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prevalence of these disorders in DM1 or DM2 were included. A meta-analysis of the
prevalence of these disorders and an association study with disease onset by prevalence ratio
meta-analysis were performed. Thirty-eight studies were included. In DM1, the prevalence of
ASD was 14%, with congenital onset being 79% more common than juvenile onset, while the
prevalence of ADHD was 21%, with no difference between congenital and juvenile onset, and
the prevalence of depression and anxiety were 14% and 16%. Depression was more common
in the adult onset. Finally, the prevalence of depression in DM2 was 16%. A higher prevalence
of neuropsychiatric disorders is observed in individuals with DM1 and DM2 than in the
general population. Therefore, actively screening for congenital and juvenile neuro-
developmental disorders in DM1 and emotional disorders in DM1 and DM2 may improve the
quality of life of those affected.

Summations

« Neurodevelopmental disorders were common in both congenital and juvenile-onset
myotonic dystrophy type 1.

o The risk of autism spectrum disorders is higher in congenital onset myotonic
dystrophy type 1 than in juvenile onset.

» Emotional disorders are common in both myotonic dystrophy types 1 and 2 and are
also more common in adult-onset myotonic dystrophy type 1.
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o The classification of disease onset varies between authors and/or time periods,
which may slightly affect the estimates from the meta-analyses.

Introduction

Myotonic dystrophies (DMs) are genetic, dominant, and progressive diseases, with a prevalence

| of 10 cases per 100,000 inhabitants (Machuca-Tzili ef al., 2005; Liao et al., 2022). There are two

\ / types of DM, type 1 or Steinert DM (DM1), caused by pathological CTG triplet expansions in
\ - the 3" untranslated region of the ‘myotonic dystrophy protein kinase’ (DMPK) gene and type
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2 DM (DM2), with CCTG tetranucleotide expansions in intron 1
of the “zinc finger protein 9’ (ZNF9) gene (Machuca-Tzili et al.,
2005; Kumar et al., 2013). The mRNA of these genes ultimately
affects the expression, translation, and function of other proteins
(Kumar et al., 2013). Both dystrophies present with progressive
muscular dystrophy and weakness, myotonia, cataracts, and
cardiac involvement. However, the symptoms of DM1 are more
severe, with the phenomenon of ‘anticipation’ in maternal
inheritance, whereas DM2 has predominantly proximal muscle
involvement and no well-established ‘anticipation’ (Day et al.,
2003; Kumar et al., 2013; Russo et al., 2020; Wahbi and Furling,
2020; Rautemaa et al., 2021). These patients need to be followed up
by a multidisciplinary team to determine the necessary inter-
ventions, such as treatment for apnoea, cardiac problems or genetic
counselling, among others (Smith and Gutmann, 2016; Rautemaa
et al., 2021).

In addition to neuromuscular disease, DM, especially DM1, is
associated with several cognitive, personality, and neuropsychiatric
disorders, including autism spectrum disorder (ASD), attention
deficit hyperactivity disorder (ADHD), depressive disorders and
anxiety. These disorders have been linked to CTG triplet
expansion, which ultimately leads to changes in gene expression,
neuroplasticity, and brain areas and circuits involved in social
communication, behaviour, attention, and motor activity (Peric
et al., 2017; Wenninger et al., 2018; Gutiérrez Gutiérrez et al., 2020;
Leddy et al., 2021). However, these disorders, especially ASD and
ADHD, are more common in early-onset DM1, partly related to
the genotype of the patients and anticipatory phenomena, among
others. Thus, DML is currently classified as congenital (onset <1
year), infantile (onset between 1 and 10 years), juvenile (onset
between 10 and 20 years), adult (onset between 20 and 40 years),
and late-onset (onset >40 years). However, this classification varies
between authors and time periods and can be simplified into
congenital, juvenile (infantile + juvenile), and adult (adult + late-
onset). Regardless, congenital onset is considered to be highly
associated with ASD and ADHD (De Antonio et al., 2016; Yum
et al., 2017; Wenninger et al., 2018).

Depression and anxiety are known to be common in DM1 (van
der Velden et al, 2019). However, the prevalence of these
emotional disorders in DM2 is unknown. In addition, the
prevalence of neurodevelopmental disorders in DM1 and their
association with disease onset is not well understood. Therefore,
the aim of this systematic review and meta-analysis was to estimate
the prevalence of neurodevelopmental disorders (i.e. ASD and
ADHD) and emotional disorders (i.e. depression and anxiety) in
participants with DM1 and DM2 and their association with
disease onset.

Methods

This systematic review and meta-analysis was conducted accord-
ing to the Cochrane Collaboration Handbook, the Meta-analyses
of Observational Studies in Epidemiology (MOOSE), and the
Preferred Reporting Items for Systematic Reviews and Meta-
Analyses (PRISMA) guidelines (Stroup et al., 2000; Higgins and
Green, 2008; Moher et al., 2009), and it was previously registered in
PROSPERO (CRD42023401308).

Search strategy

A systematic search was conducted in Medline (via PubMed),
Scopus, Web of Science, and the Cochrane Library from inception
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to November 2023. An open search of grey literature, including
Theseo, Networked Digital Library of Theses and Dissertations,
Google Scholar, and OpenGrey, was also carried out, and
references of previously published reviews were checked and, if
necessary, attempts were made to contact the authors of manu-
scripts without full text. Search terms included myotonic dystrophy,
Steinert myotonic dystrophy, myotonic dystrophy type 1, type 1
myotonic dystrophy, myotonic dystrophy type 2, type 2 myotonic
dystrophy, cognitive profile, cognitive function, psychological
profile, mental disorders, mental health, neurodevelopmental,
developmental, psychiatric, autism, attention deficit hyperactivity
disorder, adhd, depression, and anxiety. The complete search
strategy is detailed in Appendix SI.

The literature search was performed independently by two
reviewers (CP-M and IC-R), and disagreements were resolved by
consensus or by a third reviewer (VM-V).

Inclusion/exclusion criteria

Inclusion criteria were as follows: (1) participants: population with
DM1 or DM2, without age restriction; (2) design: observational
studies, including cross-sectional, retrospective, prospective, and
case series studies; (3) outcomes: i) prevalence of ASD, ADHD,
depressive disorders, and anxiety disorders; ii) association of the
prevalence of ASD and ADHD with the onset of DM1. In addition
to formal diagnoses using the Diagnostic and Statistical Manual of
Mental Disorders (DSM), studies using validated scales, clinical
records, and self-reports were included. Congenital, juvenile
(childhood/infantile + juvenile) and adult (adult + late onset)
onset were also included. There were no language restrictions.

Exclusion criteria were as follows: (1) participants: studies that
included participants with other dystrophies, without being able to
determine the estimates for participants with DM1 or DM2. We
also excluded if participants with DM1 and DM2 were included
without being able to separate estimates for each population;
(2) design: single case studies; and (3) outcome: studies with
populations with neuropsychiatric disorders only.

Study selection was performed independently by two reviewers
(CP-M and IC-R), and disagreements were resolved by consensus
or by a third reviewer (VM-V).

Data extraction

An ad hoc table was created with the data extracted from the
studies included in the systematic review, including: (1) reference
(author and year of publication); (2) country/ies where the study
was conducted; (3) type of dystrophy (DM1 and/or DM2);
(4) sample size; (5) participants with maternal and paternal
inheritance; (6) disease onset (congenital, juvenile, adult); (7) mean
CTG repeats; (8) mean age; and (9) outcomes (ASD, ADHD,
depression, and anxiety).

Risk of bias assessment

Risk of bias was assessed using the Quality Assessment Tool for
Observational Cohort and Cross-Sectional Studies of the United
States National Institutes of Health National Heart, Lung, and
Blood Institute (Study Quality Assessment Tools | NHLBI, NIH,
no date, 2023). This tool includes 14 items that assess
methodological and statistical issues. The overall risk of bias was
good if there was < 1 item at risk of bias, fair if there were 2 items at
risk of bias, and poor if there were >2 items at risk of bias.
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Risk of bias was assessed independently by two reviewers (CP-
M and IC-R), and disagreements were resolved by consensus or by
a third reviewer (VM-V).

Grading the quality of evidence

The Grading of Recommendations, Assessment, Development and
Evaluation (GRADE) tool was used to assess the quality of the
evidence (Atkins et al., 2004; Neumann et al., 2014). This tool rates
each outcome from high to very low, taking into account factors
such as study design, risk of bias, inconsistency and imprecision of
results, and effect size.

Data synthesis

A narrative synthesis of the results from each study was performed.
Opverall prevalence and prevalence by onset were estimated from
0.00 to 1.00, with a 95% confidence interval (95% CI), while the
association between prevalence and onset was estimated using
prevalence ratios (PRs) and their 95% Cls.

Random-effects meta-analyses were performed when there
were more than 10 studies and/or the heterogeneity was
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Figure 1. PRISMA flowchart of study selection.

statistically significant, while fixed-effects meta-analyses were
performed when there were fewer than 10 studies and the
heterogeneity was not statistically significant (DerSimonian and
Laird, 1986; Tufanaru et al., 2015). Furthermore, in meta-analyses
that assessed the same outcome but in different subgroups of
participants, the same meta-analysis model was used, as long as the
statistical significance was similar in these subgroups. If this was
not the case, or if heterogeneity was not available, random-effects
models were preferred. Heterogeneity was assessed using the I
statistic and classified as not important (I?<30%), moderate
(I =30-50%), substantial (I>=50-75%) and considerable
(P > 75%), and it was considered statistically significant when
P <0.05 (Higgins and Green, 2008). Although potentially duplicate
studies were included in the systematic review, their inclusion in
the meta-analyses was avoided. Finally, the publication bias was
assessed visually and using Egger’s test and was statistically
significant when p < 0.10 (Egger et al., 1997).

Sensitivity and meta-regression analyses

A sensitivity analysis for the prevalence of ASD, ADHD, depressive
and anxiety disorders was performed with study-by-study
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(A)
Prevalence %
Reference Onset (95% CI) Weight
Echenne B et al (2008) Congenital + Juvenile |=ii—— 0.03 (0.01,0.16) 13.77
Ekstrom AB et al (2008) All —— 0.49 (0.37, 0.62) 10.61
Jacobs D et al (2017) Juvenile —_— 0.15 (0.06, 0.32) 10.41
Johnson N et al (2016) Congenital + Juvenile e ] 0.22 (0.16, 0.29) 13.49
Lagrue E et al (2019) Congenital + Juvenile —— 0.05 (0.02,0.11) 14.38
Petra A et al (2023) Congenital + Juvenile 0.15 (0.05, 0.36) 9.36
Steyaert J et al (1997) Congenital + Juvenile | =—ii— 0.06 (0.01, 0.28) 11.15
Stokes M et al (2019) Congenital + Juvenile —— 0.05 (0.02, 0.13) 14.08
Urata Y et al (2020) Not specified 0.25 (0.05, 0.70) 2.77
Douniol M et al (2012) Juvenile (Excluded)
Overall (1"2 = 86.98%, p = 0.00) <> 0.14 (0.07,022)  100.00
| | |
0.00 0.50 0.75
(B)
0
Prevalence %
Reference Onset (95% Cl) Weight
Douniol M et al (2012) Juvenile 0.29 (0.15,0.47) 10.60
Echenne B et al (2008) Congenital + Juvenile 0.34 (0.20, 0.52) 10.72
Ekstrom AB et al (2008) All 0.07 (0.03,0.17)  15.31
Jacobs D et al (2017) Juvenile 0.19(0.08,0.37) 11.58
Johnson N et al (2016) Congenital + Juvenile —— 0.18 (0.13, 0.25) 15.42
Seijas-Gomez R et al (2015) Adult —— 0.04 (0.01,0.18)  15.11
Steyaert J et al (1997) Congenital + Juvenile 0.31(0.14,0.56) 8.10
Stokes M et al (2019) Congenital + Juvenile —— 0.38 (0.27, 0.49) 13.16
Overall (12 = 83.07%, p = 0.00) <> 0.21(0.12,0.30)  100.00

Figure 2. Meta-analyses of the prevalence of autism spectrum disorders (A) and attention deficit hyperactivity disorder (B) in myotonic dystrophy type 1.
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Prevalence %
(95% Cl) Weight

0.07 (0.01,0.30) 4.31

Reference Onset
Myotonic dystrophy type 1

Bungener C et al (1998) Adult
Colombo G et al (1992) Not specified
Cuthill J et al (1988) Not specified

Di Costanzo A et al (2000) Adult

)

0.17 (0.09, 0.32) 4.65

0.23 (0.08, 0.50) 1.90
)

Douniol M et al (2012) Juvenile

0.10(0.02, 0.40) 2.62

Echenne B et al (2008)

Fujino H et al (2018) Juvenile + Adult

Congenital + Juvenile | m— —

0.21(0.10,0.40) 3.45
0.03 (0.01, 0.16) 7.52

0.23(0.14,0.35) 5.1

0.24 (0.13,0.39) 3.99

0.15(0.04,0.42) 2.42

0.04 (0.01,0.18) 6.92

0.25(0.11,0.47) 2.54

0.22(0.14,0.32) 5.89

Gallais B et al (2015) Adult

Geirdal AQ et al (2015) Not specified
Jacobs D et al (2017) Juvenile
Kacem E et al (2021) Adult

Kalkman JS et al (2007) Adult

Krogias C et al (2015) Juvenile + Adult
Miller JN et al (2021) Adult

0.10 (0.04,0.24) 5.66

Rakocevic Stojanovic V et al (2014) Juvenile + Adult
Rubinsztein JS et al (1998) Juvenile + Adult

0.15(0.08, 0.26) 6.10

Schneider-Gold C et al (2015) Juvenile + Adult

0.06 (0.02,0.18) 6.72

Seijas-Gomez R et al (2015) Adult

0.08 (0.01,0.35) 3.33

0.19(0.08,0.37) 3.62

Steyaert J et al (1997) Congenital + Juvenile

0.13(0.03,0.36) 3.18

0.14 (0.08, 0.25) 6.28

Timman R et al (2010) Not specified
Van Heugten C et al (2018) Adult
Winblad S et al (2010) Adult

)
)
)
)
)
;
0.06 (0.01,0.27) 4.89
)
)
)
)
)
)
)
)

0.18(0.11,0.29) 5.77
0.32 (0.19, 0.50) 3.11

Kierkegaard M et al (2011) Juvenile + Adult (Excluded)
Meloa G et al (2003) Juvenile + Adult (Excluded)
Serra L et al (2015) All (Excluded)
Van Spaendonck KPM et al (1995)  Juvenile + Adult (Excluded) .
Subtotal ("2 =52.56%, p = 0.00) - 0.14 (0.10,0.17) 100.00
Myotonic dystrophy type 2
Krogias C et al (2015) Juvenile + Adult 0.21 (0.08,0.48) 5.83
Meloa G et al (1999) Juvenile + Adult 0.10(0.03,0.30) 13.41
Montagnese F et al (2020) Adult - 0.21(0.13,0.33) 20.34
Rakocevic Stojanovic V et al (2016) Adult = 0.08 (0.03,0.19) 27.59
Schneider-Gold C et al (2015) Adult 0.25(0.10,0.49) 5.96
Suokas Kl et al (2012) All = 0.18 (0.12,0.27) 26.86
Subtotal (12 = 28.54%, p = 0.22) —_— 0.16 (0.10,0.21) 100.00
| |
0.00 0.20 0.40

Figure 3. Meta-analyses of the prevalence of depression in myotonic dystrophy type 1 and type 2.

exclusion to determine the possible influence of a single study as a
potential source of heterogeneity that would substantially affect the
estimates from the meta-analyses. Meta-regressions were also
performed on the prevalence of ASD and ADHD in natural
logarithmic form, using mean CTG repeats as a covariate.

All statistical analyses were performed using Stata v15
(StataCorp, College Station, TX, US).

Modifications of the initial protocol PROSPERO

Initially, a meta-analysis of the association of ASD/ADHD-DM1
onset prevalence was established including the Congenital versus
Juvenile (Childhood + Juvenile) comparison. However, due to the
presumed similarity of congenital and childhood and juvenile and
adult-onset CNS alterations, it was decided to add the congenital
versus childhood and childhood versus juvenile comparisons to
improve the interpretability of the results. Furthermore, although
the protocol established a meta-analysis of the prevalence-
genotype association, it was not possible due to a lack of studies.

Results

Of the 1578 studies identified, 38 met the inclusion and exclusion
criteria and were included in the systematic review (Cuthill et al.,
1988; Colombo et al., 1992; Van Spaendonck ef al., 1995; Steyaert
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et al., 1997; Bungener et al., 1998; Rubinsztein et al, 1998;
Meola et al., 1999; Di Costanzo et al., 2000; Kalkman et al., 2007;
Echenne et al., 2008; Ekstrom et al., 2009; Timman et al., 2010;
Winblad et al., 2010; Kierkegaard et al., 2011; Douniol et al., 2012;
Suokas et al., 2012; Caso et al., 2014; Rakocevic-Stojanovic et al.,
2014; Gallais et al., 2015; Geirdal et al., 2015; Krogias et al., 2015;
Seijas-Gomez et al., 2015; Serra et al., 2015; Johnson et al., 2016;
Rakocevic Stojanovic et al., 2016; Jacobs et al., 2017; Fujino et al.,
2018; Van Heugten et al., 2018; Lagrue ef al., 2019; Meola et al.,
2003; Stokes et al., 2019; Montagnese et al., 2020; Urata et al., 2020,
Kacem et al, 2021; Miller et al, 2021; Aden et al., 2023; Van
Spaendonck et al., 1995; Winblad et al., 2010), and 36 of these were
included in the meta-analyses (Figure 1, Supplementary Table S1).
Seven studies were excluded for justified reasons (Supplementary
Table S2).

Thirty-five studies were on DM1, including 1500 participants,
and 7 studies were on DM2, including 277 participants, and were
conducted in Africa, the Americas, Asia, and Europe. In DM1, 204
participants had maternal inheritance and 231 had paternal
inheritance, while 343 had congenital onset, 418 had juvenile onset
and 533 had adult onset. In DM2, however, adult onset
predominated. In DM1, CTG repeats ranged from 143 to 4600
and age ranged from 9.2 to 47.3 years, and in DM2 ranged from
37.0 to 55.7 years. Finally, ASD and ADHD were identified only in
DM1, whereas depressive disorders were estimated in DM1 and
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Figure 4. Meta-analyses of the prevalence of anxiety in myotonic dystrophy type 1.

DM2. The classification of DM onset is available in Supplementary
Table S3, while the diagnostic criteria for neuropsychiatric
disorders are available in Supplementary Table S4.

Systematic review

Supplementary Table S5 shows the overall estimates of the
prevalence of neuropsychiatric disorders for each study.

In DM, the prevalence of ASD ranged from 0.00 to 0.49 (95%
CI: 0.37, 0.62), while the prevalence of ADHD ranged from 0.04
(95% CI: 0.01, 0.18) to 0.41 (95%CI: 0.22, 0.64). With the exception
of one participant with adult-onset ADHD, all other participants
with ASD or ADHD had congenital or juvenile onset. Regarding
emotional problems, the prevalence of depressive disorders ranged
from 0.00 to 0.32 (95%CI: 0.19, 0.50), while the prevalence of
anxiety disorders ranged from 0.00 to 0.43 (95% CI: 0.27, 0.61). For
both depressive and anxiety disorders, participants with congeni-
tal, juvenile, and adult onset were included. In DM2, the prevalence
of depressive disorders (or risk of depressive disorders) ranged
from 0.00 to 0.25 (95% CI: 0.10, 0.49), while the prevalence of
anxiety disorders was found to be 0.00 in only one study.

Risk of bias assessment

According to the Quality Assessment Tool for Observational
Cohort and Cross-Sectional Studies of the United States National
Institutes of Health National Heart, Lung, and Blood Institute,
overall bias was scored as good in 33 out of 38 studies (86.8%),
while 5 studies (13.2%) were scored as fair. he main concern in
these studies was the lack of categorisation of participants
according to DM1 onset, which was likely to affect estimates of

https://doi.org/10.1017/neu.2024.27 Published online by Cambridge University Press

Prevalence %
Reference Onset (95% Cl)  Weight
Colombo G et al (1992) Not specified —— 0.08 (0.03, 0.20) 10.84
Cuthill J et al (1988) Not specified 0.08 (0.01,0.33) 6.97
Douniol M et al (2012) Juvenile 0.43(0.27,0.61) 5.30
Echenne B et al (2008) Congenital + Juvenile | =—— 0.09 (0.03, 0.24) 9.53
Geirdal AO et al (2015) Not specified 0.31(0.13,0.58) 3.40
Kacem E et al (2021) Adult 0.25(0.11,0.47) 5.06
Kalkman JS et al (2007) Adult —— 0.16 (0.10, 0.26) 10.83
Kierkegaard M et al (2011) Juvenile + Adult —— 0.07 (0.03,0.16) 12.29
Rakocevic Stojanovic V et al (2014)  Juvenile + Adult ——— 0.11 (0.05,0.20) 11.35
Steyaert J et al (1997) Congenital + Juvenile 0.19 (0.07,0.43) 5.01
Timman R et al (2010) Not specified —— 0.16 (0.09, 0.26) 10.52
Van Heugten C et al (2018) Adult ———— 0.30 (0.21,0.42) 8.90
Bungener C et al (1998) Adult (Excluded)
Jacobs D et al (2017) Juvenile (Excluded)
Meloa G et al (2003) Juvenile + Adult (Excluded)
Seijas-Gomez R et al (2015) Adult (Excluded)
Serra L et al (2015) All (Excluded) :
Overall (1"2 = 64.73%, p = 0.00) <> 0.16 (0.11, 0.21) 100.00

| |

0.25 0.50

neurodevelopmental disorders. Risk of bias is shown in
Supplementary Table S6.

Quality of evidence assessment

According to the GRADE tool, the only outcome with moderate
certainty was the association between ASD and congenital versus
juvenile, while all other comparisons had very low certainty
(Supplementary Table S7).

Meta-analysis

In DM1, the prevalence of ASD was 0.14 (95% CI: 0.07, 0.22), and
the prevalence of ADHD was 0.21 (95% CI: 0.12, 0.30) (Figure 2),
while the prevalence of depression was 0.14 (95% CI: 0.10, 0.17)
and the prevalence of anxiety was 0.16 (95% CI: 0.11, 0.21).
In addition, the prevalence of depression in DM2 was 0.16 (95% CI:
0.10, 0.21) (Figures 2-4).

Congenital DM1 had a prevalence of ASD of 0.25 (95% CI: 0.05,
0.45) and juvenile DM1 of 0.16 (95% CI: 0.10, 0.22), while
congenital DM1 had a prevalence of ADHD of 0.24 (95% CI: 0.09,
0.39) and juvenile DM1 of 0.22 (95% CI: 0.16, 0.28) (Figures 5 and
6). However, the prevalence of depression was 0.07 (95% CI: 0.02,
0.11) in juvenile DM1 and 0.18 (95% CI: 0.14, 0.23) in adult DM,
with statistically significant differences between the two onsets
(Figure S1). Finally, the prevalence of anxiety ranged from 0.14
(95% CI: -0.01, 0.29) to 0.21 (95% CI: 0.14, 0.28) for congenital and
adult onset, respectively (Figure S2).

Meta-analyses of the association of ASD onset for the
comparison ‘Congenital versus Juvenile’ showed a PR=1.79
(95% CI: 1.12, 2.87) (Figure 7), an association that lost statistical
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Prevalence %
Reference (95% Cl) Weight
Congenital
Echenne B et al (2008) 0.06 (0.01,0.27) 21.71
Ekstrém AB et al (2008) 0.68 (0.51,0.80) 20.52
Johnson N et al (2016) —— 0.22 (0.14,0.32) 2217
Lagrue E et al (2019) _— 0.11(0.05, 0.23) 22.22
Petra A et al (2023) 0.20 (0.04,0.62) 13.38
Steyaert J et al (1997) (Excluded) :
Subtotal (1*2 = 91.67%,p = 0.00) — ————— 0.25 (0.05, 0.45) 100.00
Juvenile
Ekstrém AB et al (2008) 0.17 (0.06, 0.39) 11.89
Jacobs D et al (2017) 0.15 (0.06, 0.32) 19.63
Johnson N et al (2016) —_— 0.22 (0.14,0.33) 37.21
Petra A et al (2023) 0.13 (0.04,0.38) 11.91
Steyaert J et al (1997) 0.07 (0.01,0.31) 19.36
Dounicl M et al (2012) (Excluded)
Echenne B et al (2008) (Excluded)
Lagrue E et al (2019) (Excluded) !
Subtotal (12 = 0.00%, p = 0.54) > 0.16 (0.10, 0.22) 100.00
Congenital + Juvenile
Echenne B et al (2008) —— 0.03 (0.01,0.16) 15.78
Ekstrom AB et al (2009) 0.49 (0.37,0.82) 12.34
Johnson N et al (2016) —_— 0.22 (0.16,0.29) 1547
Lagrue E et al (2019) —_— 0.05(0.02,0.11) 16.43
Petra A et al (2023) 0.15 (0.05, 0.36) 10.95
Steyaert J et al (1997) 0.06 (0.01,0.28) 12.93
Stokes M et al (2019) —_— 0.05 (0.02, 0.13) 16.11
Subtotal (12 =90.04%, p =0.00) === _——= 0.14 (0.05,0.23) 100.00
| | |
0.00 0.25 0.50 0.75

Figure 5. Meta-analysis of prevalence of autism spectrum disorders in myotonic dystrophy type 1 by disease onset.

significance when Juvenile onset was subdivided into Childhood
and Juvenile (Figure S3). However, no association of ADHD was
observed for ‘Congenital versus Juvenile’ or when Juvenile was
subdivided into Childhood and Juvenile (Figure 7, Figure S4).
With few exceptions, heterogeneity was moderate to consid-
erable. In addition, publication bias was found for the prevalence of
ASD, depressive disorders in DM1, and anxiety (Figure S5).

Sensitivity and meta-regression analyses

Sensitivity analyses with study-by-study exclusion did not show
that excluding any study significantly affected the final estimates
(Supplementary Table S8). Finally, meta-regressions of the
prevalence of the studied disorders using the mean number of
CTG repetitions as a covariate showed no statistically significant
association (Supplementary Table S9).

Discussion
Main findings

This systematic review and meta-analysis estimated the overall
prevalence of the main neuropsychiatric disorders in DM. In DM1,

https://doi.org/10.1017/neu.2024.27 Published online by Cambridge University Press

the prevalence of ASD was 14%, with a clear association with
congenital onset, while the prevalence of ADHD was 21%,
associated with both congenital and juvenile onset. In addition,
depression was 14%, higher in adult onset than in juvenile onset,
and anxiety was 16%. Finally, the prevalence of depressive
disorders was 16% in DM2, with no statistically significant
differences compared with DMI.

Interpretation

The overall onset prevalence of ASD was 14%, similar to the
prevalence in juvenile onset, but twice that of congenital onset.
This prevalence contrasts with the 0.76% found in the general
population (AJ et al., 2015). Some of this variability is explained by
limited sample sizes, possible underdiagnosis of ASD if not actively
sought (Stokes et al., 2019), the possible relationship between 1Q
and ASD prevalence, and the different proportions of participants
with congenital versus juvenile onset (Echenne et al, 2008;
Ekstrém et al., 2008; Douniol et al., 2012). Although the specific
mechanism of ASD in congenital or juvenile onset DM1 is
unknown, some hypotheses have been proposed. These include
cerebellar cortical heterotopia, white matter alterations, ventricular
dilatation, corpus callosum hypoplasia and periventricular
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0.00 0.25

Prevalence %
Reference (95%Cl)  Weight
Congenital
Echenne B et al (2008) _— 0.41(0.22,0.64) 17.43
Ekstrém AB et al (2008) -— 0.05 (0.01,0.18) 27.34
Johnson N et al (2016) —_ 0.14 (0.08, 0.23) 27.10
Steyaert J et al (1997) 0.50 (0.09, 0.91) 4.23
Stokes M et al (2019) —_— 0.40(0.28, 0.54) 23.91
Subtotal (1A2 =84.91%, p=0.00)| =<__—= 0.24 (0.09, 0.39) 100.00
Juvenile
Douniol M et al (2012) —_— 0.29 (0.15,0.47) 12.33
Echenne B et al (2008) _— 0.27 (0.11,0.52) 6.89
Ekstrom AB et al (2008) —_— 0.11(0.03, 0.33) 16.38
Jacobs D et al (2017) —_— 0.19 (0.08, 0.37) 16.08
Johnson N et al (2016) — 0.23 (0.15, 0.34) 34.81
Steyaert J et al (1997) _ 0.29 (0.12, 0.55) 6.16
Stokes M et al (2019) _ 0.29 (0.13,0.53) 7.36
Subtotal (12 = 0.00%, p = 0.69) <> 0.22 (0.16, 0.28) 100.00
Adult
Seijas-Gomez R et al (2015) --— 0.04 (0.01, 0.18) 100.00
Ekstrom AB et al (2008) (Excluded)
Congenital + Juvenile
Echenne B et al (2008) —_— 0.34 (0.20, 0.52) 22.00
Johnson N et al (2016) —— 0.18 (0.13, 0.25) 34.00
Steyaert J et al (1997) —_— 0.31(0.14, 0.56) 16.01
Stokes M et al (2019) —_— 0.38 (0.27,0.49) 27.99
Subtotal (12 =71.86%, p = 0.01) < 0.29 (0.17,0.41) 100.00

T I

| |

0.50 0.75 1.00

Figure 6. Meta-analysis of prevalence of attention deficit hyperactivity disorder in myotonic dystrophy type 1 by disease onset.

leukomalacia, among others (Garcia-Alix et al., 1991; Bachmann
et al., 1996; Martinello et al, 1999; Endo et al., 2000; Angeard
et al., 2018).

ADHD was present in 21% of the total sample, with a priori no
statistically significant differences between congenital and juvenile
onset, and with one testimonial case in an adult-onset participant.
These estimates are significantly higher than those found in
healthy children and adolescents, estimated at 3.4% (Polanczyk
et al., 2015). Some of the observed variability may be explained by
sample size. In addition, the different proportions of participants
with different onsets should affect the final estimates, with very
low proportions for adult onset (Seijas-Gémez et al., 2015).
Interestingly, the association study showed a non-statistically
adverse trend for juvenile (childhood) onset, an estimate that
should be considered with caution due to sample size, number of
included studies, and other limitations. The mechanisms that may
explain ADHD in DM1 are not well understood, but may be due to
neurodevelopmental abnormalities, neuroplasticity, and other
brain and cerebellar alterations (Garcia-Alix et al, 1991;
Bachmann et al., 1996; Martinello et al., 1999; Endo et al., 2000;
Angeard et al., 2018).

Regarding emotional disorders, depression was estimated at
around 15% in DM1 and DM2, and anxiety at around 15% in DM1.

https://doi.org/10.1017/neu.2024.27 Published online by Cambridge University Press

These estimates are higher than those in the general population,
particularly in children and adolescents, with an estimated 2.6%
depression and 6.5% anxiety (Polanczyk ef al., 2015). Furthermore,
although the prevalence of depression in adult onset was higher than
in juvenile onset, an association study could not be performed due to
a lack of studies, and furthermore, two studies in adult onset were
excluded from the analysis because they did not present cases of
depression. There are two hypotheses about the causes of emotional
disorders in DM1 and DM2. In DM1, there are alterations in the
prefrontal, frontal and parietotemporal cortex and thalamus,
whereas in DM2 there are changes in the pons and cerebellar
peduncles, as well as white matter lesions that occur in both DM1
and DM2. The latter reinforces the hypothesis of a reactive-adaptive
disorder, since it has been observed that in DM1, depression seems
to decrease as the disease progresses and white matter lesions
increase; in DM2, however, the opposite is true, with depression
increasing as white matter lesions progress (Minnerop et al., 2011;
Peric et al., 2021).

Although the exact pathophysiological mechanism of these
disorders in DM, particularly ASD and ADHD, is not known,
they may be partly explained by the genetics of the disease itself.
The pathological CTG repeat in the 3’-UTR of the DMPK gene in
DMI leads to the accumulation of toxic RNA in the nucleus,
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(A)

Prevalence Ratio %
Reference (95% CI) Weight
Echenne B et al (2008) 2.67(0.12,60.93)  2.29
Ekstrom AB et al (2008) ——— 4.05(1.41, 11.66) 17.48
Johnson N et al (2016) —a— 0.93 (0.51,1.72) 71.72
Lagrue E et al (2019) 12.67 (0.72, 223.08)  2.01
Petra A et al (2023) 1.50 (0.17,13.23)  4.33
Steyaert J et al (1997) 1.67 (0.09, 31.87) 217
Overall (I-squared = 41.7%, p = 0.127) <> 1.79 (1.12, 2.87) 100.00

| | |
0.10 1.00 10.00 100.00
(B)

Prevalence Ratio %
Reference (95% Cl) Weight
Echenne B et al (2008) 1.54 (0.56, 4.25) 12.13
Ekstrém AB et al (2008) 0.49 (0.07, 3.18) 7.68
Johnson N et al (2016) e e e 0.58 (0.28, 1.20) 47.24
Steyaert J et al (1997) 1.75 (0.35, 8.79) 2.85
Stokes M et al (2019) = 0.37 (0.16, 0.88) 30.10
Overall (I-squared = 33.6%, p =0.197) O' 0.66 (0.43, 1.03) 100.00

| |
0.10 1.00 10.00

Figure 7. Meta-analyses of prevalence ratios comparing congenital versus juvenile onset for autism spectrum disorder (A) and attention deficit hyperactivity disorder (B).

forming ‘nuclear foci’. These foci sequester RNA-binding proteins
of the MBNL family, in particular MBNLI, and upregulate CELF
proteins such as CELF1 and CELF2. MBNLI1 deficiency and
elevated CELF1/CELF?2 affect alternative splicing of several genes,
including those critical for brain function. In animal models, loss of
MBNLI function has been associated with cognitive and
behavioural abnormalities, while MBNL2 is associated with
deficits in memory and synaptic plasticity. In addition, regulation
of specific exons of tau and NMDARI by CELF1 and CELF2 may
contribute to neuronal signalling defects and synaptic plasticity
(Liu et al., 2021).
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Our study has some implications that should be highlighted.
First, rehabilitation, physiotherapy and orthopaedic adjustments
are essential in the management of DM (Turner and Hilton-Jones,
2014). However, these patients may have reduced disease
awareness (Baldanzi et al., 2016), particularly those with ASD or
ADHD, which is associated with early onset of the disease,
reducing adherence to these interventions. Greater follow-up is
therefore needed, as well as the involvement of family members
and carers. Second, there is a high prevalence of neurodevelop-
mental disorders in congenital and juvenile DM1, highlighting the
importance of actively screening for these disorders in this
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population, which is not always done (Stokes et al., 2019). There is
also a high prevalence of emotional disorders, particularly
depression, in adults with DM1. Identifying these disorders would
greatly improve the quality of life for these people. Third, although
the current classification of the DM1 phenotype according to onset
is probably the most appropriate and practical (i.e. congenital,
childhood, juvenile, adult and late onset), it actually implies a
continuous spectrum, with a gradual reduction of neurodevelop-
mental disorders, especially ASD, as the age of onset increases,
which means that some cases of juvenile and adult onset cannot be
excluded. Fourth, with regard to the latter, future studies are
needed to analyse the association between neurodevelopmental
disorders and CTG repeats in large cohorts of participants with
DMI. An association is suspected, but meta-analysis was not
possible and it is not known whether this possible association
correlates better with these disorders than with onset.

Limitations

Some limitations of our study should be considered. First, the
sample sizes were sometimes limited, so any small variation in
cases could affect the final estimate. Second, few studies could be
included in the meta-analyses of association by disease onset,
which limits the interpretability of the estimates. Third, a meta-
analysis of the association by disease onset for emotional disorders
could not be performed due to a lack of studies. Fourth, publication
bias was observed in some studies. Fifth, selection or recall bias
cannot be ruled out, depending on the characteristics of the sample
and the method of data collection. Sixth, different tools and scales
were used to diagnose or screen cases. However, a formal diagnosis
must be made using the DSM, which is rarely used (at least
explicitly). Formal diagnosis using the DSM would give greater
validity to the estimates obtained.

Conclusions

Neurodevelopmental and emotional disorders are highly prevalent
in DM1, with ASD and ADHD being particularly common in
congenital and juvenile onset. In DM2, emotional disorders also
have a relatively high prevalence, comparable to DM1. However,
classification by onset does not fully explain the findings, perhaps
because it is a continuous spectrum, with congenital onset having a
higher likelihood of ASD and ADHD, decreasing progressively
with increasing age of onset. In addition, although meta-regression
of ASD and ADHD using CTG repeats as a covariate showed no
association, a more appropriate meta-analysis of association by
subgroups based on CTG repeats could not be performed. Finally,
these findings highlight the importance of active and early
diagnosis to improve quality of life and suggest the need for studies
with larger sample sizes.
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