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Abstract

Cerebral involvement in Myotonic Dystrophy Type 1 (DM1) is well-established but not well
characterized. This study applied new Diffusion Tensor Imaging (DTI) tractography to
characterize white matter disturbance in adults with DM1. Forty-five participants with DM1 and
44 control participants had MRIs on a Siemens 3T TIM Trio scanner. Data were processed with
TRACcts Constrained by UnderLying Anatomy (TRACULA) and 7 tracts were evaluated. Bilateral
disturbances in white matter integrity were seen in all tracts in participants with DM1 compared to
controls. There were no right-left hemisphere differences. The resulting DT1 metrics were
correlated with cognitive functioning, particularly working memory and processing speed. Motor
speed was not significantly correlated with white matter microstructural integrity and, thus, was
not the core explanation for the working memory and processing speed findings. White matter
integrity was correlated with important clinical variables including the muscular impairment rating
scale (MIRS). CTG repeat length was moderately associated with white matter status in
corticospinal tract and cingulum. Sleepiness (Epworth Sleepiness Scale) was moderately
associated with white matter status in the superior longitudinal fasciculus and cingulum. Overall,
the results add to an emerging literature showing widespread white matter disturbances in both
early-onset and adult-onset DM1. Results suggest that further investigation of white matter
pathology is warranted in DM1 and that non-invasive measures such as DTI have potentially
important clinical value in characterizing the status of individuals with DM1.
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1. Introduction

Myotonic Dystrophy Type 1 (DM1), the most common form of muscular dystrophy in
adults, is a multi-faceted genetic disease caused by CTG repeat expansion in the dystrophia
myotonica protein kinase (DMPK) gene located on chromosome 19g13.3 (1). In addition to
profound effects in muscular, ocular, gonadal, cardiac and endocrine systems (2-5), there
are widespread effects in brain (6). Although the congenital-onset form of the disease is
often associated with significant intellectual impairment (7, 8), adult-onset DM1 is
characterized by average or low-average 1Q, often accompanied by impairments in attention,
memory, and executive functioning (8-14).

The neuropathology underlying these cognitive differences in DM1 is not well understood.
Neurofibrillary tangles and senile plaques have been observed in DM1, especially in older
patients (15). Pathological tau proteins have been observed in hippocampus and inferior
temporal cortex in DM1(16). A case report indicated severe loss and disordered arrangement
of myelin in temporal white matter in a patient with DM1(17) and another study reported
mutant RNA foci in various locations throughout the brain including sub-cortical white
matter and corpus callosum (18).

Neuroimaging studies examining white matter in DM1 have frequently revealed non-
specific hyperintensities in subcortical, periventricular, and temporal white matter (19-22).
Only a handful of studies have examined the microstructural integrity of white matter using
newer imaging techniques such as Diffusion Tensor Imaging (DTI). One DTI study found
abnormal white matter integrity in several specific tracts including the corpus callosum (23).
Ota et al. suggested that the DTI abnormalities seen might be the result of Wallerian
degeneration of axons following atrophy in the cortical grey matter. Others have argued
against Wallerian degeneration, citing the predominance of white matter disease in
comparison to gray matter effects in DM1 (24). Minnerop et al. reported abnormalities in
white matter tracts throughout the brain including the callosum, projection fibers,
association fibers, and motor pathways. One other study by Fukuda et al. (25) reported lower
fractional anisotropy (FA), a measure of white matter integrity, in those with DM1
compared to controls. Naka et al. (26) provided converging evidence of white matter
abnormalities in normal-appearing white matter using a different imaging technique,
magnetization transfer imaging (MT]I). Similarly, DiCostanzo et al. (27) showed widespread
white matter disruption in DM1 with T2-relaxometry.

The current study utilized newly available DTI tractography methods to extend the
investigation into possible regional patterns of white matter abnormalities in DM1and to
increase our understanding of relationships between white matter disturbance and important
clinical variables including cognitive functioning in this population. This study represents
the largest sample of patients with DM1 examined with DTI to date.
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2. Methods

2.1 Informed Consent

All participants underwent a comprehensive informed consent procedure that included a
discussion of the study and a signed consent form. All procedures were reviewed and
approved by the University of Minnesota institutional review board.

2.2 Participants

Forty-five participants (21 male, 24 female) with DM1 and 46 control participants (18 male,
28 female) were studied. Participant characteristics are listed in Table 1. Patients were
recruited from a University-based myotonic dystrophy clinic. Diagnoses were established by
polymerase chain reaction (PCR) and southern blot. The mean age of the groups was
equivalent for patients (38.4 years) and controls (38.5 years). CTG repeats ranged from 75 to
800, with an average of 387. Congenital/infantile-onset DM1 patients were not included in
the study. Attempts to retrospectively define “age of onset” of DM1 for these patients
yielded imprecise estimates, with a range of symptoms appearing across wide
developmental spans in many individuals and, so, these data are not reported here. The
sample included cases that were diagnosed during adolescence or adulthood. Scores on the
Muscular Impairment Rating Scale (MIRS) (28), completed by participants with DM1,
ranged from 1 to 4 with a mean of 3.15. Scores on the Epworth Sleepiness Scale (29),
completed by those with DM1, ranged from 1 to 13 with a mean of 7.44. Control
participants, who were age-matched and gender-matched, were recruited from the
community. Other neurological disorders, including traumatic brain injury, were
exclusionary for all participants. Control participants were excluded for psychiatric disorder,
learning disability, or below-average 1Q (more than 1 standard deviation below normal).

2.3 Neuropsychological Assessment

Subjects completed the following neuropsychological measures: the Wechsler Test of Adult
Reading (30) (as a proxy measure of premorbid 1Q), Wechsler Adult Intelligence Scale (3"
ed.) (31) [Vocabulary, Block Design, Matrix Reasoning, Digit Dan, Digit-Symbol, Letter-
Number Sequencing, and Symbol Search subtests],the Grooved Pegboard test (32), the
Delis-Kaplan Executive Functioning System (D-KEFS) [Trailmaking, Tower Test, and
Verbal Fluency], the Wisconsin Card Sorting Test (WCST) (33), and the California Verbal
Learning Test (CVLT-II) (34). All neuropsychological instruments were administered by a
trained research assistant under the supervision of a neuropsychologist (J.R.W. or L.S.H.).
Intelligence Quotient (1Q) was estimated with the Oklahoma Premorbid Intelligence
Estimate — 3 (OPIE-3) (35).

2.4 MRI acquisition and processing

Subjects were scanned using a Siemens 3T TIM Trio MRI scanner with 12-channel receive-
only head coil. The imaging sequence and parameters for each scan are listed in Table 2.
Participants were not sedated for the MRI scan.
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2.5 MRI processing

Image data were processed using the TRACULA (Tracts Constrained by Underlying
Anatomy) processing stream (36), a component of the Freesurfer 5.3.0 Software Library
(http://surfer.nmr.mgh.harvard.edu/). This processing stream consists of four parts: 1)
Freesurfer segmentation and parcellation of the structural T1 data to define specific
anatomic regions; 2) preprocessing of the DTI data including affine registration to correct
for motion and eddy current effects, B0 distortion correction using the field map data,
computation of the diffusion tensor and registration to the T1 data; 3) ball and stick
modeling of the diffusion data; 4) probabilistic tracking and track determination.
TRACULA utilizes known anatomy of the major white matter tracts to constrain a
probabilistic mapping algorithm, allowing for reliable tract reconstruction with minimal user
input. We examined the following tracts that were mapped and auto-labeled by TRACULA:
corticospinal tracts (CST), inferior longitudinal fasciculus (ILF), uncinate fasciculus,
cingulum bundle (supra-callosal and infra-callosal components combined), superior
longitudinal fasciculus (SLF) (parietal and temporal components combined), forceps major,
and forceps minor. Figure 1 illustrates these tracts. Note that TRACULA does not generate a
whole corpus callosum tract, but instead identifies the large tracts passing through the genu
(forceps minor) and the splenium (forceps major). Two scalar measures were derived from
the tensor: Fractional Anisotropy or FA (the fraction of the magnitude of the tensor that is
due to anisotropic water diffusion (37)) and Mean Diffusivity or MDiff (the mean of the
three eigenvalues). For each tract, the mean FA and MDiff were computed from all of the
voxels in the tract.

As indicated in Table 1, the groups did not differ in age, gender, or handedness. There was a
modest difference in education, with control participants having approximately two more
years than those with DM1. There was also a small but significant group difference in
estimated 1Q, with the control group approximately 6-10 points higher than those with
DML1. Comparison of the Wechsler VVocabulary and Matrix Reasoning subtests suggests the
controls had higher scores that those with DM1 particularly in verbal 1Q rather than non-
verbal 1Q.

Table 3 contains results from t-tests comparing the groups on measures of neurocognitive
performance. As expected, patients with DM1 performed significantly below controls on
measures of working memory (short-term memory / concentration), processing speed, motor
speed, and some aspects of executive functioning. Those with DM1 performed below
controls on the Trailmaking subtest, which required working memory and flexible shifting
of attention. In addition, the DM1 group performed below controls on the category-
switching component of the Verbal Fluency subtest (there were no differences in basic
phonemic-fluency or category fluency). In contrast, there were no group differences for the
Wisconsin Card Sorting test (a measure of systematic problem-solving and mental
flexibility), nor were there differences in verbal memory. Grooved Pegboard performance
indicated significant slowing in basic motor speed for those with DM1.
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An ANOVA tested for differences in FA by group (control vs. DM1), hemisphere (right vs.
left), and white matter tract (see Table 4 for list of tracts). The overall ANOVA was
significant, F(31,1455)=163.38, p<.001. The group by hemisphere interaction was non-
significant, F(1, 1455)=.580, p=.446 and, therefore, the right and left hemisphere tracts were
averaged together for remaining analyses. The group by tract interaction was significant,
F(1,1455)=17.98, p<.001. Therefore, group differences (control vs. DM1) in FA were
examined for all tracts. To reduce the number of analyses, the two components of the
cingulum (supra-callosal and infra-callosal) were averaged together and the two components
of the SLF (parietal and temporal) were averaged together. Group differences are illustrated
in Table 4.

A second ANOVA tested for differences in mean diffusivity (MDiff) by group, hemisphere,
and tract. The overall ANOVA was significant, F(31,1455)=104.48, p<.001. The group by
hemisphere interaction was non-significant, F(1,1455)=0.0, p=1.0 and, therefore, right and
left hemisphere tracts were averaged together for remaining analyses. The group by tract
interaction was significant, F(1,1455)=13.0, p<.001. Therefore, group differences in MDiff
were examined for all tracts. As above, the averaged cingulum and SLF components were
examined. Group differences are illustrated in Table 4. Effect sizes were large for MDiff in
all tracts and FA in all but one tract, indicating that there are substantial, meaningful
abnormalities in white matter integrity in DM1 compared to controls.

Pearson correlations were used to test the relationships between cognitive functioning and
white matter status. These correlations were done for the DM1 group only in order to avoid
the confounding effects of group differences in cognitive functioning, white matter integrity,
and other related factors such as education level and 1Q. In order to reduce the number of
correlations, only MDiff was examined from the 7 tracts (right and left tracts were averaged
together). MDiff was chosen because it appeared to be the more sensitive of the two DTI
metrics to the group differences (DM1 vs. control) in white matter status. Only cognitive
measures that showed significant group differences (DM1 vs. control) were analyzed.
Because Grooved Pegboard dominant-hand and non-dominant hand performance were
highly correlated with each other (r=.90, p<.001), these scores were averaged together for
subsequent analysis. As shown in Table 5, the results demonstrate strong relationships
between white matter integrity in nearly all tracts and working memory, with the exception
of the forceps major. Similarly, strong relationships were also seen with processing speed in
the corticospinal tracts, SLF, cingulate, and uncinate. The correlations between white matter
status and measures of executive functioning and motor functioning were much lower and
were all non-significant.

Of the two cognitive domains that were associated with white matter integrity (working
memory and processing speed), Pearson correlations show that neither was significantly
correlated with education level for those in the DM1 group (r=.302, p=.126 for Working
Memory Index (WMI) and r=.363, p=.063 for Processing Speed Index (PSI)). In contrast,
estimated 1Q was significantly correlated with WMI (r=.542, p=<.001) and PSI (r=.580, p<.
001). Nonetheless, follow-up partial correlation analyses revealed that the correlations
between both WMI and PSI and white matter status in each of the tracts remained significant
at the p<.01 level after controlling for 1Q.
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Lastly, relationships between white matter status and three important clinical variables were
examined. As shown in Table 6, CTG repeat length was correlated with MDiff in the
corticospinal tracts and cingulum. MIRS scores were strongly associated with white matter
integrity in all tracts with the exception of the forceps major. Sleepiness, as defined by the
Epworth Sleepiness Scale, was moderately associated with MDiff in the SLF and cingulum.

4. Discussion

Consistent with our previous findings in adults with DM1 (38) and our findings in child and
adolescent patients with early-onset DM1 (39), the data presented here clearly show
significant white matter abnormalities throughout the brain in DM1. Seven specific white
matter tracts were examined and all showed highly significant abnormalities in the DM1
group compared to control participants. Nearly all DTI studies of DML thus far have shown
diffuse white matter abnormalities of this type as opposed to focal disruption. Takaba et al.
(40), found widespread abnormalities (low FA and high MDiff) in DM1. Fukuda et al. (25)
demonstrated that these measureable microstructural abnormalities are not only evident in
abnormal-appearing white matter (i.e. hyperintensities), but also in normal-appearing white
matter. Minnerop et al. (24) showed significant white matter disruption in DM1 in all
regions examined. We reported very large (16-27%) differences in DTI metrics in a
previous study of adults with DM1 (38) and similarly large (8—22%) differences in two
studies of children / adolescents with DM1 (39, 41).

Participants in this study demonstrated several cognitive deficits that are frequently seen in
DM1 and thought to be clinically relevant (42) including working memory, processing
speed, attentional switching, and motor speed. Although significant executive deficits, such
as those reflected by the Wisconsin Card Sorting Test, have been reported in DM1 (11, 13,
43), these may be less severe in more mildly-affected individuals (12) and were absent in
our sample of patients with relatively intact 1Q. Overall there was ample evidence that the
observed white matter abnormalities are clinically important in DM1. Strong associations
between white matter status and cognition were observed for working memory ability and
processing speed. These two neurocognitive domains were correlated with MDiff in nearly
all of the tracts examined. We observed similar relationships between working memory task
performance and MDiff in multiple brain regions in patients with early-onset DM1 (41).
Furthermore, these data also show significant relationships between white matter status and
processing speed in multiple tracts including the corticospinal tracts, SLF, and cingulum. In
contrast, correlations between white matter tract integrity and a measure of basic motor
speed (grooved pegboard) were lower and non-significant. Thus, if white matter
abnormalities do contribute to the cognitive impairment seen in MDiff, it does not appear to
be strictly a function of simple motor delays.

We also observed a strong association between the level of white matter abnormality and
muscular impairment, as measured by the MIRS. Minnerop et al. (24) observed similar
associations with MIRS scores. This suggests that DTI metrics may be providing a useful
index of overall disease burden in the CNS. CTG repeat-length, as measured in blood, is an
imperfect index of disease severity because of the variable expression across tissue types. A
number of studies have found significant correlations between CTG-repeats and macro-level
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measures like 1Q (13, 44, 45) or the extent of white matter disease (19), but some have not
found an association (23, 46, 47). In the current study, we observed a relationship with
MDiff in two tracts, the corticospinal tract and cingulum. Minnerop et al. (24) also reported
an association between FA and CTG repeat length. Lastly, we report modest correlations
between MDiff in two tracts (SLF and cingulum) and sleepiness. Both sleepiness and fatigue
are common clinical features of DM1, occurring in a large percentage of patients (48, 49),
and future studies may help to further characterize the role of sleepiness/fatigue in the
cognitive impairment seen in DM1.

At this point, there remains much to be learned about the underlying neuropathology that is
reflected in DTI studies of DM1. DTI metrics are non-specific and could potentially reflect
changes in myelin, axonal membrane integrity, microtubule/neurofilament structure, fast
axonal transport within axons, differences in extra-axonal water between axons (50-52), or
other underlying pathology. Hernandez-Hernandez (53) have speculated that abnormalities
in synaptic proteins in cell membranes seen in both a mouse model of DM1 (DMSXL) and
human DML brain tissue could represent an underlying pathophysiology that might be
reflected in DTI changes like those seen here. Although limited in specificity, DTI metrics
do provide unique, non-invasive measures of white matter status that have important clinical
correlation. Ultimately, DTI measures may prove to be clinically useful, likely in
conjunction with a broad set of neurocognitive measures, in fully characterizing the disease
status in individuals with DML1.

5. Conclusion

In conclusion, the current study adds to the small existing body of studies that show diffuse
white matter abnormalities in DM1. Consistent with previous studies, we observed
significant relationships between white matter integrity, as measured by DTI, and cognitive
functioning. This was especially true for working memory and processing speed. Future
studies examining the role of sleepiness and fatigue as potential moderating / mediating
factors in cognitive dysfunction in DM1 will be worthwhile.
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Figure 1.
Illustration of white matter tracts from TRACULA (purple = corticospinal tract; red =

forceps major & forceps minor; teal= cingulum bundle {cingulum gyrus component}; light
green = cingulum bundle {angular gyrus component}; light blue = superior longitudinal
fasciculus {temporal component}; orange = inferior longitudinal fasciculus; medium blue =
uncinated fasciculus; yellow = thalamic radiations {not examined}.
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Table 1

Demographic characteristics of included participants.

Myotonic
Dystrophy Control
N(%) or mean + SD (n =45) (n =46) Statistical Test
Age at MRI scan 384+6.6yrs. 385+7.2yrs. t(1,89) =024, p=.981
Gender
Male 21 (47%) 18 (39%)
Female 24 (53%) 28 (61%) ¥2=.528, p=.468
Handedness
Right 41(91%) 45(98%) ¥2=1.98, p=.174
CTG Repeats 387 + 208 -- -
Muscular Impairment Rating Scale (MIRS) ~ 3.15 + .96 -- --
Epworth Seepiness Scale 7.44+33 - -
Years of Education 140+2.0yrs. 16.1+15yrs. t(1,65)=4.77, p<.001
Intellectual Functioning
WAIS-111 Vocabulary Score 10.8+2.38 119+25 t(1,88)=1.99, p=.050
WAIS-111 Matrix Reasoning Score 11.6+3.3 122+26 t(1,88)=0.87, p=.387
Estimated 1Q (WTAR) 101+14.3 110 £11.1 t(1,88)=3.31, p=.001
Estimated 1Q (OPIE-3) 108 +12.1 114 8.2 t(1,88)=2.41, p=.018

NOTE: WTAR = Wechsler Test of Adult Reading (a proxy measure of 1Q); OPIE-3 Oklahoma Premorbid Intelligence Estimate - 3
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Table 2

MRI sequence and parameters.

Page 14

Sequence Imaging Parameters Purpose Time
Scout 3 plane localizer Positioning 1 min
T1-weighted MPRAGE TR=2350ms, TE=3.65ms, T1=1100ms, 240 slices, voxel Segmentation & cortical 11 min
size=1x1x1mm, FOV=256mm, flip angle=7 degrees. parcellation
Diffusion weighted (DTI) TR=8500ms, TE=90ms, 64 slices, voxel size=2x2x2mm, Computation of the diffusion 11 min
FOV=256mm, GRAPPA 2, 30 volumes with b=1000 s/mm? & 6 with tensor
b=0 s/mm?, 2 averages (72 volumes).
DTI Field-map Positioned to match DTI, 64 slices, voxel size=2x2x2mm, Correction of geometric 3 min

FOV=256mm TR=700ms, TE=4.62ms / 7.08ms, flip angle=90 deg.

distortions for DTI
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Table 3

Page 15

Comparison of patients with myotonic dystrophy type 1 and control participants on neuropsychological tests.

Myotonic
Control Dystrophy  Significance

Measure Mean (SD) Mean (SD) (p)
Wechsler Working Memory 105.7 (11.1) 97.3(12.1) <.001
Wechsler Processing Speed 109.7 (11.2) 95.1(12.1) <.001
California Verbal Learning Test (total) 52.9 (10.3) 49.8 (8.7) 126
Wisconsin Card Sorting Test (total errors) 91.6 (23.0) 95.7 (19.2)  .464
D-KEFS Trailmaking (letter-number switching)  11.4 (2.2) 8.9 (3.3) <.001
D-KEFS Tower Test 10.9 (2.4) 10.7 (2.8)  .648
D-KEFS Verbal Fluency (category switching) 9.7 (3.4) 11.5(3.4) .010
Grooved Pegboard (dominant hand) -29(3.9) -0.1(1.1) <.001
Grooved Pegboard (non-dominant hand) -2.3(2.9) -0.1(0.9) <.001

Note: SD = Standard Deviation. D-KEFS = Delis-Kaplan Executive Functioning System
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Correlations between white matter tract mean diffusivity (MDiff) and measures of cognitive performance in

participants with DML1.

Table 5

Wechsler Wechsler D-KEFS Grooved
WMI PSI Fluency Pegboard
Category
Switching
Corticospinal tract r=.-585, p<.001"  r=-.596, p<.001" =045 p=771 r=-274,p=.072
Inferior Longitudinal Fasciculus (ILF) r=—.484, p<.001* r=-.435,p=.003  r=-.170,p=.269 r=-.413, p=.005
Superior Longitudinal Fasciculus (SLF)  y=— 509, p<.001*  r=-.474, p=.001" '=—-132,p=.392 r=-.297,p=.050
Cingulum r=—.545, p<.001* r=—528, p<.001* r=-.188, p:.222 r=-.366, p:.015
Uncinate Fasciculus r=—571, p<.001"  r=—.480, p<.001* r=".147,p=.342 r=-350, p=.020
Forceps Major r=-.431, p<.001 r=-.385, p=.009 r=-.064, p=.679 r=-.179, p=.245
Forceps Minor r=-.586, p<.001* =—438,p=.003  r=-038,p=.806 r=-.339, p=.025

NOTE:

*
significant correlation after Bonferroni correction (p<.0018);

WMI = Working Memory index; PSI = Processing Speed Index; D-KEFS = Delis-Kaplan Executive Functioning System.
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Table 6

Page 18

Correlations between white matter tract mean diffusivity (MDiff) and clinical measures in participants with

DM1
CTG Repeats MIRS Sleepiness Scale

Corticospinal tract r=.417,p<.003*  r=.420, p<.001* r=-221,p=.069
Inferior Longitudinal Fasciculus (ILF) r=.154 p=.284 r=.556, p<.001* r=.250, p=.040
Superior Longitudinal Fasciculus (SLF)  r=.088, p=.381 r=.504, p<.OOl* r=.242, p=.005*
Cingulum r=.407, p<.001"  r=.473,p<.001"  r=266, p=.002"
Uncinate Fasciculus r=.291, p=.040 r=.555, p<.001* r=.241, p=.047
Forceps Major r=-.084, p=.689  r=.345, p=.046 r=.204, p=.246
Forceps Minor r=.126, p=.549 r=.573, p<.001* r=.325, p=.060

NOTE:

*
significant correlation after Bonferroni correction (p<.007);

MIRS = Muscular Impairment Rating Scale
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