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Abstract
Myotonic dystrophy type 2 (DM2) is an autosomal dominantly inherited multisystemic disorder and
a common cause of muscular dystrophy in adults. Although neuromuscular symptoms predominate,
there is clinical and imaging evidence of cerebral involvement. We used voxel-based morphometry
(VBM) based on T1-weighted magnetic resonance images to investigate brain morphology in 13
DM2 patients in comparison to 13 sex- and age-matched controls. Further, we employed novel
computational surface-based methods that specifically assess callosal thickness. We found grey and
white matter loss along cerebral midline structures in our patient group. Grey matter reductions were
present in brainstem and adjacent hypothalamic and thalamic regions, while white matter was mainly
reduced in corpus callosum. The reduced callosal size was highly significant and independently
confirmed by different methods. Our data provide first evidence for grey and white matter loss along
brain midline structures in DM2 patients. The reduced size of the corpus callosum further extends
the spectrum of white matter changes in DM2 and may represent the morphological substrate of
neuropsychological abnormalities previously described in this disorder.
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Introduction
Myotonic dystrophy type 2 (DM2) is an autosomal dominantly inherited multisystemic
disorder that shares RNA pathogenesis with myotonic dystrophy type 1 (DM1). Although
neuromuscular symptoms predominate, there is clinical, neuropathological, and imaging
evidence of cerebral involvement in DM2 [9–11,17,19,24].

Several magnetic resonance imaging (MRI)-based morphometric methods have been used to
study structural brain abnormalities in neurodegenerative disorders. Initial morphometric MRI
studies used a region-of-interest (ROI)-guided approach measuring areas or volumes of
manually segmented brain regions. In these studies, an inherent bias is introduced by selecting
a limited number of brain regions for study. In addition, the segmentation procedure is often
arbitrary and poorly reproducible. Therefore, new techniques for a voxel-wise comparison of
anatomical data were developed including voxel-based morphometry (VBM) [2,6]. These
techniques allow an unbiased and comprehensive assessment of brain morphology. VBM is
based on high-resolution T1-weighted images and automated segmentation of brain tissue into
grey and white matter as it compares the density (or regional volume) of grey or white matter
between different groups of individuals.

Recently, VBM was employed in DM1 patients revealing grey matter reduction in various
cortical regions. In addition, diffusion tensor imaging(DTI)showed changes in corpus callosum
subregions associated with cortical volume loss in corresponding regions [1,18].

In the present study, we used VBM to analyse brain morphology in DM2 patients. Since
hypersomnia is a prominent sign of cerebral involvement in DM2, we additionally compared
patients with and without hypersomnia. Furthermore, we applied a novel computational
surface-based method to specifically evaluate the thickness of the corpus callosum.

Patients and methods
The study was performed in 13 consecutive genetically confirmed DM2 patients (5 women, 8
men, age 53.3 ± 12.0 years, disease duration 12.0 ± 8.8 years) that were compared to 13 age-
and sex-matched healthy controls (5 women, 8 men, age 53.5 ± 10.2 years). None of the patients
had a past medical history of other neuromuscular or central nervous system disorders. One
male patient harboured caryotype XYY and showed mild cognitive impairment. Importantly,
previous morphometric analyses did not reveal differences between XYY subjects and healthy
male controls [25]. Five patients complained about excessive daytime sleepiness. Eleven
patients showed patchy to confluent subcortical and periventricular white matter lesions in
brain MRI T2-multi-echo and fluid-attenuated inversion recovery (FLAIR) sequence analysis
as described previously [11].

The study protocol was approved by the local ethics committee. Informed written consent was
obtained from all participants.

Data acquisition
Brain MRI measurements were performed using a 1.5-T scanner (Siemens Symphony, Siemens
AG, Erlangen, Germany) with the standard head coil. The MRI protocol consisted of a T1-
weighted, MPRAGE sequence (TR 11.08 ms, TE 4.3 ms, FA 15°, FOV 230 mm, 256 × 256
acquisition matrix), yielding 200 sagittal slices and a voxel size of 0.9 × 0.9 × 0.9 mm3.
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VBM analyses
Data were preprocessed as described elsewhere [23] applying the “optimized VBM
protocol” [6] and using SPM2 (statistical parametric mapping;
http://www.fil.ion.ucl.ac.uk/spm/software/spm2). This procedure optimizes the normalization
for the explored tissue type by the use of tissue-specific templates. After defining the anterior
commissure in each image as the origin of the individual stereotaxic space, we reoriented all
images into the axial view. Reoriented T1-weighted images were segmented into grey matter
and white matter probability maps. These maps were normalised to a tissue-specific template
and the thereby estimated transformations were applied to the original T1 dataset, which was
then normalised, resampled to an 1.5 × 1.5 × 1.5 mm3 voxel-size, segmented and smoothed
with a 12-mm Gaussian kernel. Unmodulated data, rather than modulated data, were used to
be more sensitive with respect to density changes rather than to pure volume changes.

The preprocessed unmodulated grey and whiter matter components were compared between
DM2 patients and healthy controls using a 2-sample t-test. The statistical analysis was
controlled for global differences by including the overall brain volume as a confounding
covariate in the design matrix. All results are based on the contrast between the two groups at
a FDR-corrected voxel threshold of p < 0.05 and a corrected cluster threshold of p < 0.05.
Given that 38 % of our DM2 patients complained about increased daytime sleepiness, we
additionally compared grey and white matter components between five patients with
hypersomnia and eight patients without hypersomnia using statistical criteria as described
above.

Brain volume quantification
As a widely used quantitative marker for global brain atrophy [10,20], the brain parenchymal
fraction (BPF) was determined using an automated analysis technique written in MATLAB
7.0.1® (The MathWorks Inc., Natick, MA, USA) based on the segmented images, obtained by
VBM procedure. BPF is defined as the ratio of brain parenchymal tissue volume (e.g., grey
and white matter) to the intracranial volume (e.g., the total volume within the brain surface
contour). The ratios of grey and white matter fractions to the intracranial volume were
calculated separately and compared between DM2 patients and healthy controls using a 2-
sample t-test.

Callosal thickness analysis
The corpus callosum was outlined in normalised data. A systematic overview of the basic steps
in the measurement of callosal thickness is provided elsewhere [12]. Briefly, one rater (E.L.)
manually outlined upper and lower callosal boundaries in the midsagittal section of each brain.
Subsequently, the spatial average from 100 equidistant surface points representing the upper
and lower traces was calculated by creating a new midline segment, also consisting of 100
equidistant points. Finally, the distances between 100 corresponding surface points from this
new midline to callosal upper and lower segments were quantified. Since this is a highly
operator dependent technique, the corpus callosum was countered twice in six different
randomly selected brains by the same rater, achieving an intra-rater reliability of r = 0.99.

Callosal thickness values were compared between patients with DM2 and healthy controls
using 2-sample t-tests. Given that statistical tests were made at hundreds of callosal surface
points and adjacent data points are highly correlated, permutation testing was employed to
control for multiple comparisons, using a threshold of p = 0.05. For this purpose, callosal
sections were randomly assigned to either patient or control group 100,000 times, and a new
statistical test was performed at each callosal surface point for each random assignment. The
number of significant results from these randomizations was compared to the number of
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significant results in the true assignment to produce a corrected overall significance value for
the uncorrected statistical maps.

To evaluate a possible influence of the inclusion of one patient with XYY caryotype on our
examination results, we performed additional VBM and callosal thickness analyses as well as
brain volume quantification excluding this patient from our patient group.

Results
VBM

Compared to controls, grey matter density in DM2 patients was bilaterally reduced in
mesencephalon and adjacent midline brain regions. This reduction extended caudally into pons
and lower brainstem and cranially into hypothalamus, thalamus, and internal pallidum.
Additional smaller clusters were found in the right lingual gyrus and inferior frontal gyrus,
extending into the anterior part of the superior temporal gyrus (Table 1, Fig. 1a). The inverted
comparison revealed no increase of grey matter density in DM2 patients.

White matter density in DM2 patients was reduced in corpus callosum, right internal capsule,
and bilaterally in regions subcortical to the right fusiform gyrus (Table 1, Fig. 1b). The inverted
comparison revealed no increase of white matter density in DM2 patients. We did not detect
any significant differences with respect to grey and white matter density when comparing DM2
patients with and without hypersomnia (data not shown).

Results of grey matter VBM analyses were not influenced by including the XYY caryotype
patient in our patient group. White matter changes had a similar pattern but results were less
significant after excluding this patient. However, excluding the XYY caryotype patient had no
more impact on our results than excluding any other subject of our patient group (data not
shown).

Brain volume quantification
Compared to controls (mean BPF 0.66 ± 0.04), the BPF in DM2 patients (0.62 ± 0.04) was
significantly decreased (p = 0.03). This difference was mainly caused by differences in the
white matter fraction in patients compared to controls (0.25 ± 0.03 vs. 0.28 ± 0.02; p = 0.01),
whereas the grey matter fraction did not differ significantly (0.37 ± 0.02 vs. 0.38 ± 0.03; p =
0.17).

Callosal thickness analysis
Callosal regions were significantly thinner in DM2 patients across the whole callosal body,
most pronounced in the posterior half of the callosal middle third and sparing only the most
extreme anterior and posterior callosal section (Fig. 1c). We detected no region in which
callosal thickness was increased in DM2 patients compared to controls (map not shown).
Permutation tests were highly significant for the comparison of callosal thickness between
DM2 patients and healthy controls (p = 0.005), indicating that the observed disease effects did
not occur by chance.

The exclusion of the XYY caryotype patient did not change the results of brain volume
quantification and callosal thickness analysis.

Discussion
Our imaging data provide first evidence for grey and white matter loss along brain midline
structures in DM2 patients. By demonstrating changes in brainstem and corpus callosum our
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results extend the previously described cerebral involvement in DM2 [9–11,15–17,19,24].
Earlier findings of global atrophy in DM2 patients, as estimated with the BPF, were confirmed
by our data [10].

It is intriguing to speculate that structural brainstem, thalamic, and hypothalamic changes may
be associated with increased daytime sleepiness and apathy previously observed in DM2 and
reported by five of our patients. We did not detect differences between our patients with
hypersomnia and those without, albeit these subgroups were too small to allow a valid and
reliable conclusion. While systematic examination of fatigue is still missing in DM2, existing
data on DM1 points towards a high prevalence of sleep abnormalities [5]. An association with
the hypocretin neurotransmission system was suggested; however data regarding levels of
hypocretin-1, a hypothalamic neuropeptide essential in the regulation of the sleep/wakefulness
cycle and vigilance, are still discrepant at present [3,14]. For ethical reasons, lumbar puncture
and analysis of cerebrospinal fluid levels of hypocretin-1 could not be performed in our DM2
patients.

Interestingly, intraneuronal accumulation of micro-tubuli-associated tau protein present in
DM1 brains was recently described in a DM2 brain [15,22]. The tau pathology in this case was
not only observed in the hippocampus, entorhinal cortex, and prefrontal areas, but also in
several infratentorial regions including locus coeruleus, substantia nigra, periaqueductal grey
substance, and oculomotor nuclei. These tau-positive regions partly overlap with the areas of
grey matter loss identified in the present study.

White matter alterations, mostly depicted on T2- or FLAIR-weighted images, are well known
in DM2 patients [9,11,19]. The reductions, seen in the corpus callosum on T1-weighted images,
further extend the spectrum of white matter involvement in DM2. Cortical laterality interacts
with the size of corpus callosum and vice versa [26]. A putative role of age and sex on callosal
size is still debated in healthy controls. However, those studies are usually performed in larger
samples [7,13]. Nevertheless, our patient and control group were matched for age and sex. This
ensures that our observations are not biased by these factors. Thus, the reduced callosal size
in DM2 patients cannot be attributed to these factors. Up to now, atrophy or hypoplasia of the
corpus callosum have only been described in DM1 [8]. As in the congenital form of DM1, the
reduced callosal size in DM2 may be due to a developmental defect. Alternatively, it may be
a consequence of Wallerian degeneration secondary to subcortical and periventricular white
matter lesions as previously described in multiple sclerosis, where a correlation between the
axonal loss in the corpus callosum and the volume of white matter lesions was found [4].
Interestingly, a recent DTI analysis in DM1 described a correlation between reduced fractional
anisotropy along the corpus callosum and cortical volume loss in corresponding regions [18].
However, analogous data in DM2 is missing to date.

In DM1, a clinical association between a reduced size of the anterior part of the corpus callosum
and excessive daytime sleepiness was previously suggested [5]. It is conceivable that white
matter changes and reduced callosal size represent a morphological substrate of fatigue,
cognitive dysfunction, and neuropsychological abnormalities in DM2 as well [16,19,21].

Further studies are already in progress to elucidate the temporal evolution of cerebral structural
abnormalities and to clarify the relationship between brain morphological changes and the
clinical phenotype in DM2. The additional implementation of DTI may further increase the
sensitivity to detect white matter changes in DM1 and DM2 patients.
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Fig. 1.
All coloured regions reflect grey matter loss (a), white matter loss (b), and callosal thickness
reduction (c) in 13 DM2 patients compared to 13 healthy individuals. In a, b, images are in the
neuroradiological orientation (the left side of the images refers to the right side of the brain; L
= left, R = right). The z-coordinates refer to the Talairach reference space, the cross hairs to
the anterior commissure. The colour bar in a and b represents the corresponding T-values. In
c the colour bar represents the corresponding p-values
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