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Myotonic dystrophy type 1 is a dominantly inherited disorder, affecting musculoskeletal and central nervous systems and mainly characterized by 
progressive muscular atrophy and multisystemic damages including cardiac, respiratory and sleep dysfunctions. Neuroimaging studies conducted in 
myotonic dystrophy type 1 patients have documented widespread cerebral alterations encompassing structural, microstructural, functional and 
metabolic aspects of the brain, while comparatively few studies have investigated the role of iron concentration in the pathophysiology of central 
nervous system impairment. We report here the use of quantitative susceptibility (χ) mapping to explore iron content of both cortical and subcortical 
structures in myotonic dystrophy type 1 patients and to assess its possible clinical relevance, combining imaging and clinical data. Thirty-four myo
tonic dystrophy type 1 participants (20 females, 46.8 ± 12.0 years old) and 35 age- and sex- matched healthy controls (20 females, 50.5 ± 17.3 years 
old) were included in the study. All participants underwent MRI examinations in the same 3-Tesla scanner. The MRI protocol included 3D mor
phological T1-weighted magnetization prepared rapid gradient echo and T2*weighted multi-echo gradient echo for quantitative susceptibility map
ping reconstruction. Cortical and subcortical structures were automatically segmented, and a volume of interest–based analysis was performed; χ 
distributions were compared between the two groups and myotonic dystrophy type 1 χ values were correlated with clinical and laboratory data. 
In the myotonic dystrophy type 1 group, a significant increase of χ was found in almost all cortical gyri, as a non-specific sign of neurodegeneration. 
Among subcortical structures, χ was significantly higher in myotonic dystrophy type 1 group in both thalamus (ventral and pulvinar nuclei) and 
brainstem (pons and medulla), compared to healthy controls. Additionally, correlation analysis showed some links between χ in subcortical struc
tures and clinical signs, suggesting greater iron concentration with deterioration of clinical conditions. Thalamic χ values were associated with car
diological parameters and disability scores and, as with brainstem χ, they were also positively correlated with the number of central apnoeas; finally, 
thalamic and brainstem χ were negatively correlated with the age of onset. This study showed a correlation between autonomic dysfunction related to 
certain subcortical structures and their χ; higher values of χ correlated with greater functional impairment, suggesting iron accumulation detected by 
the quantitative susceptibility mapping technique is a possible biomarker of disease progression.
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Graphical Abstract

Introduction
Myotonic dystrophy type 1 (DM1 or Steinert’s disease) is one of the 
most frequent forms of inherited muscular dystrophy in adults.1

This genetic disorder is caused by an unstable trinucleotide 
cytosine-thymine-guanine (CTG) repeat expansion in the DM pro
tein kinase (DMPK) gene, leading to an accumulation of mutant 
RNA aggregates. The variability of genetic mutations demonstrates 
tissue-specific somatic mosaicism of increasing repeat length, result
ing in a wide spectrum of clinical signs.

DM1 is a progressive multisystemic disorder entailing, among 
other characteristics, a progressive muscle involvement with myo
tonia and dystrophy, cardiac involvement, respiratory disturbances 
endocrine and gastrointestinal disorders.2,3 Moreover, a CNS dys
function with sleep disorder, cognitive impairment, behavioural 
and psychiatric disorders is now widely recognized. Respiratory 
complications and cardiac arrhythmias are the most common cause 
of death in DM1; however, the central and/or peripherical contri
bution to the pathogenesis of respiratory decline and cardiac mani
festation are still ill-defined.4,5

DM1 phenotypization is further complicated by the existence of 
a broad clinical spectrum of DM1. Classification into different sub
groups can vary in terms of symptom severity (mild, classic and 

severe), age at onset of disease manifestations (congenital, infant
ile/juvenile, adult-onset and late-onset) and triplet repeat expansion 
(E1, E2 and E3, characterized by an increasing severity of neuro
muscular and cognitive symptomatology).3,6-8 Although it is gener
ally accepted that the number of the repeats correlates with age at 
onset and disease severity,9 the association between the CTG repeat 
size and some clinical features remains controversial due to somatic 
tissue mosaicism and the limited size of the cohorts assessed across 
studies.10-12

Advanced MRI studies have investigated CNS involvement in 
DM113: they have showed a general atrophy and widespread grey 
matter (GM) volume reductions in all cortical lobes14 and deep 
structures,15 and a prevalence of subcortical and periventricular 
white matter (WM) hyperintensities,16,17 while normal appearing 
WM might conceal alterations in both MR spectroscopic18 and 
microstructural parameters;19 functional anomalies, such as abnor
mal resting-state networks, have also been reported.20-22

However, an imaging biomarker that monitors the spatio
temporal evolution of the disorder and its relevance for clinical 
symptoms is still needed.23 In the CNS, iron is involved in many 
vital processes such as metabolism, myelin synthesis and neuro
transmitter production.24 Notably, changes in iron homoeostasis 
have been correlated to ageing while altered cellular iron 
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distribution and accumulation have been reported in different neu
rodegenerative diseases.25-27 Excessive levels of brain iron are widely 
implicated in neuroinflammatory processes as part of the oxidative 
stress cascade and microglial activation.28

MRI sequences that are sensitive to tissue magnetic susceptibility 
are of great interest, as these permit in vivo evaluation of brain iron. 
Quantitative susceptibility mapping (QSM) is an advanced MRI 
technique that provides voxel-wise mapping of tissue magnetic sus
ceptibility χ,29,30 facilitating the quantification of the local concen
tration of elements such as myelin and iron-containing molecules.31

In the past decade, QSM has been used to reveal distinct brain iron 
profiles in neurodegenerative diseases such as Alzheimer’s disease 
and Parkinson’s disease, correlated with disease duration and severity 
(see Ravanfar et al.32 for a systematic review). Surprisingly, to date, 
only one study has explored brain magnetic susceptibility in DM1: 
results highlighted greater atrophy and a broader magnetic suscepti
bility among subcortical GM nuclei in DM1 patients, while iron ac
cumulation was significantly associated with different clinical 
symptoms.33

Despite the interesting data of this exploratory study, the limited 
cohort and heterogeneous presentation of patients prevented defin
ite conclusions from being drawn regarding the pathogenesis of 
brain iron accumulation in DM. Here, we propose an original 
study, analysing multiple brain structures within a sample homo
genous in terms of phenotypic abundance and well characterized 
clinically, to address the following questions: is there a distinct brain 
iron profile for DM1 patients compared to healthy controls and can 
the pattern of magnetic susceptibility also differentiate between 
genetic categories of DM1 patients? Are the changes in brain mag
netic susceptibility associated with changes in brain volume or age 
of disease onset? Do the regional changes of magnetic susceptibility 
correlate with the clinical manifestations of Steinert’s disease? 
Briefly, we used QSM to explore brain tissue magnetic susceptibility 
and find more specific biomarkers to characterize the disease.

Materials and methods
Study sample
We enrolled 36 DM1 patients with no contraindications to MRI, re
cruited within a prospective study at the Neuromuscular Center 
within the UOC Neurological Clinic of the IRCCS Institute of 
Neurological Sciences, Bologna, IT, between May and November 
2021. We decided to use the classification based on genetics since 
the one based on the onset age leads to disproportionate classes un
suitable for comparison [4 congenital/childhood (birth to 10 years 
old), 23 juvenile/adult (11–40 years old) and 9 late onset (>40 years 
old)]. CTG triplet expansion sizes were measured in all patients in 
genomic DNA extracted by peripheral blood leukocyte using 
Southern blot analysis. Depending on the number of repeat expan
sions, patients were classified into three genetic classes34-36: 14 pa
tients E1 (50–150 CTG repeats), 20 patients E2 (150–1000 CTG 
repeats) and 2 patients E3 (>1000 CTG repeats). We did not consider 
E3 class patients because of the limited number and the poor quality 
of susceptibility images. A final sample of 34 DM1 patients was thus 
included in this study (F/M: 20/14; 46.8 ± 12.0 years).

The study protocol was approved by the local Ethical 
Committee (no. 1088–2020-OSS-AUSLBO). All DM1 patients 
underwent a standardized clinical (neurological, cardiological and 
respiratory) and neuroradiological evaluation.

A cohort of 35 sex- and age- matched healthy control subjects 
(HC) (F/M 20/15; 50.5 ± 17.4 years) were also included for com
parisons; MRI data acquired using the same study protocol were 
obtained from the healthy controls database of Neuroimaging 
Laboratory (IRCCS Institute of Neurological Sciences of 
Bologna, Bellaria Hospital, IT). This database was purposely de
signed to collect normative values of quantitative MR parameters 
for clinical and research purposes. The anamnestic absence of 
neuropsychiatric disorders was verified for each HC. Clinical assess
ment was provided for DM1 patients only. Demographic character
istics of patients and controls are reported in Table 1.

Clinical evaluation
Neurological, pneumological and cardiological evaluations were 
performed on the patient cohort, together with sleep recordings 
study37 and MR scans (Section 2.3), allowing the combination of 
imaging and clinical data. Values of clinical data are reported in 
Table 2, for the whole DM1 sample and for E1 and E2 classes 
individually.

Neurological examination
Each patient was enrolled in the study during a first neurological 
physical examination by expert neurologists. Neuromuscular im
pairment and disability were assessed according to two validated 
DM1-specific rating scales: (i) the Muscular Impairment Rating 
Scale (MIRS),3 a 5-point rating scale of 1 (no muscular impairment) 
to 5 (severe proximal weakness), developed to characterize the distal 
to proximal progression of muscular involvement, and (ii) the 
Neuromuscular Impairment Function and Disability Scale 
(NIFDS)35 consisting in 21 ordinal items divided into four do
mains: neuropsychological domain (NP, maximum score: 20), mo
tor domain (MO, maximum score: 35), myotonia domain (MY, 
maximum score: 12) and daily life activity domain (DL maximum 
score: 15). The total score ranges from 0 (normal) to 82 (worst 
condition).

Additionally, the presence of excessive daytime sleepiness (EDS) 
was assessed by the Italian version of the Epworth Sleepiness Scale 
(ESS),38 with scores > 10 considered pathological.

Cardiological evaluation
Cardiological assessment included clinical evaluation, ECG, 24 h 
ECG Holter monitoring and trans-thoracic echocardiogram. 
Conduction abnormalities and arrhythmia on a standard ECG or 
24 h ECG Holter including PR interval > 200 ms (first grade atrio- 
ventricular block), QRS duration > 120 ms, right or left bundle 
branch block and delayed intraventricular conduction, atrial fibril
lation or flutter were considered indicative of cardiac involvement. 
We measured systolic left ventricular dysfunction as reduction of 
ejection fraction (EF) below 52% for men and below 54% for 
women.39
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Pneumological evaluation
Arterial blood gas analysis was performed with recording of arterial 
oxygen partial pressure (PaO2) and arterial carbon dioxide partial 
pressure (PaCO2); we defined hypercapnia as partial carbon dioxide 
pressure PaCO2 > 45 mmHg and hypoxaemia as PaO2 <  
80 mmHg.

Pulmonary function tests were used to assess forced vital cap
acity (FVC); we defined a restrictive defect when FVC was <80% 
of the predicted value.

Sleep recordings
In selected cases (27 out 34 patients) with respiratory disorders in sleep 
and/or excessive daytime sleepiness (EDS, assessed by the Epworth 
scale), a cardiorespiratory study was performed in order to verify 
the presence of a nocturnal respiratory disturbance. Phasic respiratory 
events were scored according to AASM guidelines: 
• Oxygen desaturation index (ODI) was defined as the arithmetic 

mean of desaturations > 4% of baseline per hour of recording 
time.

Table 1 Main characteristics of DM1 patients (as a whole cohort and divided into E1 and E2 genetic classes) and HCs

DM1 HC P-value

N 34 35
Sex, F:M 20:14 20:15 0.888
Age, years 46.8 ± 12.0 (20–71) 50.5 ± 17.4 (24–86) 0.230
Onset age, years 30.0 ± 15.7 (4–68)
Disease duration, months 201.0 ± 116.8 (7–433)

E1 (50–150 CTG repeats) E2 (150–1000 CTG repeats) P-value

N 14 20 0.389
Sex, F:M 7:7 13:7
Age, years 50.3 ± 10.0 (28–71) 44.3 ± 12.9 (22–67) 0.234
Onset age, years 36.4 ± 14.8 (16–68) 25.6 ± 15.0 (4–55) 0.044*
Disease duration, months 166.6 ± 110.2 (7–351) 225.2 ± 117.8 (76–433) 0.152

Demographic values are given as mean ± standard deviation (min–max) and compared between groups (t-test; *P < 0.05).

Table 2 Neurological, pneumological, cardiological and sleep recording data (mean ± standard deviation) of DM1 patients

Clinical evaluation
Clinical 

measurements
Pathological 

cut-offs DM1 E1 E2 P-value

Neurological evaluation MIRS 3.15 ± 0.78 2.79 ± 0.89 3.40 ± 0.60 0.022*
NIFDS (NP) 3.34 ± 2.70 2.91 ± 2.30 3.61 ± 2.95 0.507
NIFDS (Mo) 9.41 ± 4.01 6.82 ± 3.34 11.00 ± 3.60 0.004*
NIFDS (My) 5.48 ± 2.71 3.91 ± 2.66 6.44 ± 2.31 0.012*
NIFDS (DL) 2.10 ± 1.80 0.91 ± 0.94 2.83 ± 1.83 0.003**
NIFDS (tot) 20.34 ± 8.80 14.55 ± 5.18 23.89 ± 8.75 0.003**

ESS ≥10 8.25 ± 2.92  
(Pat = 20.58%)

8.54 ± 2.93  
(Pat = 21.43%)

8.05 ± 2.97  
(Pat = 20.00%)

0.651

Pneumological 
evaluation

FVC ≤80 84.24 ± 17.80  
(Pat = 64.70%)

90.29 ± 15.32  
(Pat = 71.43%)

80.00 ± 18.53  
(Pat = 60.00%)

0.098

PaCO2 ≥45 45.45 ± 4.96  
(Pat = 52.94%)

43.86 ± 4.54  
(Pat = 35.71%)

46.76 ± 5.01  
(Pat = 65.00%)

0.122

PaO2 ≤80 85.98 ± 10.15  
(Pat = 20.58%)

87.47 ± 10.63  
(Pat = 21.43%)

84.92 ± 9.99  
(Pat = 20.00%)

0.516

Cardiological evaluation PR (ms) ≥200 194.54 ± 34.37  
(Pat = 38.23%)

190.50 ± 41.20  
(Pat = 57.14%)

197.80 ± 28.90  
(Pat = 25.00%)

0.593

QRS (ms) ≥120 116.25 ± 25.15  
(Pat = 29.41%)

118.58 ± 28.16  
(Pat = 14.28%)

120.00 ± 22.91  
(Pat = 40.00%)

0.391

EF F: ≤54; M: ≤52 60.72 ± 6.39  
(Pat = 88.23%)

58.57 ± 4.21  
(Pat = 85.71%)

62.19 ± 7.27  
(Pat = 90.00%)

0.117

Sleep recordings ODI 11.46 ± 11.10 8.58 ± 6.80 13.76 ± 13.41 0.235
OAHI ≥15 11.36 ± 10.49  

(Pat = 23.52%)
8.80 ± 6.43  

(Pat = 7.14%)
13.40 ± 12.73  
(Pat = 35.00%)

0.266

CAHI ≥15 1.26 ± 1.69  
(Pat = 0%)

1.01 ± 1.57 1.46 ± 1.81 0.500

Values are given as mean ± standard deviation; for each clinical index, values in brackets report for each DM1, E1 and E2 group the proportion of patients with a score 
over the pathological cut-off (Pat = above pathological cut-off), significant (*P < 0.05) and highly significant (**P < 0.01) differences between E1 and E2 classes are 
highlighted. Neurological evaluation: MIRS, Muscular Impairment Rating Scale; NIFDS, Neuromuscular Impairment Function and Disability Scale; NP, 
neuropsychological; Mo, motor; My, myotonia; DL, daily life activity; tot, total score; ESS, Epworth Sleepiness Scale. Pneumological evaluation: FVC, forced vital capacity, 
is reported as % of the predicted value; PaCO2, arterial carbon dioxide partial pressure; PaO2, arterial oxygen partial pressure. Cardiological evaluation: EF, ejection 
fraction; F, females; M, males. Sleep recordings: ODI, oxygen desaturation index; OAHI, obstructive apnoea hypopnoea index; CAHI, central apnoeas hypopnoea index. 
OAHI and CAHI are reported as number of apnoeas, hypopnoeas and central apnoeas per hour of recording time. When available, pathological cut-offs have been 
indicated in the dedicated column.
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• Obstructive apnoea hypopnoea index (OAHI) was defined as the 
arithmetic mean of the number of apnoeas or hypopnoeas per 
hour of recording time. An index of 5–14.9 was considered as 
mild, 15–30 as moderate and an index > 30 as severe.

• Central apnoeas hypopnoea index (CAHI) was defined by the 
absence of airflow and thoracoabdominal movements > 10 s.

Magnetic resonance protocol and 
processing
Participants underwent a standardized brain MR acquisition proto
col on a 3T clinical scanner (Magnetom Skyra; Siemens 
Healthineers, Erlangen, Germany), equipped with a whole-body 
transmit and a 64-channel Siemens Head/Neck receiver coil. The 
MR protocol provided T1w magnetization prepared rapid gradient 
echo (MPRAGE) (3D sagittal TR/TI/TE = 2300/900/2.98 ms, 
1 × 1 × 1 mm3, FA 9°, scan duration ∼ 5 min) and T2*w gradient 
echo (3D axial, nTEs = 5, TR/TE/ΔTE = 53/9.42/9.42 ms, 0.5 ×  
0.5 × 1.5 mm3, FA 15°, scan duration ∼ 9 min). From the T2*w 
phase maps, susceptibility maps were obtained through Laplacian 
unwrapping,40 variable kernel sophisticated harmonic artifact re
duction for phase data (V-SHARP) (Li, 2011) as background re
moval, weighted averaging of echo times41 and iterative least 
square (iLSQR)42 as dipole inversion—STI Suite.4 CSF was se
lected as a reference. The QSM processing protocol is described 
in detail in Fiscone et al.4

QSM volumes were linearly registered to the corresponding 
MPRAGE volume [Functional Magnetic Resonance Imaging of 
the Brain (FMRIB) Software Library (FSL) (v. 6.0.4)43—FSL’s 
Linear Image Registration Tool (FLIRT)].44,45 QSM-derived 
bulk susceptibility measures were used to provide a quantitative 
map of magnetic susceptibility, which reflects the concentration 
of both diamagnetic (calcium, myelin) and paramagnetic sub
stances (iron) in the brain tissue.

Magnetic resonance image 
segmentation
Volumes of interest (VOIs) were selected using different automatic 
segmentation tools such as FreeSurfer (v6)46 and FIRST-FSL47

(Fig. 1). These included cortical gyri, subcortical structures, thalam
ic nuclei, brainstem substructures and midbrain/cerebellar nuclei. 
• Ten cortical gyri were selected from FreeSurfer cortical parcella

tion: precentral gyrus, caudal middle frontal gyrus, paracentral 
gyrus and pars triangularis in frontal lobe, postcentral gyrus, in
ferior parietal gyrus and supramarginal gyrus in parietal lobe, 
transverse temporal gyrus in temporal lobe and posterior cingu
late cortex and isthmus of the cingulate gyrus in the cingulate 
cortex. Not all the 35 gyri available from FreeSurfer were selected 
because of overlap artefacts in QSM due to air-tissue boundaries 
and/or cortical bones.48

• Subcortical structures such as caudate, nucleus accumbens, puta
men, globus pallidus, thalamus, hippocampus and amygdala 
were selected using FIRST-FSL.47

• Thalamic subnuclei were identified using an atlas-based approach 
developed by Brun et al.49 (https://github.com/arnaudletroter/ 

7TAMIBrain). This atlas was generated using high-resolution 
MP2RAGE images acquired at 7 Tesla from 30 healthy control 
subjects, resulting in a template in MNI152 space comprising 
24 deep GM nuclei, 14 of which correspond to thalamic subre
gions. Following the authors’ recommended procedure, we regis
tered the atlas template to our MPRAGE images using Advanced 
Normalization Tools (ANTs; http://stnava.github.io/ANTs). 
The thalamic nuclei were subsequently categorized into four ma
jor groups: anterior, medial, ventral and pulvinar. Supplementary 
Fig. S1 shows an example of the thalamic nuclei overlaid on 
MPRAGE and QSM images from a representative participant.

• The brainstem and its substructures (midbrain, pons and medulla) 
were selected from Freesurfer50; in the Supplementary material, 
brainstem sub-segmentation is shown overlaid to MPRAGE and 
QSM in a representative participant (Supplementary Fig. S2).

• Substantia nigra (SN), red nuclei (RN) and dentate nuclei (DN) 
were identified on a study-specific χ-enhanced atlas, constructed 
in the MNI152 space. QSM images were registered to the corre
sponding MPRAGE images using ANTs (http://stnava.github. 
io/ANTs) and exploiting linear registration of MPRAGE to 
MNI152 space derived using FLIRT (https://fsl.fmrib.ox.ac. 
uk/fsl/fslwiki/FLIRT). Using mrview from MRtrix3,51 we 
manually drew SN, RN and DN on the atlas; the ROIs were 
back-registered to the native space for each subject.

Statistical analysis
Demographics were compared between two groups, using t-tests 
for normally distributed continuous variables; otherwise, 
Wilcoxon tests were applied. We did not consider E3 class patients 
because of the limited number and the poor quality of susceptibility 
images. VOI-based analysis was performed to compare the median χ 
and volume distributions of HC and DM1 samples and between E1 
and E2 patient categories. Values of left and right hemisphere were 
averaged. Median χ values were corrected by age assuming a linear 
increase in the control group,52,53 and volume was corrected by to
tal intracranial volume using the proportional method.54

Correlations between total volume of each structure and χ values 
were not significant on Spearman’s test, so we did not correct sus
ceptibility values within the VOIs for their volume.

The one-sample Kolmogorov–Smirnov test was used to check 
the normality of the distributions; as χ and volumes were not nor
mally distributed in any of the structures, the non-parametric 
Kruskal–Wallis test was used (*P < 0.05 and **P < 0.01). 
Spearman’s test was used to evaluate potential correlations between 
χ values and clinical data (*P < 0.05 and **P < 0.01).

For all the tests, age and sex were considered as covariates of no 
interest and Bonferroni correction was performed within each do
main based on the number of VOIs tested.

The statistical analysis was carried out using Python (v. 3.7.6).

Results
There were no problems encountered in MR acquisition, and VOI 
segmentation was successful in all cases. Results were analysed for 
all E1 and E2 patients (n = 34) and healthy controls (n = 35).
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Figure 1 Workflow pipeline, including MR protocol and segmentation methods. Ten cortical gyri (precentral gyrus, caudal middle 
frontal gyrus, paracentral gyrus and pars-triangularis in frontal lobe, postcentral gyrus, inferior parietal gyrus and supramarginal gyrus 
in parietal lobe, transverse temporal gyrus in temporal lobe and posterior cingulate cortex and isthmus in the cingulate cortex) were 
selected from FreeSurfer cortical parcellations; the brainstem and its substructures (midbrain, pons and medulla) from a tool of 
Freesurfer50; caudate, accumbens, putamen, globus pallidus, thalamus, hippocampus and amygdala from FIRST; subthalamic nuclei 
(anterior, medial, ventral and pulvinar) from an MP2RAGE-enhanced atlas developed in Brun et al.49; substantia nigra (SN), red (RN) and 
dentate nuclei (DN) from a study-specific susceptibility-enhanced atlas. MR, magnetic resonance; T1w, T1-weight sequences; FIRST, 
FMRIB’s Integrated Registration and Segmentation Tool; FSL, FMRIB Software Library. See Supplementary Table S4A–D for the 
colour-coding used in the brain segmentation. Images are from a representative healthy control (F/27 years old).
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Cortical gyri
Susceptibility and volume distributions were evaluated in the se
lected gyri and compared between HC and DM1 groups; results 
are summarized in Table 3, left side.

Compared with HCs, in the DM1 group, median χ was signifi
cantly higher in several cortical gyri, in particular in PrCG (P =  
0.016), CMF (P = 0.001), PT (P = 0.005), PoCG (P = 0.044), 
IPG (P = 0.005), SMG (P = 0.002), TTG (P = 0.002) and ICG 
(P = 0.006); some gyri also showed significant atrophy (PrCG, 
with P = 0.005; PCG, with P = 0.010; PoCG, with P = 0.012; 
IPG, with P = 0.003; SMG, with P = 0.002; TTG, with P = 0.001).

Further analysis was performed to compare E1 and E2 classes; no 
significant differences emerged. χ and volume values for HC, DM1, 
E1 and E2 groups are reported in the Supplementary material
(Supplementary Table S1).

Subcortical structures
Susceptibility distribution and volume values were also investigated 
in subcortical structures, comparing DM1 with HCs. Statistical 
comparisons with HCs were at first conducted considering the 
whole DM1 cohort and then subdivided into E1 and E2 genetic 
classes. χ and volume values for HC, DM1, E1 and E2 groups are 
reported in the Supplementary material (Supplementary 
Table S2). First, statistical outcomes are presented in Table 3 (right 
side). Compared to HCs, the whole DM1 group shows a significant 
increase of bulk χ in the thalamus (P = 0.020) and brainstem (P =  
0.003) (Figs 2A and 3A), but no significant volume changes. Bar 
plots with χ and volume distributions in all the subcortical struc
tures for DM1 and HC are shown in the Supplementary material
(Supplementary Fig. S3). Although χ and volume distributions 
were not significantly different among HCs, E1 and E2 groups, 
E2 displayed a higher bulk susceptibility in caudate, thalamus 
(Fig. 2D) and amygdala.

Thalamic nuclei
χ values were analysed in the anterior, medial, ventral and pulvinar nu
clei of the thalamus (Fig. 1; Supplementary Fig. S1). Their χ values are 
reported in the Supplementary material (Supplementary Table S3). 
Comparisons of HC and DM1 (or E1 and E2) are reported in 
Fig. 2C and D and Table 4 (upper part). A significant increase in sus
ceptibility was found in the ventral and pulvinar nuclei. No significant 
differences in χ values were found between the two genetic classes.

Brainstem sub-units
We analysed the midbrain, pons and medulla separately and as parts 
of the brainstem (Fig. 1; Supplementary Fig. S2). χ values for brain
stem sub-segmentation are reported in the Supplementary material
(Supplementary Table S3).

Statistical comparisons are reported in the lower part of Table 4
and in Fig. 3. Compared to HCs, pons, medulla and the entire 
brainstem showed a significant χ increase in DM1 that was higher 
in the pons (Fig. 3A and B). No χ values differences emerged 
when comparing brainstem units between E1 and E2 patients 
(Fig. 3C and D).

Clinical correlations
Correlation analyses were conducted to reveal possible associations 
between χ values in subcortical structures and clinical data. Table 5
reports correlation results in the DM1 group. In the table, the dir
ection of severity (i.e. ↑ = increase or ↓ = decrease) for each clinical 
parameter is reported (please refer to the pathological cut-offs indi
cated in Table 2); an increase of susceptibility is related to an in
crease of iron accumulation, indicating a possible biomarker of 
disease severity. Main findings were the following: 
• Higher χ values correlated with a younger onset age in the thal

amus—specifically, in the medial and pulvinar nuclei considering 
the sub-segmentation—and in the brainstem.

Table 3 Trend and significances in differences in χ distribution and volume of cortical and subcortical structures in DM1 
patients compared to HCs

Cortical gyri Subcortical structures

Median χ Volume Median χ Volume

PrCG * ↑ ** ↓ Cau ns ↑ ns ↑
CMFG ** ↑ ns ↓ Acc ns ↓ ns ↓
PCG ns ↑ * ↓ Put ns ↓ ns ↓
PT ** ↑ ns ↓ GP ns ↓ ns ↑
PoCG * ↑ * ↓ SN ns ↓ ns ↑
IPG ** ↑ ** ↓ RN ns ↑ ns ↑
SMG ** ↑ ** ↓ Th * ↑ ns ↑
TTG ** ↑ ** ↓ Hipp ns ↑ ns ↑
PCC ns ↑ ns ↑ Amy ns ↑ ns ↑
ICG ** ↑ ns ↑ DN ns ↑ ns ↑

Brainstem ** ↑ ns ↑

Susceptibility and volume parameters comparison between DM1 and HCs (↑ = χ increase in DM1 group, ↓ = χ decrease in DM1 group) in cortical gyri (on the left) and in 
subcortical structures (on the right). ROI-based analysis was performed (Kruskal–Wallis test, *P < 0.05, **P < 0.01). G, gyrus; PrCG, precentral G; CMFG, caudal middle 
frontal G; PCG, paracentral G; PT, pars triangularis; PoCG, postcentral G; IPG, inferior parietal G; SMG, supramarginal G; TTG, transverse temporal G; PCC, posterior 
cingulate cortex; ICG, isthmus of the cingulate gyrus; Cau, caudate; Acc, accumbens; Put, putamen; GP; globus pallidus; SN, substantia nigra; RN, red nucleus; Th, 
thalamus; Hipp, hippocampus; Amy, amygdala; DN, dentate nucleus; ns, not significant.
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• χ values within thalamus and amygdala are linked with disability 
scores. Thalamic χ in the pulvinar positively correlated with three 
out of four domains of NIFDS (motor, myotonic and daily life 
activities); the correlation in the motor domain remained true 
in the E2 class individually. Amygdala χ correlated with motor 
and daily life domain of NIFDS, as well as in the total counts; 
as before, this was true also in the individual E2 class, where, add
itionally, a correlation between amygdala χ and the neuropsycho
logical domain scores was observed.

• Pneumological data did not correlate with any structures consid
ering the patient sample as a whole; Although Table 5 reports 
only differences between DM1 group and HCs, there was a posi
tive correlation in the E2 class with the PaCO2 within the anter
ior and medial thalamic nuclei and the medulla oblongata.

• Within the cardiological data, correlations were found between 
the PR interval length and brain structures, namely, whole thal
amus; medial, ventral and pulvinar nuclei; medulla oblongata; 

amygdala and putamen. Thalamic, medial and pulvinar χ posi
tively correlated within E1 and E2 classes individually; amygdala 
χ also correlated with the E2 class.

• There were correlations with the index of central apnoea in the 
thalamic medial nucleus, the brainstem, the hippocampus and 
the putamen.

Discussion
In this study, we used quantitative mapping of magnetic suscepti
bility as an indirect measure of iron content in brain structures of 
DM1 (E1 and E2 genetic classes) patients compared to healthy con
trols. Our aim was 2-fold: to better understand the pathological de
velopment of the disease and to find specific imaging biomarkers, 
since neurodegeneration often presents quantitative and qualitative 
radiological signs that are sensitive but not specific.

Figure 2 Thalamic χ distributions in HC and DM1 (E1 and E2 classes). Distributions were evaluated by comparing the HC cohort with 
the whole DM1 group (A) and distinguishing E1 and E2 classes (C). In each panel, the left-hand plot (A and C) relates to the entire 
structure, with each thalamic nucleus plotted to the right (B and D). VOI-based analysis was performed (A and C: N = 35, 34; B and D: N  
= 35, 20, 14; Kruskal–Wallis test, *P < 0.05, **P < 0.01). On the right, representative images of thalamic nuclei segmentation (HC, F/26 
years old).
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There are several studies reported using advanced MRI techni
ques to explore SNC involvement in patients with DM.13,32

However, to date, only one study has examined susceptibility-based 
images in DM1,33 showing that DM1 patients are characterized by a 
widespread magnetic susceptibility increase in subcortical struc
tures that is also associated with clinical symptoms such as muscular 
weakness, daytime sleepiness and specific cognitive deficits. Our re
sults confirm these outcomes, exploring a homogeneous sample of 
DM1 patients, expanding the susceptibility analysis to numerous 
cortical and subcortical GM structures and combining imaging 
data with a comprehensive neurological evaluation.

Our QSM analysis utilizes voxel-wise maps of mean tissue mag
netic susceptibility. While these maps do not provide a direct quan
tification of iron content,29,30 susceptibility changes are interpreted 
primarily as reflecting variations in iron deposition, with consider
ation given to the specific brain region examined.32 Indeed, mul
tiple studies have demonstrated that in deep GM regions, QSM 
serves as a reliable proxy for iron content due to minimal 

confounding effects from myelin or other metals, findings sup
ported by post-mortem validation.31,55-57 In contrast, within 
WM, susceptibility alterations reflect a combination of iron and 
myelin changes, such that increases in susceptibility may indicate 
iron accumulation, demyelination or a combination thereof.32

Previous studies have highlighted cortical differences between 
DM1 and HC, in particular a widespread cortical atrophy in front
al, temporal, parietal and occipital lobes.13 In our study, the re
ported structural alterations in DM1 brains were associated with 
significant increase of susceptibility in cortical gyri (Table 3), in par
ticular in the frontal lobe (precentral and caudal middle frontal gyri, 
pars triangularis), in the parietal lobe (post-central, inferior-parietal 
and supramarginal gyri), in the temporal lobe (transverse temporal 
gyrus) and in the mid-posterior cingulate cortex (isthmus of the cin
gulate cortex).

Increase of susceptibility in cortical gyri is linked to iron accumu
lation that is in turn related to a worse clinical condition in many neu
rodegenerative disorders such as amyotrophic lateral sclerosis.32,58

Figure 3 χ distributions of the brainstem in HC and DM1 (E1 and E2 classes). Distributions were evaluated comparing the control 
cohort with the entire DM1 group (A) and distinguishing E1 and E2 classes (C). In each panel, the left-head plot (A and C) relates to the 
entire structure, with plots of substructures (midbrain, pons and medulla) shown on the right (B and D). ROI-based analysis was 
performed (A and C: N = 35, 34; B and D: N = 35, 20, 14; Kruskal–Wallis test, *P < 0.05, **P < 0.01). On the right, representative images 
of brainstem segmentation (HC, F/26 years old).
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A similar hypothesis can be formed for the DM1 disorder. Iron accu
mulation has been found in cortical areas that are implicated in those 
sensorimotor and cognitive functions generally compromised in DM1 
patients: motor and language skills (frontal lobe), sensory perception 
(parietal lobe), auditory function (temporal lobe) and memory and 
awareness (posterior cingulate cortex).59,60

Cortical iron dysregulation is a common phenomenon observed in 
both aging and various neurodegenerative disorders, rendering it un
suitable as a specific biomarker for DM1.25-28,30-33 Consequently, we 

focused our investigation on magnetic susceptibility changes within 
subcortical structures. Alterations in these regions—particularly the 
thalamus—appear to display disease-specific patterns. For example, 
patients with secondary progressive multiple sclerosis (SPMS) exhibit 
reduced thalamic susceptibility compared to healthy controls.61 In 
contrast, our DM1 cohort demonstrated a significant increase in sus
ceptibility, compared to healthy controls, in both the thalamus, con
sistent with findings by Ates et al.33 who attributed iron alterations in 
N = 12 DM1 patients to underlying pathophysiological mechanisms, 
and the brainstem (Table 3). Furthermore, post-mortem studies com
bining 7T MR imaging and histopathological analyses have confirmed 
a positive correlation between susceptibility values and iron concen
tration in cortical GM and subcortical structures.31-65 In our study, 
the brainstem was one target structure identified comparing suscepti
bility distributions between DM1 patients and HCs. It plays a pivotal 
role in conveying communication between the spinal cord and brain 
and also controls many autonomic functions, such as heart rate, blood 
pressure and respiratory control during both sleep and wakefulness. 
Breathing disorders in DM1—including sleep-related breathing disor
ders—have a complex aetiology, combining both peripheral involve
ment (respiratory muscle weakness and myotonia) and central 
respiratory drive dysfunction66-68 (see also Poussel et al.69 and 
Callus et al.70 for a debate on the central and/or peripheral 
involvement).

In our study, χ values were assessed within the three main brain
stem structures, midbrain, pons and medulla, and significant differ
ences between DM1 and controls were mainly observed in both 
pons and medulla, which disclosed higher susceptibility values in 
DM1 patients along with other nuclei relaying signals from the fore
brain to the cerebellum. The pons contains two respiratory centres, 

Table 4 Trend and significances in differences in χ 
distribution of thalamus and brainstem sub-units in DM1 
patients compared to HCs and in DM1-E1 compared to 
DM1-E2

HC versus DM1 E1 versus E2

P-value χ in DM1 P-value χ in E2

Thalamus Total * ↑ ns ↑
Anterior ns ↑ ns ↑
Medial ns ↑ ns ↑
Ventral ** ↑ ns ↓
Pulvinar * ↑ ns ↑

Brainstem Total ** ↑ ns ↓
Midbrain ns ↑ ns ↓
Pons ** ↑ ns ↓
Medulla * ↑ ns ↑

On the left side, comparison of DM1 and HC (↑ = χ increase in DM1 group, ↓ = χ 
decrease in DM1 group); on the right side, comparison of E1 and E2 (↑ = χ 
increase in E2 class, ↓ = χ decrease in E2 class). ROI-based analysis was 
performed (Kruskal–Wallis test, *P < 0.05, **P < 0.01). ns, not significant.

Table 5 Trend and significances in correlations between χ values and clinical data in DM1 patient cohort

Thalamus Brainstem Others

Onset age (↓) (−) Th (*) Th-M (*) Th-P (*) (−) Br (*) ns
Neurological MIRS (↑) ns ns ns
evaluation NIFDS (NP) (↑) ns ns ns

NIFDS (Mo) (↑) (+) Th-P (*) ns (+) Amy (*)
NIFDS (My) (↑) (+) Th-P (**) ns ns
NIFDS (DL) (↑) (+) Th-P (*) ns (+) Amy (*)
NIFDS (tot) (↑) ns ns (+) Amy (*)
ESS (↑) ns ns ns

Pneumological FVC (↓) ns ns ns
evaluation PaCO2 (↑) ns ns ns

PaO2 (↓) ns ns ns
Cardiological PR int length (↑) (+) Th (**) Th-M (**) Th-V (**) (+) Br-Mo (*) (+) Amy (*) Put (**)
evaluation Th-P (**)

QRS int length (↑) ns ns ns
EF (↓) ns ns ns

Sleep recordings ODI (↑) ns ns ns
OAHI (↑) ns ns ns
CAHI (↑) (+) Th-M (*) (+) Br (*) (+) Hipp (*) Put (*)

Spearman’s test (*P < 0.05, **P < 0.01) was used to evaluate possible correlations between clinical data from neurological, pneumological, cardiological and sleep 
evaluations and χ values in subcortical structures. For each clinical parameter, the arrow in brackets (↑↓) indicates an increase or decrease of the clinical scores (please 
refer to the pathological cut-offs indicated in Table 2). For each subcortical unit, the sign in brackets (+/−) indicates the direction of the χ values relationship with clinical 
data. Th, thalamus; Th-A, anterior; Th-M, medial; Th-V, ventral; Th-P, pulvinar; Br, brainstem; Br-Mi, midbrain; Br-P, pons; Br-Mo, medulla oblongata; Cau, caudate; Acc, 
accumbens; Put, putamen; GP, globus pallidus; SN, substantia nigra; RN, red nucleus; Hipp, hippocampus; Amy, amygdala; DN, dentate nucleus; MIRS, Muscular 
Impairment Rating Scale; NIFDS, Neuromuscular Impairment Function and Disability Scale; NP, neuropsychological; Mo, motor; My, myotonia; DL, daily life activity; ESS, 
Epworth Sleepiness Scale; FVC, forced vital capacity; PaCO2, arterial carbon dioxide partial pressure; PaO2, arterial oxygen partial pressure; EF, ejection fraction; ODI, 
oxygen desaturation index; OAHI, obstructive apnoea hypopnoea index; CAHI, central apnoeas hypopnoea index; ns, not significant.
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the apneustic centre and the pneumotaxic centre, working together to 
regulate breathing rate and depth; the medulla houses respiratory cen
tres, and its nucleus ambiguus and the dorsal motor nucleus of the va
gus nerve are involved in motor functions of swallowing, speech and 
parasympathetic innervation of the heart and viscera.

The reported brainstem functional properties form a coherent 
framework for the findings of positive correlations between brain
stem iron accumulation and a worsening of cardiological and 
nocturnal respiratory parameters. Specifically, the medulla’s suscep
tibility was positively correlated with the PR interval length, an elec
trocardiographic parameter which indicates a slowing of 
conduction between the atria and ventricles. It is worth mentioning 
that the precise mechanisms by which DM1 promotes cardiac con
duction system dysfunction are still under investigation. Cardiac fi
brosis and fatty infiltration can affect the His–Purkinje system and 
the sino-atrial and atrioventricular (AV) nodes, providing a sub
strate for conduction block, ectopic activity and re-entrant arrhyth
mias.71,72 Abnormal splicing of the SCN5A gene demonstrated in 
DM1 patients has also been implicated in cardiac conduction sys
tem disease.73 Cardiovascular autonomic nervous system dysfunc
tion (cANS) and its relationship with heart involvement in DM1 
patients remain unclear.74,75 Clinical and neurophysiological stud
ies, using cardiovascular reflex tests and power spectral analysis 
(PSA) of heart rate variability (HRV), investigated cardiovascular 
autonomic function on small groups of DM1 patients, with con
flicting results.76 Our finding of a positive association between an 
increased conduction interval and χ increase in central structures 
should thus be interpreted cautiously; however, together with the 
results on breath disorders described below, it suggests a possible 
role for susceptibility change in CNS as a biomarker of DM1 clin
ical manifestations.

The reported frequency of central apnoeas appeared to increase 
along with the increased magnetic susceptibility as assessed in the 
whole brainstem structure. As previously pointed out, sleep disor
ders are common in DM1 disease and include sleep disordered 
breathing and fatigue77; in accordance with Hamilton et al.78

who showed an association between altered brain volumetry and al
teration of sleep architecture and efficiency in DMs, our findings on 
an association between magnetic susceptibility in central structures 
and sleep and respiratory dysfunctions support the hypothesis of a 
prevalent role of the central structures in the pathogenesis of sleep 
respiratory disturbances in DM1. Some anatomopathological stud
ies seem to further support a possible involvement of the auto
nomic nervous system (ANS) in DM, specifically Ono et al.79,80

observed a loss of catecholaminergic neurons in the medullary re
ticular formation in DM patients with alveolar hypoventilation, 
supporting a possible CNS involvement in respiratory dysfunction. 
Moreover, the association between magnetic susceptibility in the 
brainstem and sleep anomalies has been recently confirmed by a 
study from Nepozitek et al.81 in a cohort of patients with REM 
sleep behaviour disorder.

The thalamus is a paired structure, relaying peripheral sensory and 
motor information to distinct areas of the cerebral cortex. It is further
more involved in the regulation of consciousness, sleep and alertness. 
Considering the anatomical position and connections within the 
CNS, its alterations might be associated with impairments, ranging 
from motor to consciousness deficits. Investigating iron accumulation 

in specific thalamic nuclei may offer straightforward information 
about its possible association with clinical outcomes. Note that the 
thalamus is primarily a GM structure, but it also contains WM for 
neural connections; however, we can say that the contribution to sus
ceptibility comes from paramagnetic substances and that QSM values 
are proportional to iron concentrations.31

In our study, iron change was analysed in the anterior, medial, 
ventral and pulvinar thalamic nuclei (Fig. 2B and Table 4). 
Susceptibility alterations were significant in both ventral and pulvi
nar nuclei. Ventral thalamic nuclei project to the somatosensory 
and motor cortices and relay information about movement, tremor 
and sensory system, while pulvinar nuclei project to the visual cor
tex and are related to visual processing. Notably, in our DM1 co
hort, susceptibility alterations were also found in motor, sensory 
and visual cortices, all recipients of the thalamic inputs.

Comparing the thalamic susceptibility of DM1 E1 and E2 
classes, we found a trend of χ increase that mirrored the nucleotide 
triplet’s expansion size, in that the E2 class showed higher suscepti
bility values. This trend was present either when analysing suscep
tibility in the whole thalamus or in the anterior, medial and pulvinar 
nuclei individually. Although non-significant, this outcome sug
gests the existence of a possible association between the increase 
of thalamic susceptibility and the worsening of clinical conditions 
(Fig. 2C and D).

This hypothesis was strengthened by the finding of an associ
ation between thalamic susceptibility and clinical data (Table 5). 
First, we found that susceptibility values were negatively correlated 
with onset age, suggesting that DM1 patients with an earlier onset 
present higher iron concentration levels, both in the thalamus as a 
whole and in the medial and pulvinar nuclei separately. 
Additionally, thalamic pulvinar susceptibility correlated with clinic
al tests quantifying DM1 disability, specifically: (i) positive correla
tions between iron levels and NIFDS motor, myotonia and daily life 
activities subscales showed that an increase in thalamic χ values was 
related to a worsening of neuromuscular impairments and of their 
impact on basic life activities. However, as notably the genesis of 
DM1 muscular weakness and myotonia has peripheral origins, mo
tor deficits can only be indirectly related to thalamic pulvinar χ. 
Indeed, as significant correlations with NIFDS disability scores 
were only found among E2 patients, a genetic class characterized 
by an earlier disease onset associated with higher triplet expansion 
size compared to E1, the reported association can be interpreted 
as mainly driven by the effect of a worsening motor impairment 
over longer disease duration time; (ii) in all DM1 cohort and E1/ 
E2 genetic subgroups, thalamic susceptibility was positively corre
lated with indices of cardiac conduction abnormalities and arrhyth
mia (PR interval length); (iii) χ values of medial thalamic nuclei 
were positively correlated with the occurrence of breathing disor
ders such as central sleep apnoea number (CAHI), associating high
er values of susceptibility to a higher frequency of central sleep 
apnoeas—no other correlations were found between subcortical 
structures and two other indices of apnoeas (ODI and OAHI), re
porting central and non-central episodes accordingly.

Thalamus is considered a crucial hub for sensory signals process
ing and it acts as a relay station that most sensory information must 
pass before reaching the cortex.82 Medial thalamic nuclei have been 
recently proposed as a component of the respiratory neural network 
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responding to respiratory load stimuli, thus relaying respiratory 
mechanical information to the cerebral cortex for the conscious 
awareness of breathing.83 While eupneic breathing is usually not 
consciously perceived, modulation of breathing (hyperpnea or in
spiratory occlusions) activates distinct cortical and subcortical 
structures among which medial thalamus.84,85 The finding of a cor
relation between iron accumulation in medial thalamic nuclei and 
central sleep apnoea suggests that breathing dysfunctions during 
the sleep might be related to CNS alterations.

Other deep GM structures seem to be involved in the central 
pathogenesis of DM1: (i) susceptibility in the amygdala exhibited cor
relations with motor and daily life items in the NIFDS within the 
DM1 group and the E2 class individually, and additionally, it corre
lated with the PR interval length within the entire DM1 group 
and the E2 class; (ii) putaminal susceptibility was linked with the 
PR interval length and the number of central apnoeas; (iii) susceptibil
ity within the hippocampus correlated with the number of central 
apnoeas—hippocampus activity is coordinated by respiration86 but 
also indirectly implicated in the modulation of augmented breath.87

Together, the presented results showed that central apnoea fre
quency correlates with iron accumulation in the brainstem and 
that conduction changes may be associated with increased magnetic 
susceptibility in central structures, thus suggesting a potential in
volvement of central mechanisms in cardiac and respiratory altera
tions in DM1 patients. While these results provide valuable insights 
into DM1 pathophysiology, their interpretation should be cautious 
with regard to the systemic nature of the DM disease.

This study has several limitations. First, the sample size was still rela
tively small and did not include DM1 patients belonging to E3 genetic 
class: an incomplete cross-sectional study design may not have cap
tured the whole picture on the association between iron accumulation 
in SNC and the severity of clinical impairment. Second, while our 
study focused on within-group associations in the DM1 cohort, fu
ture studies should include clinically assessed controls in order to en
hance the specificity and interpretability of the QSM findings. 
Moreover, a cognitive assessment using a formal neuropsychological 
battery would be recommended to better apprehend the complexity 
of cognitive impairment in DM1. Third, bulk susceptibility is a com
posite measure; future analyses would benefit of χ-separation methods 
to disentangle paramagnetic and diamagnetic sources contributions to 
susceptibility changes or approaches with heightened sensitivity to 
paramagnetic signal changes.88-92 Fourth, a longitudinal study with 
a larger sample size would be necessary to further explore the temporal 
relationship of DM on brain QSM values and clinical signs. Finally, 
the validity of the data depends on the appropriateness of each part 
of the analysis chain, in particular the accuracy of ROIs defined on 
atlas defined in the MNI 152 space not participants’ own native space.

Conclusion
The main finding of our study is that beyond well-known cortical 
atrophy, DM1 patients present higher levels of magnetic suscepti
bility changes indicative of iron content in both cortical and sub
cortical structures. The latter areas, specifically thalamus and 
brainstem, showed the most pronounced changes and are also in
volved in some of the autonomic functions (breathing control 

and cardiac conduction regulation) that show a progressive impair
ment over time in DM1 patients. Moreover, the findings that iron 
accumulation is correlated with both disease duration over time and 
a worsening of the clinical conditions shed new light on the central 
origins of the autonomic nervous system dysfunctions in DM1.

Together, the presented results showed that changes in CNS 
function are associated with iron accumulation in subcortical struc
tures as detected by QSM. Magnetic susceptibility changes in sub
cortical structures constitute candidate biomarkers for disease 
detection and progression in DM1.

Supplementary material
Supplementary material is available at Brain Communications
online.

Funding
The publication of this article was supported by the "Ricerca 
Corrente" funding from the Italian Ministry of Health.

Competing interests
The authors report no competing interests.

Data availability
The data that support the findings of this study are available from 
the corresponding author, upon reasonable request. Regarding the 
source code for any specialized, in-house scripts or programs, that 
are necessary for the reproduction of results, scripts for image regis
tration and radiomic feature extraction are hosted in the Zenodo re
pository ‘MRI dataset for susceptibility-based radiomic feature 
extraction in healthy controls and patients with multiple sclerosis’ 
(https://zenodo.org/records/10931121).

References
1. Harper PS. Myotonic dystrophy. 3rd ed. W.B. Saunders; 2001.
2. Johnson NE, Heatwole CR. Myotonic dystrophy: From bench to bedside. 

Semin Neurol. 2012;32(3):246-254.
3. De Antonio M, Dogan C, Hamroun D, et al. French myotonic dystrophy 

clinical network. Unravelling the myotonic dystrophy type 1 clinical spec
trum: A systematic registry-based study with implications for disease classi
fication. Rev Neurol (Paris). 2016;172(10):572-580.

4. Hartog L, Zhao J, Reynolds J, et al. Factors influencing the severity and pro
gression of respiratory muscle dysfunction in myotonic dystrophy type 1. 
Front Neurol. 2021;12:658532.

5. Mahadevan MS, Yadava RS, Mandal M. Cardiac pathology in myotonic 
dystrophy type 1. Int J Mol Sci. 2021;22(21):11874.

6. Thornton CA. Myotonic dystrophy. Neurol Clin. 2014;32(3):705-719.
7. Stokes M, Varughese N, Iannaccone S, Castro D. Clinical and genetic char

acteristics of childhood-onset myotonic dystrophy. Mathew Muscle Nerve. 
2019;60(6):732-738.

12 | BRAIN COMMUNICATIONS 2026, fcag017                                                                                                           C. Fiscone et al.
D

ow
nloaded from

 https://academ
ic.oup.com

/braincom
m

s/article/8/1/fcag017/8430763 by Biblioteca Biom
edica C

entrale user on 10 February 2026

http://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcag017#supplementary-data
https://zenodo.org/records/10931121


8. Mazzoli M, Ariatti A, Garuti GC, et al. Predictors of prognosis in type 1 
myotonic dystrophy (DM1): Longitudinal 18-years experience from a single 
center. Acta Myol. 2020;39(3):109-120.

9. Savić D, Rakocvic-Stojanovic V, Keckarevic D, et al. 250 CTG repeats in 
DMPK is a threshold for correlation of expansion size and age at onset of 
juvenile-adult DM1. Hum Mutat. 2002;19(2):131-139.

10. Sergeant N, Sablonniere B, Schraen-Maschke S, et al. Dysregulation of hu
man brain microtubule-associated tau mRNA maturation in myotonic dys
trophy type 1. Hum Mol Genet. 2001;10:2143-2155.

11. Sistiaga A, Urreta I, Jodar M, et al. Cognitive/personality pattern and triplet 
expansion size in adult myotonic dystrophy type 1 (DM1): CTG repeats, 
cognition and personality in DM1. Psychol Med. 2010;40(3):487-495.

12. Timchenko L. Myotonic dystrophy: From molecular pathogenesis to ther
apeutics. Int J Mol Sci. 2022;23:11954.

13. Okkersen K, et al. Brain imaging in myotonic dystrophy type 1: A systematic 
review. Neurology. 2017;89(9):960-969.

14. Giorgio A, Dotti MT, Battaglini M, et al. Cortical damage in brains of pa
tients with adult-form of myotonic dystrophy type 1 and no or minimal 
MRI abnormalities. J Neurol. 2006;253(11):1471-1477.

15. van der Plas E, Hamilton MJ, Miller JN, et al. Brain structural features of 
myotonic dystrophy type 1 and their relationship with CTG repeats. J 
Neuromuscul Dis. 2019;6(3):321-332.

16. Di Costanzo A, Di Salle F, Santoro L, Bonavita V, Tedeschi G. Brain MRI 
features of congenital- and adult-form myotonic dystrophy type 1: 
Case-control study. Neuromuscul Disord. 2002;12:476-483.

17. Weijs R, Okkersen K, van Engelen B, et al. Human brain pathology in myo
tonic dystrophy type 1: A systematic review. Neuropathol. Off. J. Jpn. Soc. 
Neuropathol. 2021;41:3-20.

18. Evangelisti S, Gramegna LL, De Pasqua S, et al. In vivo parieto-occipital 
white matter metabolism is correlated with visuospatial deficits in adult 
DM1 patients. Diagnostics (Basel). 2022;12(10):2305.

19. Labayru G, Camino B, Jimenez-Marin A, et al. White matter integrity 
changes and neurocognitive functioning in adult-late onset DM1: A follow- 
up DTI study. Sci Rep. 2022;12:3988.

20. Serra L, Silvestri G, Petrucci A, et al. Abnormal functional brain connectiv
ity and personality traits in myotonic dystrophy type 1. JAMA Neurol. 
2014;71(5):603-611.

21. Sugiyama A, Sone D, Sato N, et al. Brain gray matter structural network in 
myotonic dystrophy type 1. PLoS One. 2017;12:e0187343.

22. Park JS, Seo J, Cha H, et al. Altered power spectral density in the resting- 
state sensorimotor network in patients with myotonic dystrophy type 1. 
Sci Rep. 2018;8:987.

23. Rossi S, Silvestri G. Fluid biomarkers of central nervous system (CNS) in
volvement in myotonic dystrophy type 1 (DM1). Int J Mol Sci. 2023; 
24(3):2204.

24. Mills E, Dong XP, Wang F, Xu H. Mechanisms of brain iron transport: 
Insight into neurodegeneration and CNS disorders. Future Med Chem. 
2010;2(1):51-64.

25. Ward RJ, Zucca FA, Duyn JH, Crichton RR, Zecca L. The role of iron in 
brain ageing and neurodegenerative disorders. Lancet Neurol. 2014;13(10): 
1045-1060.

26. Masaldan S, Bush AI, Devos D, Rolland AS, Moreau C. Striking while the 
iron is hot: Iron metabolism and ferroptosis in neurodegeneration. Free 
Radic Biol Med. 2019;133:221-233.

27. Madden DJ, Merenstein JL. Quantitative susceptibility mapping of brain 
iron in healthy aging and cognition. Neuroimage. 2023;282:120401.

28. Wiggermann V. Iron imaging in neuroinflammation. In: Laule C, Port JD, 
eds. Advances in magnetic resonance technology and applications: Imaging 
neuroinflammation, Vol. 9. Academic Press; 2023:52-78.

29. Haacke EM, Liu S, Buch S, Zheng W, Wu D, Ye Y. Quantitative suscepti
bility mapping: Current status and future directions. Magn Reson Imaging. 
2015;33:1-25.

30. Wang Y, Liu T. Quantitative susceptibility mapping (QSM): Decoding 
MRI data for a tissue magnetic biomarker. Magn Reson Med. 2015;73: 
82-101.

31. Hametner S, Endmayr V, Deistung A, et al. The influence of brain iron and 
myelin on magnetic susceptibility and effective transverse relaxation—A bio
chemical and histological validation study. Neuroimage. 2018;179:117-133.

32. Ravanfar P, Loi SM, Syeda WT, et al. Systematic review: Quantitative sus
ceptibility mapping (QSM) of brain iron profile in neurodegenerative dis
eases. Front Neurosci. 2021;15:618435.

33. Ates S, Deistung A, Schneider R, et al. Characterization of iron accumula
tion in deep gray matter in myotonic dystrophy type 1 and 2 using quanti
tative susceptibility mapping and R2* relaxometry: A magnetic resonance 
imaging study at 3 tesla. Front Neurol. 2019;10:1320.

34. The International Myotonic Dystrophy Consortium (IDMC). New no
menclature and DNA testing guidelines for myotonic dystrophy type 1 
(DM1). Neurology. 2000;54:1218-1221.

35. Contardi S, Pizza F, Falzone F, et al. Development of a disability scale for 
myotonic dystrophy type 1. Acta Neurol Scand. 2012;125(6):431-438.

36. Seifert BA, Reddi HV, Kang BE, Bean LJH, Shealy A, Rose NC. ACMG 
laboratory quality assurance committee. Myotonic dystrophy type 1 testing, 
2024 revision: A technical standard of the American college of medical gen
etics and genomics (ACMG). Genet Med. 2024;26(8):101145.

37. De Pasqua S. Myotonic syndromes: Analysis of factor with pathogenetic 
and prognostic significance. Phd thesis. University of Bologna, 
Department of Biomedical and Neuromotor Sciences; 2022.

38. Johns MW. A new method for measuring daytime sleepiness: The Epworth 
sleepiness scale. Sleep. 1991;14:540-545.

39. Lang RM, Badano LP, Mor-Avi V, et al. Recommendations for cardiac 
chamber quantification by echocardiography in adults: An update from 
the American society of echocardiography and the European association 
of cardiovascular imaging. J Am Soc Echocardiogr. 2015;28(1):1-39.e14.

40. Schweser F, Deistung A, Lehr BW, Reichenbach JR. Quantitative imaging 
of intrinsic magnetic tissue properties using MRI signal phase: An approach 
to in vivo brain iron metabolism? Neuroimage. 2011;54(4):2789-2807.

41. Biondetti E, Karsa A, Grussu F, et al. Multi-echo quantitative susceptibility 
mapping: How to combine echoes for accuracy and precision at 3 tesla. MR 
Med. 2022;88(5):2101-2116.

42. Li W, Wang N, Yu F, et al. A method for estimating and removing streaming 
artifacts in quantitative susceptibility mapping. Neuroimage. 2015;108: 
111-222.

43. Jenkinson M, Beckmann CF, Behrens TEJ, Woolrich MW, Smith S. FSL. 
Neuroimage. 2012;62(2):782-790.

44. Jenkinson M, Smith S. A global optimization method for robust affine regis
tration of brain images. Med Image Anal. 2001;5(2):143-156.

45. Jenkinson M, Bannister P, Brady M, Smith S. Improved optimisation for the 
robust and accurate linear registration and motion correction of brain 
images. Neuroimage. 2002;17(2):825-841.

46. Fischl B, Salat DH, Busa E, et al. Whole brain segmentation: Automated la
beling of neuroanatomical structures in the human brain. Neuron. 2002; 
33(3):341-355.

47. Patenaude B, Smith SM, Kennedy D, Jenkinson M. A Bayesian model of 
shape and appearance for subcortical brain. NeuroImage. 2011;56(3): 
907-922.

48. Yaghmaie N, Syeda WT, Wu C, et al. QSMART: Quantitative susceptibil
ity mapping artifact reduction technique. Neuroimage. 2021;231:117701.

49. Brun G, Testud B, Girard OM, et al. Automatic segmentation of deep grey 
nuclei using a high-resolution 7T magnetic resonance imaging atlas- 
quantification of T1 values in healthy volunteers. Eur J Neurosci. 2022; 
55(2):438-460.

50. Iglesias JE, Van Leemput K, Bhatt P, et al. Bayesian segmentation of brain
stem structures in MRI. NeuroImage. 2015;113:184-195.

51. Tournier JD, Smith R, Raffelt D, et al. MRtrix3: A fast, flexible and open 
software framework for medical image processing and visualisation. 
Neuroimage. 2019;202:116137.

52. Burgetova R, Dusek P, Burgetova A, et al. Age-related magnetic susceptibil
ity changes in deep grey matter and cerebral cortex of normal young and 
middle-aged adults depicted by whole brain analysis. Quant Imaging Med 
Surg. 2021;11(9):3906-3919.

53. Gaiying L, Tong R, Zhang M, et al. Age-dependent changes in brain iron 
deposition and volume in deep gray matter nuclei using quantitative suscep
tibility mapping. NeuroImage. 2023;269:119923.

54. Sanchis-Segura C, Ibañez-Gual M, Adrián-Ventura J, et al. Sex differences in 
gray matter volume: How many and how large are they really? Biol Sex 
Differ. 2019;10:32.

Quantitative susceptibility mapping in myotonic dystrophy                                        BRAIN COMMUNICATIONS 2026, fcag017 | 13
D

ow
nloaded from

 https://academ
ic.oup.com

/braincom
m

s/article/8/1/fcag017/8430763 by Biblioteca Biom
edica C

entrale user on 10 February 2026



55. Langkammer C, Schweser F, Krebs N, et al. Quantitative susceptibility map
ping (QSM) as a means to measure brain iron? A post mortem validation 
study. Neuroimage. 2012;62(3):1593-1599.

56. Sun H, Walsh AJ, Lebel RM, et al. Validation of quantitative susceptibility 
mapping with Perls’ iron staining for subcortical gray matter. Neuroimage. 
2015;105:486-492.

57. Wang C, Foxley S, Ansorge O, et al. Methods for quantitative susceptibility 
and R2* mapping in whole post-mortem brains at 7T applied to amyotroph
ic lateral sclerosis. Neuroimage. 2020;222:117216.

58. Dusek P, Hofer T, Alexander J, Roos PM, Aaseth JO. Cerebral iron depos
ition in neurodegeneration. Biomolecules. 2022;12(5):714.

59. Baldanzi S, Bevilacqua F, Lorio R, et al. Disease awareness in myotonic dys
trophy type 1: An observational cross-sectional study. Orphanet J Rare Dis. 
2016;11:34.

60. Sakhaa H, Yuyao S, Ebrahimi Farzad G. Mehdi speech and language abnor
malities in myotonic dystrophy: An overview. J Clin Neurosci. 2022;96: 
212-220.

61. Williams T, John N, Calvi A, et al. Investigating the relationship 
between thalamic iron concentration and disease severity in secondary 
progressive multiple sclerosis using quantitative susceptibility mapping: 
Cross-sectional analysis from the MS-STAT2 randomised controlled trial. 
Neuroimage Rep. 2024;4(3):100216.

62. Mathieu J, Boivin H, Meunier D, Gaudreault M, Bégin P. Assessment of a 
disease-specific muscular impairment rating scale in myotonic dystrophy. 
Neurology. 2001;56(3):336-340.

63. Li W, Wu B, Liu C. STI Suite. A Software Package for Quantitative 
Susceptibility Imaging. ISMRM-ESMRMB; 2014. https://archive.ismrm. 
org/2014/3265.html

64. Fiscone C, Sighinolfi G, Manners DN, et al. Multiparametric MRI dataset 
for susceptibility-based radiomic feature extraction and analysis. Sci Data. 
2024;11(1):575.

65. Bilgic B, Pfefferbaum A, Rohlfing T, Sullivan EV, Adalsteinsson E. MRI 
estimates of brain iron concentration in normal aging using quantitative sus
ceptibility mapping. Neuroimage. 2012;59(3):2625-2635.

66. Hawkins M, Hawkins CL, Abdul Razak K, Khoo TK, Tran K, Jackson RV. 
Respiratory dysfunction in myotonic dystrophy type 1: A systematic review. 
Neuromuscul Disord. 2019;29(3):198-212.

67. Thil C, Agrinier N, Chenuel B, Poussel M. Longitudinal course of 
lung function in myotonic dystrophy type 1. Muscle Nerve. 2017;56(4): 
816-818.

68. Sansone VA, Gagnon C. Participants of the 207th ENMC 
workshop. 207th ENMC workshop on chronic respiratory insufficiency 
in myotonic dystrophies: Management and implications for research, 
27–29 June 2014, Naarden, The Netherlands. Neuromuscul Disord. 2015; 
25:432-442.

69. Poussel M, Thil C, Kaminsky P, et al. Lack of correlation between the ven
tilatory response to CO2 and lung function impairment in myotonic dys
trophy patients: Evidence for a dysregulation at central level. 
Neuromuscul Disord. 2015;25:403-408.

70. Callus E, Bertoldo EG, Beretta M, et al. Neuropsychological and psycho
logical functioning aspects in myotonic dystrophy type 1 patients in Italy. 
Front Neurol. 2018;9:751.

71. Petri H, Vissing J, Witting N, et al. Cardiac manifestations of myotonic dys
trophy type 1. Int J Cardiol. 2012;160:82-88.

72. Lau JK, Sy RW, Corbett A, et al. Myotonic dystrophy and the heart: A sys
tematic review of evaluation and management. Int J Cardiol. 2015;184: 
600-608.

73. Freyermuth F, Rau F, Kokunai Y, et al. Splicing misregulation of SCN5A 
contributes to cardiac conduction delay and heart arrhythmia in myotonic 
dystrophy. Nat Commun. 2016;7:11067.

74. Di Leo R, Rodolico C, De Gregorio C, et al. Cardiovascular autonomic 
control in myotonic dystrophy type 1: A correlative study with clinical 
and genetic data. Neuromuscul Disord. 2004;14(2):136-141.

75. Bienias P, Łusakowska A, Ciurzyński M, et al. Cardiac autonomic function 
in type 1 and type 2 myotonic dystrophy. Clin Auton Res. 2017;27(3): 
193-202.

76. Angelini C, Di Leo R, Cudia P. Autonomic regulation in muscular dys
trophy. Front Physiol. 2013;4:257.

77. Shepard P, Lam EM, St Louis EK, Dominik J. Sleep disturbances in myo
tonic dystrophy type 2. Eur Neurol. 2012;68(6):377-380.

78. Hamilton MJ, Atalaia A, McLean J. Clinical and neuroradiological corre
lates of sleep in myotonic dystrophy type 1. Neuromuscul Disord. 2022; 
32(5):377-389.

79. Ono S, Kurisaki H, Sakuma A, Nagao K. Myotonic dystrophy with alveolar 
hypoventilation and hypersomnia: A clinicopathological study. J Neurol Sci. 
1995;128:225-231.

80. Ono S, Takahashi K, Jinnai K, et al. Loss of catecholaminergic neurons in 
the medullary reticular formation in myotonic dystrophy. Neurology. 
1998;51(4):1121-1124.

81. Nepozitek J, Varga Z, Dostalova S, et al. Magnetic susceptibility changes in 
the brainstem reflect REM sleep without atonia severity in isolated REM 
sleep behavior disorder. NPJ Parkinsons Dis. 2023;9(1):112.

82. Sherman SM, Guillery RW. The role of the thalamus in the flow of infor
mation to the cortex. Philos Trans R Soc Lond B Biol Sci. 2002;357: 
1695-1708.

83. Bernhardt V, Garcia-Reyero N, Vovk A, Denslow N, Davenport PW. 
Tracheal occlusion modulates the gene expression profile of the medial thal
amus in anesthetized rats. J Appl Physiol (1985). 2011;111(1):117-124.

84. Corfield DR, Morrell MJ, Guz A. The nature of breathing during hypocap
nia in awake man. Respir Physiol. 1995;101(2):145-159.Erratum in: Respir 
Physiol 1996 Apr-May;104(1):89.

85. McKay LC, Evans KC, Frackowiak RS, Corfield DR. Neural correlates of 
voluntary breathing in humans. J Appl Physiol (1985). 2003;95(3):1170-1178.

86. Nakamura NH, Furue H, Kobayashi K, et al. Hippocampal ensemble dy
namics and memory performance are modulated by respiration during en
coding. Nat Commun. 2023;14:4391.

87. Ajayi IE, McGovern AE, Driessen AK, et al. Hippocampal modulation of 
cardiorespiratory function. Respir Physiol Neurobiol. 2018;252-253:18-27.

88. Pirozzi MA, Canna A, Nardo FD, et al. Reliability of quantitative magnetic 
susceptibility imaging metrics for cerebral cortex and major subcortical 
structures. J Neuroimaging. 2024;34:720-731.

89. Pirozzi MA, Canale F, Di Nardo F, et al. Quantitative susceptibility map
ping for investigating brain iron deposits in amyotrophic lateral sclerosis: 
Correlations with clinical phenotype and disease progression. Amyotroph 
Lateral Scler Frontotemporal Degener. 2025;28:1-9.

90. Coffman CH, White R, Subramanian K, Buch S, Bernitsas E, Haacke EM. 
Quantitative susceptibility mapping of both ring and non-ring white matter 
lesions in relapsing remitting multiple sclerosis. Magn Reson Imaging. 2022; 
91:45-51.

91. Zachariou V, Bauer CE, Powell DK, Gold BT. Ironsmith: An automated 
pipeline for QSM-based data analyses. Neuroimage. 2022;249:118835.

92. Zachariou V, Bauer CE, Pappas C, Gold BT. High cortical iron is associated 
with the disruption of white matter tracts supporting cognitive function in 
healthy older adults. Cereb Cortex. 2023;33(8):4815-4828.

14 | BRAIN COMMUNICATIONS 2026, fcag017                                                                                                           C. Fiscone et al.
D

ow
nloaded from

 https://academ
ic.oup.com

/braincom
m

s/article/8/1/fcag017/8430763 by Biblioteca Biom
edica C

entrale user on 10 February 2026

https://archive.ismrm.org/2014/3265.html
https://archive.ismrm.org/2014/3265.html

	Quantitative susceptibility mapping in myotonic dystrophy: clinical relevance of subcortical iron accumulation
	Introduction
	Materials and methods
	Study sample
	Clinical evaluation
	Neurological examination
	Cardiological evaluation
	Pneumological evaluation
	Sleep recordings

	Magnetic resonance protocol and processing
	Magnetic resonance image segmentation
	Statistical analysis

	Results
	Cortical gyri
	Subcortical structures
	Thalamic nuclei
	Brainstem sub-units
	Clinical correlations

	Discussion
	Conclusion
	Supplementary material
	Funding
	Competing interests
	Data availability
	References




