyses of FA and MD since
AD and RD are subcomponents of MD, and to date, there is no consensus on if AD and RD
are more useful or accurate in characterizing diffusion properties. Furthermore, several studies
have suggested that MD is more sensitive and useful in the study of neurodegeneration than
FA [12,35]. This debate, however, is beyond the scope of our current study. Therefore here we
will focus on the discussion of the possible effects of the abnormalities found with both MD
and FA.

MDCorrelations with SARA Score
The most significant correlation between SARA and MD was found in the WM of the cerebel-
lar Crus I, follow by the middle cerebellar peduncle and the corticospinal tract. This result was
expected based on the distribution of the neuropathological changes in SCA2 [5]. It is well
known that lesions in these regions produce motor incoordination and loss of movement dex-
terity [36]. These regions were also reported as degenerated in previous studies [7,18]. How-
ever, in previous reports no significant correlations were found between the degree of the
degeneration and SARA scores.

FA Correlations with SARA Score
The most significant correlation between FA and SARA score was found in superior parietal
WM. This region also showed gray matter atrophy (S1 Fig), so, the FA decreases were not
unexpected. Sensory input and motor output signals are integrated in the superior parietal lobe
to provide an internal estimate of the state of the body and the world [37], explaining why
lesions in this region lead to both sensory and motor deficits [38]. FA in the bilateral superior
corona radiata also correlated with SARA scores. The corona radiata is a group of fibers passing
through the internal capsule projecting to the entire cerebral cortex. Corona radiata infarcts
have been associated with ataxic-hemiparesis, which can also be found with other lesions of the
corticopontine pathways [39,40]. Motor deficits have also been associated with the cortico-spi-
nal tract after infarcts of the corona radiata that result in motor deficits related to the lesion
severity [41]. In the same way, FA values in the medial lemniscus showed a correlation with
SARA. The medial lemniscus connects the brain stem and the thalamus carrying information
about touch, vibration and proprioception [42]. Medial lemniscus lesions have also been found
in Friedreich ataxia, contributing to the deficits presented by these patients [43]. Another
region where FA correlated with SARA was the fornix. While its exact function in the physiol-
ogy of the brain is still not entirely clear, it has been demonstrated that surgical transection can
cause spatial and visuomotor deficits [44,45]. Frontal cortex FA values correlated with SARA
scores in the WM of the medial part of the superior frontal gyrus and in the orbitofrontal
gyrus. Modulation of the superior frontal gyrus has been related to sensorimotor processing

Table 2. Regions showing correlation betweenmean diffusivity and SARA score.

Anatomical region r p

Right Cerebellum Crus I 0.84 0.0001

Middle Cerebellar Peduncle 0.80 0.0004

Right Corticospinal Tract 0.78 0.0008

Right Cerebellum Lobule IV 0.76 0.0013

Pontine Crossing Tract 0.76 0.0014

Left Cerebellum Lobule IV 0.70 0.0046

doi:10.1371/journal.pone.0135449.t002
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[46], and has also been associated with cognitive deficits in SCA6 [47]. The orbitofrontal gyrus
shares extensive connections with other association cortices, including extensive local projec-
tions to and from other prefrontal regions, as well as with motor, limbic, and sensory cortices
[46]. Its projections to motor areas are densely interconnected with other prefrontal cortical
regions, reflecting integration for executive motor control [48]. The failure in the communica-
tion between frontal cortices and motor and sensory integration areas may impact the motor
performance in this group of patients, as suggested by the relationship between ataxia deficits
and the functional connectivity disruptions within the cerebellum and between the cerebellum
and motor/parietal/frontal cortices in SCA2 [9] and in SCA7 [49,50].

Conclusion
In conclusion, our study indicates that specific WM degenerative changes in SCA2 correlate
with the severity of the ataxia. The degenerated tracts, where the diffusivity proprieties corre-
late with SARA scores, suggest a disruption of information flow between motor and sensory-
integration areas. These findings contribute to a better understanding of the neural basis of the
symptomatology presented by patients with SCA2.

Supporting Information
S1 Fig. Brain regions showing significant gray matter atrophy in SCA2 group. VBM differ-
ences between SCA2 and healthy controls. Warm colors indicate the degree of volume differ-
ence.
(PDF)

S1 Table. Demographic information.
(PDF)

S2 Table. White matter regions showing significant FA decreases in SCA2.
(PDF)

S3 Table. White matter regions showing significant MD increases in SCA2.
(PDF)

Author Contributions
Conceived and designed the experiments: CHC JFR RD. Performed the experiments: CHC VG
RM RD. Analyzed the data: CHC. Contributed reagents/materials/analysis tools: CHC JFR.
Wrote the paper: CHC AC JFR.

References
1. Manto M-U. The wide spectrum of spinocerebellar ataxias (SCAs). Cerebellum. 2005; 4(1):2–6. Avail-

able from: http://link.springer.com/10.1080/14734220510007914 PMID: 15895552

2. Pulst S-M, Nechiporuk A, Nechiporuk T, Gispert S, Chen X-N, Lopes-Cendes I, et al. Moderate expan-
sion of a normally biallelic trinucleotide repeat in spinocerebellar ataxia type 2. Nat Genet. 1996; 14
(3):269–76. Available from: http://www.ncbi.nlm.nih.gov/pubmed/8896555 PMID: 8896555

3. Fernandez-Ruiz J, Velásquez-Perez L, Díaz R, Drucker-Colín R, Pérez-González R, Canales N, et al.
Prism adaptation in spinocerebellar ataxia type 2. Neuropsychologia. 2007; 45(12):2692–8. Available
from: http://www.sciencedirect.com/science/article/pii/S0028393207001509 PMID: 17507059

4. Velázquez-Perez L, Rodríguez-Labrada R, Canales-Ochoa N, Sanchez-Cruz G, Fernandez-Ruiz J,
Montero JM, et al. Progression markers of Spinocerebellar ataxia 2. A twenty years neurophysiological
follow up study. J Neurol Sci. 2010; 290(1–2):22–6. Available from: http://www.ncbi.nlm.nih.gov/
pubmed/20070987 doi: 10.1016/j.jns.2009.12.013 PMID: 20070987

White Matter Alterations Related to Ataxia Severity in SCA2

PLOSONE | DOI:10.1371/journal.pone.0135449 August 11, 2015 7 / 10

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0135449.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0135449.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0135449.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0135449.s004
http://link.springer.com/10.1080/14734220510007914
http://www.ncbi.nlm.nih.gov/pubmed/15895552
http://www.ncbi.nlm.nih.gov/pubmed/8896555
http://www.ncbi.nlm.nih.gov/pubmed/8896555
http://www.sciencedirect.com/science/article/pii/S0028393207001509
http://www.ncbi.nlm.nih.gov/pubmed/17507059
http://www.ncbi.nlm.nih.gov/pubmed/20070987
http://www.ncbi.nlm.nih.gov/pubmed/20070987
http://dx.doi.org/10.1016/j.jns.2009.12.013
http://www.ncbi.nlm.nih.gov/pubmed/20070987


5. Auburger GWJ. Spinocerebellar ataxia type 2. Handb Clin Neurol. 2012; 103:423–36. Available from:
http://europepmc.org/abstract/med/21827904 doi: 10.1016/B978-0-444-51892-7.00026-7 PMID:
21827904

6. Estrada R, Galarraga J, Orozco G, Nodarse A, Auburger G. Spinocerebellar ataxia 2 (SCA2): morpho-
metric analyses in 11 autopsies. Acta Neuropathol. 1999; 97(3):306–10. Available from: http://link.
springer.com/10.1007/s004010050989 PMID: 10090679

7. Della Nave R, Ginestroni A, Tessa C, Cosottini M, Giannelli M, Salvatore E, et al. Brain structural dam-
age in spinocerebellar ataxia type 2. A voxel-based morphometry study. Mov Disord. 2008; 23(6):899–
903. Available from: http://doi.wiley.com/10.1002/mds.21982 doi: 10.1002/mds.21982 PMID:
18311829

8. Mercadillo RE, Galvez V, Díaz R, Hernández-Castillo CR, Campos-Romo A, Boll M- C, et al. Parahip-
pocampal gray matter alterations in Spinocerebellar Ataxia Type 2 identified by voxel based morphom-
etry. J Neurol Sci. 2014; 347(1–2):50–8. Available from: http://www.sciencedirect.com/science/article/
pii/S0022510X14005978 doi: 10.1016/j.jns.2014.09.018 PMID: 25263602

9. Hernandez-Castillo CR, Galvez V, Mercadillo R, Diaz R, Yescas P, Martinez L, et al. Functional
changes related to cognitive and motor performance in SCA2. Mov Disord. 2015;

10. Mascalchi M, Diciotti S, Giannelli M, Ginestroni A, Soricelli A, Nicolai E, et al. Progression of brain atro-
phy in spinocerebellar ataxia type 2: a longitudinal tensor-based morphometry study. PloS one. 2014; 9
(2):e89410. doi: 10.1371/journal.pone.0089410 PMID: 24586758

11. Mori S, Zhang J. Principles of diffusion tensor imaging and its applications to basic neuroscience
research. Neuron. 2006; 51(5):527–39. Available from: http://www.ncbi.nlm.nih.gov/pubmed/16950152
PMID: 16950152

12. Acosta-Cabronero J, Williams GB, Pengas G, Nestor PJ. Absolute diffusivities define the landscape of
white matter degeneration in Alzheimer’s disease. Brain. 2010; 133(Pt 2):529–39. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/19914928

13. Basser PJ, Pierpaoli C. Microstructural and Physiological Features of Tissues Elucidated by Quantita-
tive-Diffusion-Tensor MRI. J Magn Reson Ser B. 1996; 111(3):209–19. Available from: http://www.
sciencedirect.com/science/article/pii/S1064186696900862

14. Della Nave R, Ginestroni A, Tessa C, Salvatore E, Bartolomei I, Salvi F, et al. Brain white matter tracts
degeneration in Friedreich ataxia. An in vivo MRI study using tract-based spatial statistics and voxel-
based morphometry. Neuroimage. 2008; 40(1):19–25. Available from: http://www.sciencedirect.com/
science/article/pii/S1053811907010750 doi: 10.1016/j.neuroimage.2007.11.050 PMID: 18226551

15. Guerrini L, Lolli F, Ginestroni A, Belli G, Della Nave R, Tessa C, et al. Brainstem neurodegeneration
correlates with clinical dysfunction in SCA1 but not in SCA2. A quantitative volumetric, diffusion and
proton spectroscopy MR study. Brain. 2004; 127(Pt 8):1785–95. Available from: http://www.ncbi.nlm.
nih.gov/pubmed/15240431 PMID: 15240431

16. Alcauter S, Barrios FA, Díaz R, Fernández-Ruiz J. Gray and white matter alterations in spinocerebellar
ataxia type 7: an in vivo DTI and VBM study. Neuroimage. 2011; 55(1):1–7. Available from: http://www.
sciencedirect.com/science/article/pii/S105381191001596X doi: 10.1016/j.neuroimage.2010.12.014
PMID: 21147232

17. Mandelli ML, De Simone T, Minati L, Bruzzone MG, Mariotti C, Fancellu R, et al. Diffusion Tensor Imag-
ing of Spinocerebellar Ataxias Types 1 and 2. Am J Neuroradiol. 2007; 28(10):1996–2000. Available
from: http://www.ajnr.org/content/28/10/1996.full#ref-10 PMID: 17998418

18. Della Nave R, Ginestroni A, Tessa C, Salvatore E, De Grandis D, Plasmati R, et al. Brain white matter
damage in SCA1 and SCA2. An in vivo study using voxel-based morphometry, histogram analysis of
mean diffusivity and tract-based spatial statistics. Neuroimage. 2008; 43(1):10–9. Available from: http://
www.sciencedirect.com/science/article/pii/S1053811908007787 doi: 10.1016/j.neuroimage.2008.06.
036 PMID: 18672073

19. Mascalchi M, Toschi N, Giannelli M, Ginestroni A, Della Nave R, Nicolai E, et al. Progression of Micro-
structural Damage in Spinocerebellar Ataxia Type 2: A Longitudinal DTI Study. AJNR American journal
of neuroradiology. 2015.

20. Smith SM, Jenkinson M, Johansen-Berg H, Rueckert D, Nichols TE, Mackay CE, et al. Tract-based
spatial statistics: voxelwise analysis of multi-subject diffusion data. Neuroimage. 2006; 31(4):1487–
505. Available from: http://www.sciencedirect.com/science/article/pii/S1053811906001388 PMID:
16624579

21. Smith SM, Johansen-Berg H, Jenkinson M, Rueckert D, Nichols TE, Miller KL, et al. Acquisition and
voxelwise analysis of multi-subject diffusion data with tract-based spatial statistics. Nat Protoc. Nature
Publishing Group; 2007; 2(3):499–503. Available from: http://dx.doi.org/10.1038/nprot.2007.45 PMID:
17406613

White Matter Alterations Related to Ataxia Severity in SCA2

PLOSONE | DOI:10.1371/journal.pone.0135449 August 11, 2015 8 / 10

http://europepmc.org/abstract/med/21827904
http://dx.doi.org/10.1016/B978-0-444-51892-7.00026-7
http://www.ncbi.nlm.nih.gov/pubmed/21827904
http://link.springer.com/10.1007/s004010050989
http://link.springer.com/10.1007/s004010050989
http://www.ncbi.nlm.nih.gov/pubmed/10090679
http://doi.wiley.com/10.1002/mds.21982
http://dx.doi.org/10.1002/mds.21982
http://www.ncbi.nlm.nih.gov/pubmed/18311829
http://www.sciencedirect.com/science/article/pii/S0022510X14005978
http://www.sciencedirect.com/science/article/pii/S0022510X14005978
http://dx.doi.org/10.1016/j.jns.2014.09.018
http://www.ncbi.nlm.nih.gov/pubmed/25263602
http://dx.doi.org/10.1371/journal.pone.0089410
http://www.ncbi.nlm.nih.gov/pubmed/24586758
http://www.ncbi.nlm.nih.gov/pubmed/16950152
http://www.ncbi.nlm.nih.gov/pubmed/16950152
http://www.ncbi.nlm.nih.gov/pubmed/19914928
http://www.sciencedirect.com/science/article/pii/S1064186696900862
http://www.sciencedirect.com/science/article/pii/S1064186696900862
http://www.sciencedirect.com/science/article/pii/S1053811907010750
http://www.sciencedirect.com/science/article/pii/S1053811907010750
http://dx.doi.org/10.1016/j.neuroimage.2007.11.050
http://www.ncbi.nlm.nih.gov/pubmed/18226551
http://www.ncbi.nlm.nih.gov/pubmed/15240431
http://www.ncbi.nlm.nih.gov/pubmed/15240431
http://www.ncbi.nlm.nih.gov/pubmed/15240431
http://www.sciencedirect.com/science/article/pii/S105381191001596X
http://www.sciencedirect.com/science/article/pii/S105381191001596X
http://dx.doi.org/10.1016/j.neuroimage.2010.12.014
http://www.ncbi.nlm.nih.gov/pubmed/21147232
http://www.ajnr.org/content/28/10/1996.full#ref-10
http://www.ncbi.nlm.nih.gov/pubmed/17998418
http://www.sciencedirect.com/science/article/pii/S1053811908007787
http://www.sciencedirect.com/science/article/pii/S1053811908007787
http://dx.doi.org/10.1016/j.neuroimage.2008.06.036
http://dx.doi.org/10.1016/j.neuroimage.2008.06.036
http://www.ncbi.nlm.nih.gov/pubmed/18672073
http://www.sciencedirect.com/science/article/pii/S1053811906001388
http://www.ncbi.nlm.nih.gov/pubmed/16624579
http://dx.doi.org/10.1038/nprot.2007.45
http://www.ncbi.nlm.nih.gov/pubmed/17406613


22. Schmitz-Hübsch T, du Montcel ST, Baliko L, Berciano J, Boesch S, Depondt C, et al. Scale for the
assessment and rating of ataxia: development of a new clinical scale. Neurology. 2006; 66(11):1717–
20. Available from: http://www.neurology.org/content/66/11/1717.short PMID: 16769946

23. Weyer A, Abele M, Schmitz-Hübsch T, Schoch B, Frings M, Timmann D, et al. Reliability and validity of
the scale for the assessment and rating of ataxia: a study in 64 ataxia patients. Mov Disord. 2007; 22
(11):1633–7. Available from: http://www.ncbi.nlm.nih.gov/pubmed/17516493 PMID: 17516493

24. Ashburner J, Friston KJ. Voxel-based morphometry—the methods. Neuroimage. 2000; 11(6 Pt 1):805–
21. Available from: http://www.sciencedirect.com/science/article/pii/S1053811900905822 PMID:
10860804

25. Smith SM, Jenkinson M, Woolrich MW, Beckmann CF, Behrens TEJ, Johansen-Berg H, et al.
Advances in functional and structural MR image analysis and implementation as FSL. Neuroimage.
2004; 23 Suppl 1:S208–19. Available from: http://www.sciencedirect.com/science/article/pii/
S1053811904003933 PMID: 15501092

26. Good CD, Johnsrude IS, Ashburner J, Henson RNA, Friston KJ, Frackowiak RSJ. A voxel-based mor-
phometric study of ageing in 465 normal adult human brains. 5th IEEE EMBS International Summer
School on Biomedical Imaging, 2002. IEEE; 2002. p. II_5_1 – II_5_16. Available from: http://ieeexplore.
ieee.org/lpdocs/epic03/wrapper.htm?arnumber=1233974

27. Nichols TE, Holmes AP. Nonparametric permutation tests for functional neuroimaging: a primer with
examples. Hum Brain Mapp. 2002; 15(1):1–25. Available from: http://www.ncbi.nlm.nih.gov/pubmed/
11747097 PMID: 11747097

28. Winkler AM, Ridgway GR,Webster MA, Smith SM, Nichols TE. Permutation inference for the general
linear model. Neuroimage. 2014; 92:381–97. Available from: http://www.sciencedirect.com/science/
article/pii/S1053811914000913 doi: 10.1016/j.neuroimage.2014.01.060 PMID: 24530839

29. Hayasaka S, Nichols TE. Combining voxel intensity and cluster extent with permutation test framework.
Neuroimage. 2004; 23(1):54–63. Available from: http://www.sciencedirect.com/science/article/pii/
S1053811904002459 PMID: 15325352

30. Wakana S, Jiang H, Nagae-Poetscher LM, van Zijl PCM, Mori S. Fiber tract-based atlas of human white
matter anatomy. Radiology. Radiological Society of North America; 2004; 230(1):77–87. Available
from: http://pubs.rsna.org/doi/Fig./10.1148/radiol.2301021640

31. Tzourio-Mazoyer N, Landeau B, Papathanassiou D, Crivello F, Etard O, Delcroix N, et al. Automated
anatomical labeling of activations in SPM using a macroscopic anatomical parcellation of the MNI MRI
single-subject brain. Neuroimage. 2002; 15(1):273–89. Available from: http://www.sciencedirect.com/
science/article/pii/S1053811901909784 PMID: 11771995

32. Benjamini Y, Hochberg Y. Controlling the false discovery rate: a practical and powerful approach to
multiple testing. J R Stat Soc Ser B. JSTOR; 1995;289–300.

33. Cosottini M, Giannelli M, Siciliano G, Lazzarotti G, Michelassi MC, Del Corona A, et al. Diffusion-tensor
MR imaging of corticospinal tract in amyotrophic lateral sclerosis and progressive muscular atrophy.
Radiology. 2005; 237(1):258–64. Available from: http://www.ncbi.nlm.nih.gov/pubmed/16183935
PMID: 16183935

34. Pierpaoli C, Barnett A, Pajevic S, Chen R, Penix LR, Virta A, et al. Water diffusion changes in Wallerian
degeneration and their dependence on white matter architecture. Neuroimage. 2001; 13(6 Pt 1):1174–
85. Available from: http://www.ncbi.nlm.nih.gov/pubmed/11352623 PMID: 11352623

35. Vos SB, Jones DK, Jeurissen B, Viergever MA, Leemans A. The influence of complex white matter
architecture on the mean diffusivity in diffusion tensor MRI of the human brain. Neuroimage. 2012; 59
(3):2208–16. Available from: http://www.sciencedirect.com/science/article/pii/S1053811911011621
doi: 10.1016/j.neuroimage.2011.09.086 PMID: 22005591

36. Schmahmann J. D. (2004). "Disorders of the cerebellum: ataxia, dysmetria of thought, and the cerebel-
lar cognitive affective syndrome." The Journal of neuropsychiatry and clinical neurosciences 16(3):
367–378. PMID: 15377747

37. Corbetta M, Shulman GL, Miezin FM, Petersen SE. Superior parietal cortex activation during spatial
attention shifts and visual feature conjunction. Science. 1995; 270(5237):802–5. Available from: http://
www.ncbi.nlm.nih.gov/pubmed/7481770 PMID: 7481770

38. Wolpert DM, Goodbody SJ, Husain M. Maintaining internal representations: the role of the human supe-
rior parietal lobe. Nat Neurosci. 1998; 1(6):529–33. Available from: http://dx.doi.org/10.1038/2245
PMID: 10196553

39. Huang CY, Lui FS. Ataxic-hemiparesis, localization and clinical features. Stroke. 1984; 15(2):363–6.
Available from: http://stroke.ahajournals.org/content/15/2/363.short PMID: 6701944

40. Sage JI, Lepore FE. Ataxic Hemiparesis From Lesions of the Corona Radiata. Arch Neurol. American
Medical Association; 1983; 40(7):449–50. Available from: http://archneur.jamanetwork.com/article.
aspx?articleid=582058 PMID: 6860187

White Matter Alterations Related to Ataxia Severity in SCA2

PLOSONE | DOI:10.1371/journal.pone.0135449 August 11, 2015 9 / 10

http://www.neurology.org/content/66/11/1717.short
http://www.ncbi.nlm.nih.gov/pubmed/16769946
http://www.ncbi.nlm.nih.gov/pubmed/17516493
http://www.ncbi.nlm.nih.gov/pubmed/17516493
http://www.sciencedirect.com/science/article/pii/S1053811900905822
http://www.ncbi.nlm.nih.gov/pubmed/10860804
http://www.sciencedirect.com/science/article/pii/S1053811904003933
http://www.sciencedirect.com/science/article/pii/S1053811904003933
http://www.ncbi.nlm.nih.gov/pubmed/15501092
http://ieeexplore.ieee.org/lpdocs/epic03/wrapper.htm?arnumber=1233974
http://ieeexplore.ieee.org/lpdocs/epic03/wrapper.htm?arnumber=1233974
http://www.ncbi.nlm.nih.gov/pubmed/11747097
http://www.ncbi.nlm.nih.gov/pubmed/11747097
http://www.ncbi.nlm.nih.gov/pubmed/11747097
http://www.sciencedirect.com/science/article/pii/S1053811914000913
http://www.sciencedirect.com/science/article/pii/S1053811914000913
http://dx.doi.org/10.1016/j.neuroimage.2014.01.060
http://www.ncbi.nlm.nih.gov/pubmed/24530839
http://www.sciencedirect.com/science/article/pii/S1053811904002459
http://www.sciencedirect.com/science/article/pii/S1053811904002459
http://www.ncbi.nlm.nih.gov/pubmed/15325352
http://pubs.rsna.org/doi/Fig./10.1148/radiol.2301021640
http://www.sciencedirect.com/science/article/pii/S1053811901909784
http://www.sciencedirect.com/science/article/pii/S1053811901909784
http://www.ncbi.nlm.nih.gov/pubmed/11771995
http://www.ncbi.nlm.nih.gov/pubmed/16183935
http://www.ncbi.nlm.nih.gov/pubmed/16183935
http://www.ncbi.nlm.nih.gov/pubmed/11352623
http://www.ncbi.nlm.nih.gov/pubmed/11352623
http://www.sciencedirect.com/science/article/pii/S1053811911011621
http://dx.doi.org/10.1016/j.neuroimage.2011.09.086
http://www.ncbi.nlm.nih.gov/pubmed/22005591
http://www.ncbi.nlm.nih.gov/pubmed/15377747
http://www.ncbi.nlm.nih.gov/pubmed/7481770
http://www.ncbi.nlm.nih.gov/pubmed/7481770
http://www.ncbi.nlm.nih.gov/pubmed/7481770
http://dx.doi.org/10.1038/2245
http://www.ncbi.nlm.nih.gov/pubmed/10196553
http://stroke.ahajournals.org/content/15/2/363.short
http://www.ncbi.nlm.nih.gov/pubmed/6701944
http://archneur.jamanetwork.com/article.aspx?articleid=582058
http://archneur.jamanetwork.com/article.aspx?articleid=582058
http://www.ncbi.nlm.nih.gov/pubmed/6860187


41. Cho S-H, Kim DG, Kim D-S, Kim Y-H, Lee C-H, Jang SH. Motor outcome according to the integrity of
the corticospinal tract determined by diffusion tensor tractography in the early stage of corona radiata
infarct. Neurosci Lett. 2007; 426(2):123–7. Available from: http://www.sciencedirect.com/science/
article/pii/S0304394007009317 PMID: 17897782

42. Kamali A, Kramer LA, Butler IJ, Hasan KM. Diffusion tensor tractography of the somatosensory system
in the human brainstem: initial findings using high isotropic spatial resolution at 3.0 T. Eur Radiol. 2009;
19(6):1480–8. Available from: http://www.ncbi.nlm.nih.gov/pubmed/19189108 doi: 10.1007/s00330-
009-1305-x PMID: 19189108

43. Pagani E, Ginestroni A, Della Nave R, Agosta F, Salvi F, De Michele G, et al. Assessment of brain
white matter fiber bundle atrophy in patients with Friedreich ataxia. Radiology. Radiological Society of
North America, Inc.; 2010; 255(3):882–9. Available from: http://pubs.rsna.org/doi/abs/10.1148/radiol.
10091742 doi: 10.1148/radiol.10091742 PMID: 20501725

44. Gaffan D, Harrison S. Inferotemporal-frontal disconnection and fornix transection in visuomotor condi-
tional learning by monkeys. Behav Brain Res. 1988; 31(2):149–63. Available from: http://www.
sciencedirect.com/science/article/pii/0166432888900186 PMID: 3202946

45. Mahut H. A selective spatial deficit in monkeys after transection of the fornix. Neuropsychologia. 1972;
10(1):65–74. Available from: http://www.sciencedirect.com/science/article/pii/0028393272900437
PMID: 4624752

46. Goldberg II, Harel M, Malach R. When the brain loses its self: prefrontal inactivation during sensorimo-
tor processing. Neuron. 2006; 50(2):329–39. Available from: http://www.ncbi.nlm.nih.gov/pubmed/
16630842 PMID: 16630842

47. Kawai Y, Suenaga M, Watanabe H, Ito M, Kato K, Kato T, et al. Prefrontal hypoperfusion and cognitive
dysfunction correlates in spinocerebellar ataxia type 6. J Neurol Sci. 2008; 271(1–2):68–74. Available
from: http://www.sciencedirect.com/science/article/pii/S0022510X08001482 doi: 10.1016/j.jns.2008.
03.018 PMID: 18466924

48. Cavada C. The Anatomical Connections of the MacaqueMonkey Orbitofrontal Cortex. A Review.
Cereb Cortex. 2000; 10(3):220–42. Available from: http://cercor.oxfordjournals.org/content/10/3/220.
abstract PMID: 10731218

49. Hernandez-Castillo CR, Alcauter S, Galvez V, Barrios FA, Yescas P, Ochoa A, et al. Disruption of
visual and motor connectivity in spinocerebellar ataxia type 7. Mov Disord. 2013; 28(12):1708–16.
Available from: http://www.ncbi.nlm.nih.gov/pubmed/23926060 doi: 10.1002/mds.25618 PMID:
23926060

50. Hernandez-Castillo CR, Galvez V, Morgado-Valle C, Fernandez-Ruiz J. Whole-brain connectivity anal-
ysis and classification of spinocerebellar ataxia type 7 by functional MRI. Cerebellum & Ataxias.
BioMed Central Ltd; 2014; 1(1):2. Available from: http://www.cerebellumandataxias.com/content/1/1/2

White Matter Alterations Related to Ataxia Severity in SCA2

PLOSONE | DOI:10.1371/journal.pone.0135449 August 11, 2015 10 / 10

http://www.sciencedirect.com/science/article/pii/S0304394007009317
http://www.sciencedirect.com/science/article/pii/S0304394007009317
http://www.ncbi.nlm.nih.gov/pubmed/17897782
http://www.ncbi.nlm.nih.gov/pubmed/19189108
http://dx.doi.org/10.1007/s00330-009-1305-x
http://dx.doi.org/10.1007/s00330-009-1305-x
http://www.ncbi.nlm.nih.gov/pubmed/19189108
http://pubs.rsna.org/doi/abs/10.1148/radiol.10091742
http://pubs.rsna.org/doi/abs/10.1148/radiol.10091742
http://dx.doi.org/10.1148/radiol.10091742
http://www.ncbi.nlm.nih.gov/pubmed/20501725
http://www.sciencedirect.com/science/article/pii/0166432888900186
http://www.sciencedirect.com/science/article/pii/0166432888900186
http://www.ncbi.nlm.nih.gov/pubmed/3202946
http://www.sciencedirect.com/science/article/pii/0028393272900437
http://www.ncbi.nlm.nih.gov/pubmed/4624752
http://www.ncbi.nlm.nih.gov/pubmed/16630842
http://www.ncbi.nlm.nih.gov/pubmed/16630842
http://www.ncbi.nlm.nih.gov/pubmed/16630842
http://www.sciencedirect.com/science/article/pii/S0022510X08001482
http://dx.doi.org/10.1016/j.jns.2008.03.018
http://dx.doi.org/10.1016/j.jns.2008.03.018
http://www.ncbi.nlm.nih.gov/pubmed/18466924
http://cercor.oxfordjournals.org/content/10/3/220.abstract
http://cercor.oxfordjournals.org/content/10/3/220.abstract
http://www.ncbi.nlm.nih.gov/pubmed/10731218
http://www.ncbi.nlm.nih.gov/pubmed/23926060
http://dx.doi.org/10.1002/mds.25618
http://www.ncbi.nlm.nih.gov/pubmed/23926060
http://www.cerebellumandataxias.com/content/1/1/2

