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Abstract

Thanks to the rapid evolution of therapeutic strategies for muscular and neuromuscular diseases, the
identification of quantitative biomarkers for disease identification and monitoring has become crucial.
Magnetic resonance imaging (MRI) has been playing an important role by noninvasively assessing structural
and functional muscular changes. This exploratory study investigated the potential of dynamic MRI during
neuromuscular electrical stimulation (NMES) to detect differences between healthy controls (HCs) and
patients with metabolic and myotonic myopathies. The study included 14 HCs and 10 patients with
confirmed muscular diseases. All individuals were scanned with 3T MRI with a protocol that included a
multi-echo gradient echo sequence for fat fraction quantification, multi-echo spin-echo for water T2
relaxation time calculation, and 3D phase contrast sequences during NMES. The strain tensor, buildup and
release rates were calculated from velocity datasets. Results showed that strain and strain buildup rate were
reduced in the soleus muscle of patients compared to HCs, suggesting these parameters could serve as
biomarkers of muscle dysfunction. Notably, there were no significant differences in fat fraction or water T2
measurements between patients and HCs, indicating that the observed changes reflect alterations in muscle
contractile properties that are not reflected by structural changes. The findings provide preliminary evidence
that dynamic muscle MRI during NMES can detect abnormalities in muscle contraction in patients with
myotonia and metabolic myopathies, warranting further research with larger, more homogeneous patient

cohorts.

NOTE: This preprint reports new research that has not been certified by peer review and should not be used to guide clinical practice.
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Neuromuscular diseases (NMDs) usually affect children from a young age and can be fatal. The most
common causes of neuromuscular diseases are rare genetic conditions that have long been untreatable. In
recent years, however, new therapies (including gene therapy) are opening new doors for affected
individuals, albeit for a limited number of known diseases (1-5). With the development of novel therapies,
the need for reliable biomarkers that can provide objective insight into the course of the disease and detect

early therapeutic effects has arisen.

In particular, magnetic resonance imaging (MRI) has been proven to provide exceptional flexibility and
accuracy, with the capability of assessing muscle geometry and morphology, tissue composition, and
function, over the whole organ of interest, in the same examination (6). However, despite the importance of
MRI in characterizing NMDs, it is till unable to provide a truly comprehensive picture of the muscle
composition and functionality, with the most critical aspect being the quantitative assessment of interstitial

muscle fibrosis.

The evaluation of muscle status in dystrophic diseases has so far mostly relied on T1-weighted imaging for
the assessment of chronic muscular changes and on fat-suppressed T2-weighted imaging for the assessment
of the acute activity of the disease (7-9). While these methods are fast and able to provide a rough staging of
the disease (10), they are increasingly complemented by quantitative assessments, that is, methods that can
provide an objective quantification of the underlying tissue characteristics (11). Depending on the
invegtigated pathology, two key techniques include fat-suppressed T2 quantification methods, given their
ability to accurately describe the activity of the disease, being sensible to inflammatory edema (12,13), and
three-dimensional fat/water quantification (14), which can potentially depict muscle morphology with great
accuracy and can provide an objective measurement of how the muscle fibers have been permanently

compromised.

While promising, however, these markers do not highlight all aspects of the pathology as they only focus on
the inflammation and irreversible replacement stages (15). Accurate markers of other aspects of the
muscular microstructure are needed to obtain a better understanding of the clinical course of various muscle

pathologies and to achieve higher levels of accuracy in diagnosis and monitoring of disease progression.

Dynamic imaging of muscle contraction is one potential functional marker that has already been
successfully applied in hedthy individuals, especially in the context of aging (16-19). The derived
parameters of drain and strain rate are sensitive to the age-related physiological changes of the muscle,
resulting in a reduction of these two quantities. These parameters reflect the ability of the muscle to deform

when performing its natural function of contracting to generate an output force.

In order to €licit a periodic contraction of the muscle, required for high-temporal-resolution imaging by
using methods such as phase contrast acquisitions, neuromuscular electrical stimulation (NMES) can be

used in synchronization with the acquisition, which can provide reproducible results (20,21). This particular
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technique has been recently used in a study on patients with facioscapulohumeral dystrophy (FSHD),
yielding promising results on the possibility of using the derived parameters of strain and contraction and
relaxation rates as functional biomarkers of disease (22). This study was however limited to a single dlice

acquisition of the thigh.

Due to preliminary evidence showing a reduction in strain and strain rate along with a decrease in
functionality of the muscle, it can be hypothesized that these markers can also be reduced in neuromuscular
diseases affecting muscle functionality. We analyzed muscular and neuromuscular diseases likely associated
with changes in contraction parameters (stiffness, relaxation time), such as myotonias (dystrophic and non-
dystrophic), as well as those in which repeated exercise is expected to cause transient weakness, such as
metabolic myopathies. Thus, in this study, we are expanding the investigation to a wider spectrum of
diseases affecting the skeletal muscle with an exploratory analysis of 10 patients with dystrophic and non-
dystrophic myotonias and metabolic myopathies, and 14 healthy controls (HCs), focusing on time-resolved,

three-dimensional acquisition of the triceps surae during electrical muscle stimulation.

Materials and M ethods

Study population

Fourteen HCs (5 male, median age 50y, range: 35-62) and 10 patients (6 male, median age 46y range: 25-
66) were prospectively recruited for this study. The patients had a confirmed diagnosis of muscular or
neuromuscular disease, and specifically: myotonic dystrophy Type 2 and Type 1, chloride channel
myotonia, SCN4A channelopathy, and McArdle disease. Among metabolic myopathies, we selected two
patients with McArdle disease, since this disease is not associated with structural muscle degeneration but is
rather characterized by transitory weakness induced by short-time exercise/muscle contraction. Among
myotonias, we selected three patients with myotonic dystrophy in the early disease stage (without calf
muscle wasting) and five with non-dystrophic myotonias caused by chloride channel mutations (3 patients)
or sodium channel mutations (2 patients). Details on patients demographics, clinical features and diagnosis
are in supplementary Table 1. Only one patient was taking medications for myotonia at the time of MRI.
Since the MRI analysis was performed on lower limbs, the severity of myotonia as well as the functionality
of lower limbs was assessed by the Timed-Up-and-Go test (TUG), in which the patients were instructed to

stand up, walk 6 metersand sit back down again.

All subjects gave their written informed consent to participate. The study conformed to the Declaration of

Helsinki, and the experimental procedures were approved by the local ethics committee.
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MR image acquisition and processing

During a preparation phase, two sets of gel-based electrodes were placed on the subject’s right leg. The
gimulation intensity was tested, and the evoked force was measured before the scan with a custom-made
MR-compatible sensor (23), as well as the maximum voluntary force (MVF) in the same position. The
gimulation current was established immediately before the scan as the current required to dicit a force of
approximately 10% of the MVF.

For the stimulation, a commercial 2-channel EM S device was used to induce periodic muscle contraction of
the calf muscles. Biphasic stimulation with rectangular pulses was applied (pulse width: 400 us, pulse

frequency: 80 Hz, contraction duration: 750 ms, release duration: 750 ms release).

During the MR acquisition, the second channel of the stimulator was converted to a trigger signal by a

custom electronic device (20).

The subjects were scanned on a 3T clinical MRI scanner (MAGNETOM Skyra, Siemens Healthineers,
Forchheim, Germany). The scanning protocol included a multi-echo gradient-echo sequence for fat fraction
guantification (axial 6-point Dixon gradient echo (GRE) sequence (matrix size =432 x 396; TR=35ms, TE
=1.7-9.2 ms, resolution = 1.0 x 1.0 x 5mm3; scan time = 15 min), a multi-echo spin-echo sequence for the
guantification of the T2 relaxation time of the water component (water T2 - TE/TR = [10.9-185.3] ms
/4100.0 ms, 17 echo times; resolution = 1.2 x 1.2 x 10.0 mm3; dice gap = 30 mm; scan time =5 min) (13),

and, as last, athree-dimensional phase contrast sequence for the evaluation of the contraction during NMES.

For the dynamic acquisition, a prospectively-gated, highly accelerated cartesian 4D flow research sequence
using L1-regularized wavelet-based compressed sensing (24,25) was placed in a sagittal orientation to cover
the whole calf. The imaging protocol had the following parameters: TE/TR 4.1/8.7 ms, flip angle 10°,
bandwidth 910 Hz/px, matrix size 128x54x48, resolution 2.3x2.3x2.5 mms3, Venc 15 cm/s, 2 k-space lines

per segments, acceleration factor 7.6. The acquisition time was approximately 5 minutes per each dataset.
Fat fraction maps were calculated using the publicly-available FattyRiot algorithm (26).

Water T2 maps were calculated through a fitting of a dual-compartment signal model simulated with the
extended-phase-graph method (12).

The velocity datasets were subsequently post-processed offline to calculate the strain tensor at each spatial
location throughout the stimulation cycle (20). The largest positive eigenvalue of the strain tensor was
considered for further quantitative processing, in line with (21,22). The “buildup” and “release” rates,
related to the speed at which the maximum contraction was reached, or the speed of the return to the relaxed
state, respectively, were calculated through a sigmoid fit of the eigenvalue time curve, as described in (19).
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Dataanalysis

The datasets were segmented using the computer-assisted segmentation software Dafne (27) and the average
values over the soleus and the lateral and medial gastrocnemii were extracted of the following variables: first
positive eigenvalue of the strain tensor, buildup rate, release rate, fat fraction, and water T2. The dynamic
parameters were averaged over the volume of the muscle between the centers of the two NMES electrodes,

asidentifiable in the MR image.

Data analysis was performed in R (28). Due to the non-normality of the distributions, the results are
presented as median values and 1st and 3rd quartiles for each considered value. For each variable, the results
of a standardized logistic regression modeling with the binarized subject group (HC or patient, where the
“patient” was assigned a value of 1) as dependent variable, and the normalized (mean-detrended and divided
by the standard deviation) considered variable as independent variable are presented. The outcome of the

modeling is shown in terms of odds ratios and their 95% confidence interval.

Association between the dynamic-derived quantities (strain, and buildup and release rates) and the
guantitative parameters (fat fraction and water T2) isinvestigated through Spearman’ s correlation.

The analysis script and the extracted tabular data used are available at (29).

Results

Both HCs and patients had similar median levels of fat percentage in the three muscles between 3 and 4%,
although three different patients had at least one muscle with a fat percentage above 10% (Figure 1a).
Similarly, median water T2 values were between 34.3 and 36.0 for all muscle ROIs in both groups (Figure
1b). The median strain, however, was higher in HCs in all three muscles, with an increase of up to 36%
(0.26 vs 0.19) in median value in the soleus of healthy volunteers with respect to patients, and 39% (but with
higher variability) in the lateral gastrocnemius (Figure 2a). The buildup rate was dightly faster in the soleus

(0.05 vs 0.03 s-1) but not in the other muscles (Figure 2b and 2c). The values are summarized in table 1.

The logistic regression model showed a fitted odds ratio of 0.34 with 95% confidence interval of 0.10 to
0.89 for the strain value of the soleus, meaning that an increase of one standard deviation in the strain
decreases the likelihood of a subject being in the “patients’ group by afactor of 0.34. Similarly, the buildup
rate in the soleus has a fitted odds ratio of 0.38 with 95% confidence interval 0.11 to 0.99. Although with
lower confidence, and with a 95% confidence interval that crosses the identity line, increased fat fraction is
also a compatible indicator of belonging to the patient group (Figure 3). The logistic regression for water T2
of the gastrocnemius medialis had an odd ratio of 0.29 (confidence interval 0.05 - 0.96), driven by a single
outlier in the volunteer group with an non-physiologically high T2 value, possibly due to physical activity

before the scan, or image artifact.
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Correlations between the quantitative and dynamic variables were negligible, with the highest correlation
observed being of -0.188 between the strain and fat fraction (table 2 and figure 4).

Discussion

In this exploratory study, we investigated the potential of dynamic MRI during neuromuscular electrical
gimulation to detect differences between HCs and patients affected by metabolic and myotonic myopathies.
Previous studies have shown changes in dynamic MRI parameters with age, possibly due to muscle fiber
degeneration/loss and other structural abnormalities (19). Since most neuromuscular diseases are associated
with muscle fiber loss and fat replacement, and since these structural abnormalities are expected to influence
the evaluation of dynamic MRI parameters, we decided to focus on diseases such as myotonias and
metabolic myopathies, that are usually not associated with fixed weakness and muscle degeneration, at least
in early stages.

Myotonia is characterized, clinically and on neurophysiologic testing, by muscle hyperexcitability and
delayed relaxation leading to stiffness or transient weakness, induced by voluntary movement, percussion,
changes in temperature, or electrical simulation. In chloride and sodium channel myotonia, as well as in
dystrophic myotonia, the stiffnessis prominent with the first movements following a period of rest, and then
diminishes and may even disappear. On the contrary, in paramyotonia, stiffness increases with repeated
exercise. Beyond giffness, myotonia may be associated with transent weakness, especially with repeated
exercise and especialy in the paramyotonia phenotype of sodium channel myotonia. The increase in Na+
currents leading to stiffness or paralysis in sodium channelopathies is more pronounced in type Il vs. type |

muscle fibers.

The key finding isthat strain and strain buildup rate were reduced in the soleus muscle of patients compared
to HCs, suggesting that these parameters could serve as biomarkers of muscle dysfunction in muscular and
neuromuscular diseases. While other studies detected structural MRI changes in patients with non-
dystrophic myotonias (30,31), we did not observe any changes in muscle structure, as assessed by FF/water
T2, possibly in view of younger age or milder phenotype, with all but one patient performing well on TUG
test. On the contrary, we did not detect changes in FF in patients with myotonia, possibly in view of a milder
clinical phenotype. Thus, the lack of significant differences both in conventional imaging and in FF and
water T2 measurements between patients and HCs in our study supports the notion that the observed
changes truly reflect a change in muscle contractile properties, independently of changes in muscle
structure/composition detectable by currently established methods.

This finding is in line with existing literature on the subject of dynamic muscle imaging. Although no
comparable study on patients with muscular or neuromuscular diseases has been conducted so far, results
from studies in an aging population (16,18,19), and induced atrophy (32) show similar trends in the
investigated markers.
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The previous study on facioscapulohumeral dystrophy (22) did not show the trend that we could find here
when comparing HCs with patients;, however, the previous study had the serious limitation of being limited
to a single acquired dynamic slice, which reduced its comprehensiveness in evaluating the muscle, and

introduced the additional uncertainty of the slice placement in the measurement.

Although all three muscles of the triceps surae show a similar trend, the difference between patients and
HCs is more pronounced in the soleus muscle. This can be explained by a placement of the distal electrode

just below the belly of the gastrocnemii, thus favoring soleus activation.

Thiswork has several limitations. Most importantly, the group of patientsis rather small and heterogeneous,
dictated by the availability of the patient pool in the institution where the scans took place. Thisisacommon
limitation in the investigation of rare diseases, and future work needs to be done to standardize acquisition
and reconstruction pipelines to enable larger, multicentric studies (33). Focusing on larger patient groups
with the same pathology will help better define the applicability of dynamic MRI for the evaluation of
neuromuscular diseases. Moreover, some of the chosen phenotypes (e.g., myotonia and paramyotonia) are
expected to behave in an opposite way after voluntary contraction or repetitive electrical stimulation, with
paramyotonia worsening and myotonia improving with repetition. Thus, the assessment of build-up, strain,
and release within the same time frame may nullify the differences, if any, meaning that if the changesin
contractility are not synchronous, and if the time frame istoo long, an average is observed. Another potential
source of variability isthat the selected disorders could be that myotonias may be associated with increased
muscle bulk secondary to hypertrophy from the involuntary exercise caused by myotonic contractions;, we

do not know the impact of thisincreased bulk on strength and quality of contraction.

Another limitation was that for this protocol, acquisition of the elicited force was only available before the
scan, but not during the scan. So, while the standardization of the force, which is currently the most
repeatable method for this kind of acquisition (21), was done outside the scanner room, it could not be
repeated at the exact moment of scanning. This possibly introduced an additional factor of intersubject
variability in the measurements.

As remarked before (22), the negligible correlations found between strain, fat fraction, and water T2 suggest
that these parameters provide complementary information on muscle status. While fat fraction reflects the
degree of fatty infiltration and water T2 is sensitive to edema and inflammation, strain and drain rate are
markers of the active contraction process. Combining these different imaging biomarkers could provide a

more comprehensive evaluation of muscle health in muscular and neuromuscular diseases.

In conclusion, this study provides preliminary evidence that dynamic muscle MRI during neuromuscular
electrical stimulation can detect abnormalities in muscle contraction in patients with myotonia and metabolic
myopathies, independent of structural MRI abnormalities. The strain and buildup rate in the soleus muscle
appear particularly promising as potential biomarkers. However, further research is needed to confirm these
findings in larger and more homogeneous patient cohorts, optimize the acquisition protocol, and elucidate
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the relationship between dynamic MRI parameters and clinical outcomes. By combining dynamic and
guantitative MRI techniques, a multi-parametric imaging approach could greatly enhance our understanding

and management of neuromuscular disorders.
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Tables
ROI Variable Healthy controls Patients Oddsratio
(Median and interquartile range) (estimate and 95%
(Median and interquartile range) confidence intervals)
Soleus Fat fraction 0.04 (0.03-0.04) 0.04 (0.03 - 0.05) 1.83(0.77 - 10.01)

Water T2 [mg]

355 (35.0 - 36.2)

35.0 (34.6 - 36.6)

0.73(0.32 - 1.54)

Strain

0.26 (0.17 - 0.31)

0.19(0.12 - 0.21)

0.34 (0.10 - 0.89)

Buildup rate [s’]

0.045 (0.041 - 0.061)

0.031 (0.030 - 0.042

0.38 (0.11 - 0.99)

Releaserate [s']

0.013 (0.011 - 0.014)

0.012 (0.010 - 0.013)

0.88 (0.37 - 2.08)

Medial Gastrocnemius

Fat fraction

0.03 (0.03 - 0.04)

0.03 (0.03 - 0.05)

4.96 (0.81- NA)

Water T2 [mg]

36.0 (34.7 - 36.4)

34.3(33.9 - 36.0)

0.29 (0.05 - 0.96)

Strain

0.22 (0.14 - 0.33)

0.20 (0.13 - 0.22)

0.54 (0.19 - 1.30)

Buildup rate [s’]

0.044 (0.030 - 0.078)

0.036 (0.032 - 0.062)

0.73 (0.27 - 1.69)

Releaserate [s']

0.010 (0.008 - 0.012)

0.011 (0.009 - 0.012)

1.81(0.76 - 5.21)
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Lateral Gastr ocnemius 0.04 (0.03-0.04) 0.03 (0.03 - 0.05) 1.92 (0.70 - NA)

Fat fraction

36.0 (34.6 - 36.5) 35.4(33.9-36.4) 0.93(0.45-1.98)
Water T2 [mg]

0.25(0.16- 0.31) 0.18 (0.13-0.25) 0.47 (0.17 - 1.13)
Strain

0.034 (0.025 - 0.049) 0.035 (0.030 - 0.040) 0.76 (0.29 - 1.76)
Buildup rate [s7]

0.009 (0.008 - 0.014) 0.009 (0.007 - 0.0112) 0.67 (0.24 - 1.56)

Releaserate [s]

Table 1: Values of the considered variables for the three muscles of interest for healthy controls and patients. The last column represents the odds ratios of the

logistic regression model applied to the variable. NA represents avalue that could not be computed by the model.

Fat fraction Water T2

Strain -0.188 -0.276
Buildup rate 0.103 -0.060
Releaserate 0.033 -0.192

Table 2: Spearman’ s correlation coefficients between the dynamic and quantitative variables.
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Figure 1: Fat fraction (left) and water T2 (right) values for each ROI in patients (P) and healthy volunteers

(V). Outliers outside the limits of the plot are represented by an arrow and corresponding values.
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Figure 2: Strain (left), buildup rate (center), and release rate (right) for each ROI in patients (P) and healthy
volunteers (V). Outliers outside the limits of the plot are represented by an arrow and corresponding values.
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Figure 3: Odds ratios of the considered variables across the three ROIs with 95% confidence interval. An
odds ratio of 1 means that an increase in the considered variable has no influence on the likelihood that the
subject belongsto the “patient” or “healthy control” group. A higher odds ratio meansthat an increase in the

variable increasesthe likelihood for the subject to be a patient, and vice versa for odds ratios lower than 1.
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Figure 4: Plots of the strain vs the fat fraction (left) and water T2 (right), for all subject types and muscle

ROIs. The correlation between the variables is negligible. Outliers outside the limits of the plot are
represented by an arrow and corresponding val ues.
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Supplementary Table 1 - Demographic and disease features of the patients and clinical phenotype

Timed
Patient_ Age Up and|MRI myotonia
number |Sex [Range |Gene Mutation Phenotype (?) Go FF/water T2 |treatment
CCTG repeat dystrophic
P01-2 |M |66-70 |ZFN9 Intron1 >75 myotoniatype2 [N FF
€.2680C>T
PO2-1 [M |51-55 |[CLCN1 [(p.R894X) dominant MC N -
€.2680C>T
P03-1 (M |21-25 |CLCN1 |(p.R894X) dominant MC N -
sodium channel
P04-1 |F 51-55 [SCN4A |Val1589Met myotonia N -
c.180+3A>T
intron 1;
1182_1186delTG
PO5-1 |M 46-50 [CLCN1 |GAA, exonll recessive MC N - mexiletine
CCTG repeat dystrophic
P08-2 |F 46-50 |ZFN9 Intron1>75 myotoniatype2 [N -
P10-1 (M |56-60 |[SCN4A |P1313M PMC P FF
dystrophic
P11-2 |F 66-70 |[DMPK |E1 myotoniatypel |N FF
P12-3 |F 46-50 |[PYGM |R50X /1VS20-1 |McArdle N -
€.148C>T (p-
Argh0Xx) and
€.2262del A
P14-3 (M |26-30 |PYGM |(p.Lys7/54Asnfs* |McArdle N -

Demographic and disease features of the patients and genetic diagnosis. The functional impact of myotonia
/myopathy was assessed at the lower limbs only, by the Timed -Up-and-Go test, that was divided as Normal
vs Pathologic
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