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Abstract

Studies have shown relationships between white matter abnormalities and cognitive dysfunction in
myotonic dystrophy type 1 (DM1), but comprehensive analysis of potential structure-function
relationships are lacking. Fifty adult onset DM1 individuals (33 female) and 68 unaffected adults
(45 female) completed the WAIS-1V to determine levels and patterns of intellectual functioning.
Neuroimages were acquired with a 3T scanner and were processed with BrainsTools. Regional
brain volumes (ROIs) were adjusted for inter-scanner variation and intracranial volume. Linear
regression models were conducted to assess if group by ROI interaction terms significantly
predicted WAIS-1V composite scores. Models were adjusted for age and sex. The DM1 group had
lower Perceptual Reasoning Index (PRI), Working Memory Index (WMI), and Processing Speed
Index (PSI) scores than the unaffected group (PRI £113)= —=3.28, A= 0.0014; WMI {114)= -3.49, P
=0.0007; PSI £114)= —2.98, P=0.0035). The group by hippocampus interaction term was
significant for both PRI and PSI (PRI (4111)= —2.82, P=0.0057; PSI ({112)= —2.87, P=0.0049)).
There was an inverse association between hippocampal volume and both PRI and PSI in the DM1
group (the higher the volume, the lower the 1Q scores), but no such association was observed in
the unaffected group. Enlarged hippocampal volume may underlie some aspects of cognitive
dysfunction in adult-onset DM1, suggesting that increased volume of the hippocampus may be
pathological.
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Introduction

Myotonic dystrophy type 1 (DM1) is the most common form of muscular dystrophy in
adults with a prevalence rate of ~ 1/8,000, and is caused by a CTG trinucleotide repeat
expansion in the 3’ untranslated region of the myotonic dystrophy protein kinase gene
(DMPK) (D’Angelo & Bresolin, 2006; Meola & Cardani, 2015). DM1 can be categorized
into five phenotypes: congenital, infantile-onset, juvenile-onset, adult-onset, or late-onset
with distinct clinical features for each phenotype (De Antonio et al., 2016; Gourdon &
Meola, 2017; Modoni et al., 2004; van der Plas et al., 2019). Adult onset, or “classic” DM1
has clinical features which may include weakness, myotonia, cataracts, respiratory failure,
cardiac defects, and central nervous system (CNS) pathology. With such a variety of
pathophysiological symptoms and brain involvement, DM1 has been called a multisystemic,
‘complex network disorder’ (van Dorst et al., 2019).

Although myotonic dystrophy is defined as a muscular disease, altered cognitive functioning
is an important feature of DM1 (Meola & Sansone, 2007). Cognitive function varies among
the subtypes of DM1 with congenital patients exhibiting major impairment compared with
adult-onset patients (Douniol et al., 2012). Nonetheless, individuals with adult-onset DM1
can still experience cognitive difficulties that may be linked with frontal lobe function
(Callus et al., 2018; Gallais, Gagnon, Mathieu, & Richer, 2016; Modoni et al., 2004). In a 9-
year longitudinal analysis of cognitive function in adults with DM1, Gallais et al. (2016)
reported stable verbal 1Q and decreased processing speed in complex executive functioning
tasks. Some have argued that in patients with relatively small CTG repeat expansions,
cognitive decline may be the only observable clinical manifestation of DM1 (Modoni et al.,
2004).

Previous studies have found that while adult-onset DM1 patients typically score within
broad normal limits on measures of general intelligence and cognitive status, scores tend to
be lower than age- and education- matched controls (D’Angelo & Bresolin, 2006; Meola &
Sansone, 2007; Rubinsztein, Rubinsztein, McKenna, Goodburn, & Holland, 1997).
Additionally, many studies have found significantly poorer cognitive performance in DM1
patients than healthy controls, specifically in measures of visuospatial abilities and
perceptual reasoning (Caso et al., 2014; Censori, Danni, Del Pesce, & Provinciali, 1990;
Hamilton et al., 2018).

Evaluation of the functional consequences of neuroanatomical abnormalities in DM1 is
important for gauging clinical impact (Minnerop, Gliem, & Kornblum, 2018). In their
review, Minnerop and colleagues (2018) noted that flexibility of thinking was correlated
with GM volume in the secondary visual cortex, delayed recall of verbal memory was
correlated with temporal gyri and supramarginal gyrus, and visuospatial impairment was
correlated with ventricle enlargement and volume loss in corpus callosum, cingulate
isthmus, right occipital, and pericalcarine cortex (Minnerop et al. 2018). Gourdon and Meola
(2017) noted that variable cognitive impairments in episodic memory, executive function,
and spatial and visuo-constructive abilities are common, even in least-severe form of DM1,
and have been associated with widespread atrophy in brain structure. More research is
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needed to understand how changes in the brain may drive cognitive challenges observed in
the DM1 population.

Previously, our group reported on the structural volumetric differences between a large
sample of adult-onset DM1 patients and controls, showing significant volume reductions in
frontal and parietal gray matter, subcortical structures (putamen, thalamus) and the corpus
callosum. Two subcortical regions, the hippocampus and amygdala, were significantly
enlarged in the DM1 group relative to controls. (van der Plas et al., 2019). The current study
is a follow-up to van der Plas et al. (2019) to evaluate associations between cognitive
abilities and volumetric brain structure in adult-onset DM1 patients compared to unaffected
adults.

Individuals with DM1 were recruited to the University of lowa via advertisements through
the Myotonic Dystrophy Foundation (MDF) and word of mouth. Unaffected participants
were primarily recruited from the lowa City area via advertisements. Some were unaffected
spouses of affected participants (N=6) and some control participants had a family history of
DML, but were gene-non-expanded themselves (N=7). Recruitment for baseline assessments
took place between September 2014 and September 2018.

Exclusion criteria for all participants were as follows: a learning disability in childhood, a
history of serious head injury, or a chronic neurological disorder other than DM1.
Unaffected participants were additionally required to be without a history of substance
abuse, psychiatric disease, or major medical diseases (i.e. heart disease, sleep disorder,
vascular disease, uncontrolled hypertension, cancer, diabetes mellitus, lung disease, and
autoimmune conditions). Recruitment was targeted to adult-onset DM1 only, meaning that
individuals were included if they denied symptoms before the age of 18 years old.

Participants underwent genetic testing as part of the research study. The majority of patients
(n=46) had also undergone genetic testing prior to participation and were aware of their
genetic status. A subset of participants was at-risk for DM1 but had not undergone predictive
testing (n = 11). At-risk individuals who were determined to have CTG repeat length > 50
were included in the DM1 group (n = 4). The remainder had CTG repeat length in the non-
disease associated range and were included in the control group (n = 7). Research staff,
clinicians and scientists involved in this study remained blind to the genetic status of at-risk
individuals. All data were de-identified and all participants consented to non-disclosure of
genetic results obtained as part of the study. Control participants (n = 61) were genotyped
for CTG repeat length, to confirm unaffected status. All participants gave written, informed
consent prior to enrolling in the protocol in accordance with the Declaration of Helsinki. The
study was approved by the University of lowa Institutional Review Board.

Years of education were obtained using a self-report measure. High school completion was
equal to 12 years of education, a bachelor’s degree was equal to 16 years of education, a
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master’s degree was equivalent to 18 years of education, and 20 years of education was
equal to a PhD or higher graduate degree.

Muscle impairment

The extend of muscular impairment in DM1 patients was assessed with the Muscular
Impairment Rating Scale (MIRS), which is an ordinal five-point scale ranging from 1
(asymptomatic) to 5 (severe proximal weakness) based on clinical evaluation of muscular
involvement (Mathieu, Boivin, Meunier, Gaudreault, & Bégin, 2001).

Cognitive measures

Neuropsychological testing was conducted by research assistants under the supervision of a
board-certified clinical neuropsychologist (DJM). Participants completed the Wechsler Adult
Intelligence Scale-1V (WAIS-1V) to measure intelligence with four indices that measure
Verbal Comprehension (VCI), Working Memory (WMI), Processing Speed (PSI), and
Perceptual Reasoning (PRI). VCI measures verbal abstract thinking, word knowledge, and
basic factual information to solve novel problems. WMI measures attention, mental math
ability and working memory. PSI measures mental speed/efficiency and PRI measures
visuoconstructional ability, nonverbal abstract thinking, and complex visuospatial processing
(Whitaker, 2013). Composite scores have a normed mean of 100 and standard deviation
(SD) of 15. Scores that were at least two SD below or above the normed mean were
considered extreme and removed from analysis (N= 2 for WMI and N= 2 for PRI).

Image acquisition

lowa participants were scanned using either a 3T Siemens Trio TIM (Siemens AG, Munich,
Germany; n=52, 12-channel head coil) or a 3T General Electric Discovery MR750w (GE
Medical Systems, Chicago, IL; n = 66, 16-channel head and neck coil). Anatomical T1-
weighted images via 3T Siemens (coronal MPRAGE, TR =2300 ms, TE =2.82 ms, Tl =
900 ms, flip angle = 10°, FOV = 282 x 282 x 264 mm, matrix = 256 x 256 x 240) and T2-
weighted images were acquired (coronal, TR = 4800 ms, TE = 430 ms, FOV = 256 x 256 x
224 mm, matrix = 256 x 256 x 160). Anatomical T1-weighted images via 3T GE (coronal
BRAVO, TR=8.392 ms, TE= 3.184 ms, Tl=450 ms, flip angle= 12°, FOV = 282 x 282 x
264 mm, matrix = 256 x 256 x 240) and T2-weighted images were acquired (coronal, TR =
3000 ms, TE = 85.925 ms, FOV = 256 x 256 x 224 mm, matrix = 256 x 256 x 160).

Image processing

Bias field inhomogeneity was corrected using the N4 algorithm implemented in Advanced
Normalization Tools software (Tustison et al., 2010). Images were processed using the
BRAINSAutoWorkup pipeline that incorporates a series of packages and tools under the
umbrella of BRAINSTools which optimizes tissue classification through an iterative
framework, producing robust results in a multi-site setting (Pierson et al., 2011; Young Kim
& Johnson, 2013). BRAINSAutoWorkup utilizes joint label fusion for cortical and
subcortical regions based upon the Desikan-Killiany atlas (Desikan et al., 2006; Wang et al.,
2013). Scanner effects were harmonized using a ComBat harmonization procedure which
estimates prior distributions for each scanner using an empirical Bayesian approach (Fortin
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et al., 2018; Johnson, Li, & Rabinovic, 2007), as implemented by the ez.combat toolbox in
R. We confirmed that scanner did not predict regional volume (see Supplementary table 1)
and conducted statistical analyses on the harmonized neuroimaging data.

Statistical Analysis

Results

Sample

Volumetric regions of interest (ROIs) were corrected for intracranial volume (ICV) using the
power-proportion method (PPM - ROI= a * ICV/B; where B is estimated from non-linear
regression models) (Liu et al., 2014). ROIs included in this analysis were regions that were
previously found to be different between DM1 patients and unaffected controls (van der Plas
et al., 2019; frontal GM, frontal WM, parietal GM, caudate, putamen, nucleus accumbens,
thalamus, hippocampus, amygdala, and corpus callosum). Analyses were performed using
RStudio version 3.5.1 (Feather Spray).

Differences in cognitive performance between unaffected adults and individuals with DM1
were evaluated using robust linear regression models, with group, age and sex included as
predictor variables. Potential impact of muscle impairment was evaluated in the DM1 group
by replacing the group variable with a binned “mild” (MIRS < 2) and “severe” (MIRS = 3)
muscle impairment variable as a predictor variable. Structure-function associations were
evaluated using robust linear regression models with cognitive performance as the dependent
variable and the group by ROI,pr, interaction effect as the predictor variable. Age and sex
were included in the models.

Ad-hoc analyses evaluated the impact of CTG length on cognition in the DM1 group via
linear regression models to predict cognitive performance while including age and sex in the
model as predictor variables. To account for the skewed distribution, we took the square root
of CTG repeat length in DM1-affected adults. Multiple comparisons were controlled for by
employing the false discovery rate (FDR) and denoted by g-values. FDR < 10% (q < 0.10)
was considered statistically significant.

The sample was comprised of 68 unaffected adults (45 female) and 50 DM 1-affected adults
(33 female) with comparable sex distributions between groups (410s.5) = 0.02; p= 0.9842).
The present sample is an expansion of the lowa sample described in a previous publication
that included cohorts from lowa and Scotland (van der Plas, 2019). Note that 38 unaffected
and 40 DM1-affected adults from the present sample were described previously as part of
the lowa sample. Mean age at evaluation was comparable between groups: unaffected adults
were 43.6 years old on average (SD=12.9 years) and DM1 patients 46.7 years old (SD=11.3
years) (Figure 1a). Education levels were also comparable (fgs.113) = 0.72; p= 0.4708)
between the control group (M= 16.10, SD =2.07) and DM1-affected participants (M= 15.81,
SD =2.20), where 16 years indicated a 4-year college degree (Figure 1b). CTG repeats
ranged from 5 to 38 in the control group (M=14, SD=5), and from 55 to 1050 in the DM1
group (M=236, SD=224) (Figure 1c). Distribution of muscle impairment ratings in the DM1
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group is shown in Figure 1d. Finally, 37 DM1 patients (74%) had no or mild muscle
impairment and 13 (24%) had moderate to severe muscle impairment.

Cognitive performance group differences

DML patients scored significantly lower than unaffected adults on measures of Working
Memory ({116)= —3.49, g = 0.0027), Perceptual Reasoning (4113)= —3.28, g = 0.0026), and
Processing Speed (4116)= —2.98, g = 0.0046; see Figure 2). Scores on Verbal Comprehension
were more similar between the groups (4114)= —1.69, g=0.0937). In a subgroup analysis of
cognitive performance in the DM1 sample, severe muscle impairment was associated with
lower cognitive performance than mild muscle impairment on muscle-heavy tasks measuring
Perceptual Reasoning ({4g)= —3.22, g = 0.0082) and Processing Speed ({4g)= —3.01, g =
0.0082), but not for non-muscle-heavy tasks measuring Verbal Comprehension ({4g)= —1.62,
@ = 0.1496) and Working Memory ({4g)= —1.15, = 0.2566).

Associations between brain structure and function

The group by hippocampus interaction term was significant for PRI ({111)= -2.82, g=
0.0623) and for PSI (4112)= —2.87, g=0.0537), indicating that larger hippocampal volume
corresponded with lower PRI and PSI scores in the DM1 group, but not in unaffected adults
(Figure 3a-b). Statistical summaries for interaction effects of the cognitive domains and
ROIs can be found in Table 1. Similar trends were observed for the caudate and corpus
callosum, with larger ROI volume being associated with lower cognitive performance scores
in the DM1 group: the group by caudate interaction predicted VCI and WMI, and the group
by corpus callosum interaction predicted PRI. However, these effects did not remain
significant after correcting for multiple comparisons (Table 1). We explored the impact of
CTG repeat on cognitive function in DM1-affected adults and observed trends suggesting
that higher CTG repeats were associated with worse cognitive performance (Table 2; Figure
4a—d).

Discussion

We report significant differences in cognitive performance between patients with DM1 and
unaffected controls on measures of Working Memory, Processing Speed and Perceptual
Reasoning. Variation in performance in the latter two domains was significantly associated
with hippocampal volume, that is, enlarged hippocampal volume was associated with poorer
performance on Processing Speed and Perceptual Reasoning in DM, but not in unaffected
controls. These results are interesting in the context of Gallais et al.’s 2016 findings that
muscular impairment at baseline did not predict changes in neuropsychological performance
over time; the authors also noted that using MIRS as a global measurement of muscular
impairment may not be sensitive enough to slight muscular changes to correlate with
cognition.

In accordance with previous findings (Meola & Sansone, 2007), when compared with
normative data, DM1 patients scored within the average range of cognitive performance.
When compared to the unaffected adult control sample, however, DM1 patients scored
significantly lower on measures of Working Memory, Processing Speed, and Perceptual
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Reasoning. In line with prior research (Baldanzi et al., 2016; Peric et al., 2017), we found no
significant differences in Verbal Comprehension scores between adult DM1 patients and
unaffected controls.

Previous studies have indicated visuospatial dysfunction in over 75% of DM1 patients,
although the authors did not collect neuroimaging data for possible morphological
correlations (Peric et al., 2017), however, some of these results may be due to muscle
impairment. Our multi-site structural neuroimaging study showed evidence of increased
hippocampus volume in individuals with DM1 relative to controls (van der Plas et al., 2019).
Results from the present study suggest that difficulties in visuospatial domain may be
associated with hippocampal enlargement in DM1.

Our findings indicated that individual aspects of cognitive performance were different
between DM1-affected and unaffected individuals, including correlations with brain
structure. In the context of brain volume, previous research in different populations have
shown that bigger does not always mean better. For example, in autism spectrum disorder,
larger brains may be associated with more severe cognitive impairments (Amaral et al.,
2017). It is possible that these structural abnormalities are developmental in nature (van der
Plas et al. 2019).

Our results are different from a previous study that used voxel-based morphometry to show
that hippocampal degeneration is associated with decreased episodic memory in patients
with DM1 (Weber et al., 2010). We used volumetric structural imaging in a sample over
twice the size than the Weber et al. study, which could possibly account for the observed
differences. Additionally, we did not find a significant correlation between hippocampal
volume and memory function; however, our neuropsychological battery measured working
memory as opposed to episodic memory that has classically been associated with
hippocampal function (Marchetti, 2014; Quinette et al., 2006). These contrasting results may
be the result of different parcellation methods, neuropsychological measures, and sample
populations. Of note, previous studies have indicated a differentiation in structures relating
to distinct types of memory (Marchetti, 2014; Quinette et al., 2006). Neuroimaging findings
have indicated that the hippocampus may consolidate long-term memories (i.e. episodic
memories), while the prefrontal cortex may be related to maintaining information over a
short period of time (i.e. working memory; Marchetti, 2014; Quinette et al., 2006). These
functional differences in structure may help explain why our findings of increased
hippocampal volume in DM1-affected participants was not related to decreased Working
Memory performance.

This study was not without limitations. Two different MRI scanners were used for imaging
acquisition, although the differences were accounted for statistically. Our sample was
slightly restricted due to the nature of DM1 as a degenerative muscular disease and did not
contain any participants with a MIRS score of 5 (severe muscle impairment), therefore, this
sample is likely not generalizable to the entire DM1 population. Additionally, we recognize
the potential confounding factor of muscle manipulation required for some WAIS-IV
subtests (i.e. Block Design, Symbol Search, and Coding). Because the indices of the WAIS-
IV are not independent, a statistical limitation was multiple comparisons. Previous authors
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have utilized alternate measures of cognitive function to exclude motor biases that may
occur in WAIS-1V (Censori et al., 1990). Finally, correlations between structure and function
may hint at potential neurobiological substrates involved in cognitive processes, but future
studies incorporating measures of brain activity via fMRI studies may be warranted.

In this study of adult-onset DM1, affected individuals scored significantly lower than
unaffected age- and sex-matched controls on measures of Working Memory, Processing
Speed, and Perceptual Reasoning. Processing Speed and Perceptual Reasoning performance
were significantly predicted by the interaction between group and hippocampal volume, with
potentially pathological enlargement correlating with poorer performance. Further research
should be conducted to examine potential longitudinal changes in cognition and brain
structure in DM1-affected patients.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Significance Statement

Myotonic dystrophy (DM) is the muscular disease with the highest prevalence rate in
humans. Myotonic dystrophy type 1 (DMZ1) is primarily thought of as a disease affecting
muscular function; however, many patients also experience cognitive difficulties. We
found that abnormalities in brain structure in DM1, particularly the hippocampus,
contributed to visuospatial ability differences compared to unaffected controls. Results
from this study may help find ways to improve cognitive problems in patients with DM1.
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Figure 1:

Sample characteristics. Panel a shows the age distributions of unaffected individuals and
DM1- affected adults, separated by sex. Large circles represent the means with 95%
confidence limits and the small circles represent individual observations Sex distribution was
not different between groups (X2 (1, N=118) = 6.63 €31, p=1). Panel b illustrates the
distribution of years of education distribution for unaffected individuals (top panel) and
DM1-affected adults (lower panel). Education distribution (binned as less than 4-year
college degree [< 16 years] and completed 4-year college degree or higher [= 16 years]) was
not different between groups (X2 (1, N= 114) = 0.38, p= 0.54). Panel c depicts CTG
trinucleotide repeat expansion for each unaffected adult and DM1-affected individual in the
sample. Panel d shows Muscle Impairment Rating Scale (MIRS) distribution of DM1-
affected adults. Scores of MIRS < 2 indicate none to mild impairment and scores of MIRS >
3 indicate moderate to severe muscle impairment.
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Figure 3:
Associations between cognitive functions and hippocampus volume. Panel a illustrates the

group by hippocampus (x-axis) interaction effect predicting Perceptual Reasoning (y-axis).
Hippocampus volumes are expressed as age- and sex-adjusted residuals. Panel b shows the
interaction between group and hippocampus volume predicting Processing Speed.
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Figure 4:
Associations between cognitive functions and CTG repeat expansion in DM1-affected

adults. To account for the skewed distribution, we took the square root of CTG repeat length
in DM1-affected adults. The x-axes on the plots show age- and sex adjusted CTG residuals.
Panel a shows the association with Verbal Comprehension, Panel b shows the association
with Perceptual Reasoning, Panel ¢ shows the association with Working Memory, and Panel
d shows the association with Processing Speed.
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