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Duchenne muscular dystrophy is a muscle-wasting, progressive, X-linked inherited disease in young male individuals, who—aside from peripheral muscular impairment—may also suffer from severe cardiac complications. In women who are muscular dystrophy carriers (MDCs), muscular symptoms and cardiac complications are less severe or even absent. While male individuals with muscular dystrophy are not usually able to perform strenuous exercise, women who are MDCs can exercise at mild, or even high, intensity. However, the impact of participating in elite sports, particularly endurance sports with high cardiopulmonary exercise strain, on female athletes who are MDCs is uncertain. Herein, we describe two rare cases of female elite athletes who are MDCs who participated in endurance sports. We describe their clinical presentation, kinetics of cardiac biomarkers and peripheral muscle enzymes during acute exercise, and cardiac manifestations in the context of sports eligibility, including an interdisciplinary shared decision-making approach to whether to continue participating in sports. This approach focuses on pathophysiology and genetics in dystrophinopathies, with a particular focus on genetic carrier status. While the primary concern is risk stratification for sudden cardiac death and its prevention, the potential risk of early onset of myocardial dysfunction or even heart failure also needs to be considered in MDCs. To optimize exercise recommendations, these complex and rare cases of athletes require an interdisciplinary approach, including experts in sports cardiology, sports medicine, radiology, and genetics, and should be included in a long-term international sports cardiology registry.
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Graphical Abstract Components of preparticipation screening in muscular dystrophy carriers (MDCs). Screening of patients with MDC should include several components, starting with a meticulous clinical and family history. Electrocardiography and Holter monitoring (if clinically indicated) should complete baseline examination. Imaging (transthoracic echocardiography and cardiac magnetic resonance imaging) should be applied when clinically indicated. Biomarkers should include creatine kinase and glutamate-pyruvate transaminase levels and may contain troponin I and T, especially if suspicion for cardiac involvement is raised. In the future, genetic testing may yield additional information depending on the type of mutation. Clearance for sports participation should require exertional exercise testing without relevant arrhythmias. Images created with biorender.com.



1 Introduction

Duchenne muscular dystrophy (DMD) is a muscle-wasting, progressive, X-linked inherited disease affecting 1 in 5,000 boys and is caused by dystrophin protein deficiency (1). Early impairment of mobility and non-achievement of developmental milestones often lead to the diagnosis within the first 5 years of life. Muscular dystrophy carriers (MDCs, i.e., women carrying a pathogenic DMD variant on one X chromosome) are usually asymptomatic, but, in rare cases, they can develop clinical symptoms. Approximately 3%–19% of MDCs have skeletal muscle symptoms, and 7.3%–16.7% develop dilated cardiomyopathy (2), the latter having an impact on prognosis (3).

Recommendations for exercise and training, considering frequency, duration, volume, and, especially, intensity, have not been postulated for MDCs. Furthermore, to our knowledge, thus far, there have been no reports published on the combination of being an MDC, cardiac involvement, and elite sports. We report two young MDC cases without persistent symptoms but with cardiac involvement, one of whom is an elite athlete participating in long-distance cross-country skiing (24 years of age), the other a recreational athlete engaging in regular high-intensity endurance sports (ice skating, 19 years of age). We critically discuss the underlying pathophysiology, clinical presentation, and diagnostics in the context of sports eligibility and describe the need for a multidisciplinary approach and a shared decision-making approach between the expert consensus and the athlete. Therefore, these two cases are examples of how to address the problem of sports eligibility in athletes with a genetic carrier status associated with potential cardiac involvement.



2 Genetics and pathophysiology of dystrophinopathies

DMD is caused by pathogenic variants in the DMD gene, which encodes dystrophin, that prevent the production of the muscle isoform of dystrophin. Pathogenic variants in the DMD gene can also cause Becker muscular dystrophy (BMD), which is a milder disease with a later onset and a slower progression than DMD. In DMD, pathogenic out-of-frame variants or non-sense variants lead to non-functional and unstable dystrophin. By contrast, BMD is caused by in-frame deletions or duplications that result in a protein that is partially functional. Deletions are the most common type of pathogenic variants in the DMD gene (found in approximately 60%–70% of cases), while duplications are less common (approximately 10% of DMD cases) (4).

There is limited evidence of a possible genotype–phenotype correlation in MDCs. However, there is some evidence that MDCs carrying a deletion in the DMD gene may be asymptomatic more frequently than those with duplications (5, 6). A functional dystrophin protein deficiency impairs the anchoring function of the dystrophin–glycoprotein complex involved in cell signaling and preservation of membrane stability during (especially eccentric) muscle contraction (7). As such, impaired dystrophin is especially vulnerable to eccentric stimuli, inducing disruption of the sarcolemma, which distorts calcium homeostasis and leads to increased proteolysis (8, 9). The prognosis for MDCs largely depends on whether there is unfavorable X-inactivation. If the mutated X chromosome is preferentially expressed, symptoms such as muscle weakness, cardiomyopathy, or elevated creatine kinase (CK) levels can occur (10–12).



3 Cardiac involvement in dystrophinopathies

Cardiac muscle involvement may occur in MDCs (13, 14), but the prevalence varies among reports, with some demonstrating a prevalence of up to 40% (10, 15, 16). In a study of 129 MDCs (85 with Duchenne and 44 with Becker dystrophy, aged 18–60 years) with 37 mutations, no genotype–phenotype association was found (15). In total, 22% of the women had symptoms, predominantly muscle weakness (17%), 18% displayed left ventricular dilation, and 8% were diagnosed with dilated cardiomyopathy. In a prospective cohort study, 48% of 77 genetically confirmed MDCs [mean age of 41.3 years; mean left ventricular ejection fraction (LVEF) of 59.2%] showed diffuse late gadolinium enhancement (LGE) on cardiac magnetic resonance (CMR) imaging as a sign of cardiac involvement without manifest limitations in cardiopulmonary exercise testing (CPET) or clinical symptoms, with only four patients terminating the exercise due to musculoskeletal symptoms (17). The percentage of LGE was significantly higher among the MDCs compared to the non-carriers (48% vs. 4.5%). Moreover, 25% of the carriers displayed ventricular ectopy during recovery from exercise, while the MDCs who showed LGE on imaging presented with higher levels of CK in the absence of clinical or CPET evidence of peripheral muscular limitations (17). Thus, disproportionately higher serum CK levels in athletes in combination with non-ischemic scars on CMR should prompt physicians to widen their differential diagnosis from residuals of myocarditis to systemic disease, in spite of a high exercise capacity and a lack of skeletal muscle symptoms (18).



4 Case #1: 24-year-old female elite athlete participating in cross-country skiing

At the age of 17 years, the athlete reported to us for the first time for a routine preparticipation screening as a cross-country skier. Previously, at the age of 6 years, an exaggerated increase in CK level (>19,000 U/L) was recorded following intensive training that had led to further diagnostics, including genetic testing for muscular dystrophy. This genetic testing found a heterozygous in-frame duplication of exons 9–44 in the DMD gene. As the athlete was asymptomatic, eligibility for competitive sport was confirmed at that time. Since then, CK and glutamate-pyruvate transaminase (GPT) levels were repeatedly measured during routine sports cardiological consultations, which revealed considerable deviations (see Figure 1). Exercise volume was kept steady over the years at an estimated weekly duration of 20 h, with the athlete engaging in predominantly high-intensity endurance activities.


[image: Two line graphs show U/L measurements over time from 2017 to 2024. The left graph has higher values, peaking sharply in 2020. The right graph shows a moderate peak in 2021, with fluctuations throughout. Both have similar time frames.]
FIGURE 1
Changes in CK (A) and GPT (B) levels from 2017 to 2024. Reference values are 24–350 U/L for CK and 10–35 U/L for GPT. The horizontal white lines represent the reference values for the parameters.


During this period, the athlete, who was still asymptomatic, took part in a training study in which troponin T levels were measured. These showed intermittent minor increases up to 30 ng/L (reference <14 ng/L) on non-exercising days. Notably, the athlete’s troponin I level was permanently within normal range, and the electrocardiogram (ECG) showed sinus rhythm without ST-segment alteration or T-wave inversions. Subsequent transthoracic echocardiography revealed a normal biventricular ejection fraction and diastolic function. Only the lateral aspect of the right ventricular (RV) free wall showed some hypertrabeculation, but the RV did not display apical aneurysms or hypokinesia (Figures 2A–D).


[image: Four echocardiogram images are shown. The first two depict heart chambers in different orientations. The third shows a short-axis view of cardiac structures. The fourth image includes Doppler waveforms with velocity data in color-coded segments and numerical measurements on the side.]
FIGURE 2
Transthoracic echocardiography of the asymptomatic athlete. (A) Regular four-chamber view. (B) Right dominant four-chamber view showing a trabeculated free wall in the right ventricle. (C) Slight dilatation of the right ventricular outflow tract (a distance of 34 mm is represented by the dotted line) in this normally sized young woman. (D) Medial tissue Doppler imaging revealing regular velocity.


For verification, CMR imaging was conducted, which revealed LGE in the epicardial midventricular wall (length of 3 cm) (Figure 3A) and patchy inferolateral areas in the left ventricle (LV) (Figure 3B). No clinical history of infection had been reported. Equivalent radiological examinations were repeated thrice within the following 3 years, and these did not show any morphological progression of the LGE.


[image: Two MRI scans of a heart are shown. The left image highlights three arrows pointing to a specific area within the heart wall. The right image, in a higher contrast, displays similar arrows pointing to a distinct area on the heart wall, suggesting a focus on a particular aspect of heart tissue.]
FIGURE 3
Magnetic resonance imaging of the heart (short-axis views). LGE is displayed in the epicardial midventricular (A) and patchy inferolateral (B) areas. The arrows refer to the LGE.


During the placement of the venous cannula for the injection of the CMR contrast agent, the athlete fainted and showed asystole for 18 s, which was captured by Holter monitoring. No previous syncope or palpitations had been reported. During the regular follow-up period, Holter monitoring was added, which displayed short, non-sustained ventricular tachycardia during rest (Figure 4). As this was three-lead Holter monitoring, the origin of the tachycardia could not be located.


[image: The image shows an electrocardiogram (ECG) recording with three horizontal panels illustrating a brief episode of ventricular tachycardia (VT). The ECG waveform transitions from normal sinus rhythm with distinct P-QRS-T complexes to a rapid, wide-complex tachycardia labeled “VT”, followed by a series of six ventricular beats marked as “V” before returning to sinus rhythm. A duration of 2.2 seconds is noted for the arrhythmic event, and heart rate values are shown below each section. The image highlights the sudden onset and self-termination of VT.]
FIGURE 4
Holter monitoring showing short non-sustained ventricular tachycardia (six beats in red) at rest (confirmed by two independent electrophysiologists).


Moreover, for this athlete, we conducted an exercise challenge using exertional bicycle ergometry. No arrhythmia was induced until maximal exhaustion and a maximal performance of 230 W (peak heart rate 189 /min, 107% of predicted). The athlete’s resting CK level of 4,806 U/L increased to a post-exercise level of 5,662 U/L (reference <350 U/L). Troponin I levels were negative (below the 99th percentile) on both measurements, while troponin T measurements were not available. The athlete’s N-terminal prohormone of brain natriuretic peptide (NTproBNP) levels were within the normal range.

The case was discussed by an interdisciplinary panel of sports cardiologists, electrophysiologists, pediatric cardiologists, radiologists, and genetic experts. Taken together, the transient and disproportionate elevation of CK (attributed to peripheral muscular strain and underlying dystrophinopathy) (18) and increases during the exercise challenge confirmed peripheral muscular membrane instability in this athlete, who is an MDC. An elevation in the CK level >20.000 U/L following endurance training is not expected in a healthy individual and should raise suspicion for underlying muscular disease. The asystole detected in the CMR imaging was characterized as a neuro-cardiogenic syncope due to venous puncture. However, overall, the minor repetitive troponin T elevations and myocardial fibrosis in the CMR imaging, in combination with non-sustained ventricular tachycardia, were judged to be pathological, and cardiac involvement related to being MDC was considered plausible. Following a shared decision discussion, the athlete withdrew from competitive endurance sports participation and focused on recreational, low-intensity exercise.



5 Case #2: 19-year-old female recreational athlete participating in ice skating

A diagnosis of being an MDC was given to a female recreational athlete in ice skating (weekly exercise training duration of 10 h) at the age of 6 years (deletion of exons 49–50 in the dystrophin gene) due to repetitive bouts of muscle pain and increases in CK level above 5,000 U/L despite limiting exercise. Despite these intermittent muscle symptoms, participation in recreational sports was continued. However, starting at the age of 15 years, she had repeatedly reported to the emergency hospital unit due to thoracic pain. Electrocardiographic findings, as well as troponin T and NTproBNP levels, were always within normal ranges, while the athlete’s troponin I level was slightly elevated once at the age of 19 (peak 119 ng/L, reference <35 ng/L), with transthoracic echocardiography revealing preserved biventricular function (65% of LV ejection fraction, biplanar LVEF) without wall motion abnormalities and no signs of diastolic impairment at this time. Due to transient biomarker elevation, CMR imaging was performed at the age of 19 years. This revealed no acute injury or signs such as myocardial edema, but a positive LGE was observed at the inferolateral aspect of the left ventricle. Due to ongoing thoracic pain and exclusion of coronary anomalies on initial CMR imaging, a diagnosis of subacute myocarditis was made despite a lack of edema, and cessation of sports participation was recommended for at least 3 months according to current guidelines (19, 20).

The athlete was lost to follow-up for 1 year (between 19 and 20 years of age), but another echocardiogram, performed at the age of 20 years, showed a slight decline of biplanar LVEF to 58%. However, the athlete had normal diastolic function and no signs of structural heart disease (Figures 5A,B). Strain analysis showed that the athlete’s global longitudinal strain was within the normal range (−22.3%), with reduced values in the inferolateral, inferior, and inferoseptal areas (Figure 5C). Cardiac biomarkers (troponin and NTproBNP) were within the normal range. CMR imaging was performed again and showed reproducible, consistent LGE of the inferolateral wall without edema (Figure 6). However, LVEF had declined from 69% to 53% within 1 year (from age 19 to 20 years). The athlete had, of her own accord, resumed recreational sport activity between 19 and 20 years of age.


[image: Three-panel image showing cardiac-related visuals. The left panel is an ultrasound scan of the heart. The center panel displays a Doppler echocardiogram with color flow and a velocity graph, indicating a blood flow speed of 13.1 centimeters per second. The right panel is a bullseye chart with multiple red-shaded concentric circles and numerical values, possibly indicating heart strain or segmental speed metrics.]
FIGURE 5
Echocardiography of the recreational athlete (ice skating). (A) Four-chamber view on transthoracic echocardiography showing no signs of structural heart disease. (B) Medial tissue Doppler imaging demonstrating velocity within the normal range. (C) Bullseye display of the distribution of longitudinal strain, with more positive values depicting worse strain. This was demonstrated in the inferior, inferolateral, and inferoseptal regions, corresponding to the LGE on magnetic resonance imaging.



[image: Magnetic resonance imaging (MRI) scan showing a cross-sectional view of the heart. The image highlights two arrows pointing to areas of interest around the heart muscle, likely indicating regions of abnormality or concern. The surrounding tissue appears textured.]
FIGURE 6
Magnetic resonance imaging at follow-up showing inferolateral late gadolinium enhancement illustrated by arrows in a short-axis view, corresponding to regions of reduced strain in echocardiography.


As there was no sign of acute edema and negative cardiac biomarkers, exertional CPET was performed at the age of 20 years and showed no signs of arrhythmia at a good fitness level (3.0 W/kg, VO2peak 42.4 ml/kg/min, 116% of predicted), which was compatible with normal Holter monitoring. We observed no signs of circulatory limitations (peak oxygen pulse of 12.5 ml/beat, 133% of predicted, no plateauing; increase in end-tidal carbon dioxide of 11 mmHg during exercise). The regular increase in end-tidal carbon dioxide during exercise suggested adequate alveolar perfusion (together with preserved minute ventilation/ oxygen uptake) and diaphragmatic competency. However, retention of carbon dioxide during exercise could be an early sign of exercise-induced diaphragmatic insufficiency in muscular disease. Gas exchange was not disturbed (alveolar-arterial gradient at rest 22 and 18 mmHg at peak exercise), and there were no signs of ventilatory limitations during exercise (peak minute ventilation of 65.9 L, 110% of predicted; breathing reserve of 30%, slope of minute ventilation to carbon dioxide production of 29.8). During flow-volume registration, a slight decrease in inspiratory capacity (from 1.88 to 1.73 L) and an increase in end-expiratory lung volume (from 1.59 to 1.68 L) were observed but were not considered clinically relevant. However, given the fact that respiratory failure can occur during the course of the disease, follow-up CPET testing was recommended after 1 year. Unfortunately, we did not have CPET data from when the athlete was 19 years old or younger to correlate the exercise data with the athlete’s resting LVEF on echocardiogram and CMR imaging.

The data and clinical presentation were discussed by the interdisciplinary panel and were interpreted to be cardiac involvement in an MDC and a potential concomitant minor myocardial reaction to infection, rather than myocarditis. As maximal CPET was normal, clearance for recreational sports was given. However, as ice skating requires changes in concentric and eccentric muscle work and sudden bouts of higher intensity [with potential detrimental effects in dystrophinopathies (21, 22)], we counseled the athlete to switch to low-intensity, endurance exercise activities and short isometric resistance training, such as wall-sit exercises or planks. As the athlete’s repeated visits to the emergency unit did not reveal symptoms of acute pathology, reassurance and psychological support were offered. Given the fact that the athlete’s CK levels did fluctuate, non-cardiac thoraco-muscular involvement was viewed as possible but did not prompt exclusion from routine sports participation. We recommended a cardiological follow-up 6 months after the follow-up CMR imaging with resting and stress echocardiography, including strain analysis and CPET. Exercise testing is a valuable tool to assess cardiopulmonary function during exercise, but it can also be used to assess exercise-induced arrhythmias in individuals with potential cardiac involvement in muscular disease. Drug therapy was not initiated as the ejection fraction was above 50%, but this may need to be considered if there is a further decline in the athlete’s resting and stress-induced LVEF. In summary, in this case, cardiac involvement in muscular disease cannot be excluded, but in the absence of arrhythmias and manifest cardiopulmonary limitations, low-intensity recreational sports should be encouraged, provided cardiological follow-up examinations are conducted. It must be stated, however, that the differential diagnosis and optimal workup of athletes with suspected myocarditis remain unknown and require further prospective investigation (23, 24).



6 Discussion

Herein, we describe two rare cases of MDC athletes with potential cardiac involvement who participated in high-intensity sports at recreational and elite levels, respectively. In both cases, an interdisciplinary discussion led to exercise prescriptions that were based on expert rather than guideline recommendations. As no exercise studies on MDCs with cardiac involvement exist, these cases stress the importance of interdisciplinary cooperation. In the elite athlete, syncope (although most likely triggered by venous puncture), non-sustained ventricular tachycardia, and the morphological CMR imaging changes led to a recommendation to cease participation in competitive sports. In contrast, the recreational athlete was reassured that she could continue regular exercise, despite an obvious fear of life-threatening events and repetitive emergency unit consultations. We recommended that both athletes continue with regular sports cardiological follow-ups, low-intensity isometric resistance training, and endurance exercise below each individual’s anaerobic threshold. However, it must be acknowledged that these recommendations were not based on evidence from human studies but rather on a rational cardiological approach. There is no solid data on the effects of volume expansion (e.g., pregnancy or valvular heart disease) in MDCs, which may help delineate the effect of pressure and volume load on the heart and derive exercise recommendations. We hypothesize that a higher intensity could lead to more catecholaminergic stimulation, which may be a trigger for arrhythmias. However, it must be considered that low-intensity exercise also exerts cardiac stress and may, in the end, be proarrhythmogenic. We further hypothesize that the arrhythmogenic effect could include parameters such as loading conditions and exercise intensity, duration, and density. In general, health guidelines should be met by avoiding excessively long exposure to exercise and strenuous activities that increase one’s sympathetic tone. Clearly, more long-term (mechanistic and clinical) studies are needed to tailor safe exercise prescriptions in these rare cases.

As there is evidence from mouse studies that eccentric muscle work can be detrimental in patients with dystrophinopathies, we suggest low-intensity isometric resistance training without net changes in muscle length (22). However, the cellular effects of exercise on MDCs have not been studied; therefore, analogies have to be made from DMD models of the so-called “mdx mouse” with an inherent non-sense variant in exon 23 (25). Endurance exercise studies in this mouse model show conflicting results on the peripheral and cardiac muscles due to the large divergence of protocols in terms of exercise intensity, duration, and frequency (21). In humans, both inspiratory and expiratory muscle training have shown improvements in respiratory endurance (26), strength (27), and vital capacity (28) in patients with DMD.

There are equivocal data in DMD and non-existent data from among MDCs on the effect of different modes and durations of exercise on myocardial integrity. In patients with DMD, acute bouts of exercise, depending on the intensity and duration, can result in significantly higher levels of CK and myoglobin compared to healthy controls (29). These elevated CK levels may hinder physiological adaptations to exercise, potentially accelerating disease progression and increasing the risk of end-organ damage linked to excessive CK release, such as rhabdomyolysis. As it has been shown that dystrophin is responsive to eccentric muscle work and that molecular adaptations to heavy exercise differ among individuals (22), sports with a high component of eccentric muscle work may not be suitable for MDCs.

In our two cases, repeated elevations in CK and troponin levels were detected and cannot be attributed to strenuous exercise alone. Troponin elevation in athletes can occur following exercise training, while the amount of elevation depends on both the intensity and duration (30). A recent study of 219 elite endurance athletes showed that an elevated troponin I level is a common finding in response to intense training, whereas troponin T elevation did not seem to be directly linked to physical exertion. Thus, troponin T, although not cardio-specific, may be better suited to rule out cardiac damage in athletes (31). However, there is evidence that troponin T is non-specific in skeletal muscle disorders and does not allow the differentiation between skeletal and cardiac muscle involvement (32). Thus, cardiac biomarkers in athletes with muscular disease may be non-specific and need to be interpreted in the context of kinetics, exercise intensity, and volume (30, 31, 33, 34).

Apart from the assessment of cardiac biomarkers, our two cases demonstrated that repetitive cardiac imaging plays a crucial role in the preparticipation screening and risk stratification of athletes. The decision regarding the eligibility of patients with cardiomyopathies to continue exercise is often co-determined by CMR imaging. This, however, is sometimes difficult, as LGE is often found in asymptomatic athletes without peripheral muscle pathology. Therefore, positive LGE in some MDC patients cannot be exclusively linked to myocardial involvement. However, LGE can, in general, be seen as a pathological sign, even in otherwise healthy athletes, of the potential existence of underlying genetic disease. LGE can have an impact on decision-making for athletes, as non-ischemic scars have been associated with an increased burden of malignant arrhythmias (35), while LGE in MDCs may facilitate the development of heart failure at a considerably young age (3). However, no reports exist on whether maintenance of high-intensity endurance exercise further exacerbates this risk in MDCs. Focal LGE at the right ventricular hinge point is a common finding in athletes and is not associated with malignant arrhythmias (36, 37). In a study on 72 recreational endurance athletes (mean age of 53 years) and 20 physically active individuals (mean age of 56 years), LGE was demonstrated in 33% and 20%, respectively, while there was no difference in extracellular volume (ECV) between the groups. In 23% of all the cases, LGE was located within the hinge region (36). In 93 highly trained endurance athletes (>12 h training/week in the previous 5 years; mean age of 36 years; 53% male), LGE was more prominent in the right ventricular insertion points compared to 72 age- and gender-matched controls (37.6% vs. 2.8%). In those athletes with LGE, T1 mapping revealed higher ECV in remote areas compared to those without (27 ± 2.2% vs. 25.2 ± 2.1%) (37). Moreover, 74 marathon runners were studied using CMR imaging to analyze the pattern of fibrosis (n = 55 men, mean age of 44 years; 19 women, mean age of 36 years). The study found LGE in 11% of the male and 13% of the female runners, with more than 50% of the LGE being located within the hinge region (38). Apart from genetic predisposition and silent myocarditis, prolonged exercise-induced pressure overload through high-volume exercise training may lead to microinjuries, resulting in localized fibrosis of the right ventricular insertion points and the release of cardiac enzymes (19, 38). No CMR studies that include MDC athletes exist; thus, international registries should include athletes with rare diseases such as this.

We propose an approach that integrates the kinetics of CK and troponin (ideally by longitudinal observation of troponin I and T kinetics), morphological changes, Holter monitoring, and exercise stress testing (Graphical Abstract). However, the limited sensitivity of exercise testing to induce arrhythmias has to be acknowledged. We also highlight that clinical decisions in athletes need to consider that resting LVEF can be reduced in the absence of structural heart disease (39), and this warrants the inclusion of stress echocardiography and follow-up examination. The cases in this study also illustrate that although CMR imaging is necessary to exclude acute myocarditis, which would trigger a temporary exclusion from structured sports, LGE is non-specific and requires careful expert interpretation and follow-up. Thus, an approach that leads to an interdisciplinary discussion with athletes with complex diseases who desire to participate in elite and recreational sports is mandatory (Graphical Abstract). The long-term impact of high-performance (both long-duration and high-intensity) exercise on patients with muscular disease and its implications on their long-term prognosis have not been studied sufficiently (21, 22). Therefore, shared decision-making by an interdisciplinary team of experts in the field of sports medicine is warranted. This is supported by evidence that the molecular adaptations of dystrophin to exercise vary among individuals, with potential harm to the muscle in sports that predominantly involve eccentric work (22). In genetic carriers of cardiomyopathies, a preparticipation evaluation with 12-lead ECG, echocardiography, maximal stress testing, and (preferably 12-lead) Holter monitoring should be mandatory (40). It should be stressed that there may be an increased risk of sudden cardiac death in MDC athletes displaying LGE and non-sustained ventricular tachycardia, necessitating continued cardiological follow-up. Furthermore, referral for electrophysiological investigation in cases of non-sustained ventricular tachycardia and left ventricular LGE should be considered in genetic cardiomyopathies (41–43).

In addition, the role of genetics in risk stratification (i.e., genotype–phenotype correlation) remains unclear due to limited sample sizes. Reports of a higher symptom burden in MDCs with duplications rather than deletions should not influence clinical decision-making. The decision of whether a patient should undertake further sports participation at a high-performance level needs to be made carefully to avoid stigmatization of otherwise healthy young individuals, but also to reduce the risk of malignant arrhythmias in affected athletes and consider the potential risk of premature heart failure in such patients. Shared decision-making with the athlete is warranted to weigh the benefits and risks of different modes of exercise (21, 22, 35, 36). We emphasize that athletes with rare diseases, such as dystrophinopathies, but also electrical diseases (e.g., long QT syndrome), who are willing to perform regular training, should be included in international sports cardiology registries, and the results should be shared with the sports cardiology community.



7 Conclusion

We provide the cases of two MDC athletes with potential cardiac involvement that necessitated interdisciplinary discussions on treatment decisions and clearance for competitive sports. These discussions considered clinical, genetic, and functional findings and the kinetics of cardiac biomarkers. To gather more evidence for future decision-making, all athletes with rare diseases should be followed up in international registries.



Author contributions

SW: Conceptualization, Data curation, Methodology, Project administration, Supervision, Visualization, Writing – original draft, Writing – review & editing. TK: Data curation, Writing – original draft, Writing – review & editing. MH: Conceptualization, Supervision, Writing – original draft, Writing – review & editing. SM: Writing – original draft, Writing – review & editing. VS: Writing – original draft, Writing – review & editing. CA: Writing – original draft, Writing – review & editing. CMW: Writing – original draft, Writing – review & editing. CM: Visualization, Writing – original draft, Writing – review & editing. TT: Writing – original draft, Writing – review & editing. ID: Writing – original draft, Writing – review & editing. CH: Visualization, Writing – original draft, Writing – review & editing. RB: Writing – original draft, Writing – review & editing. MJH: Conceptualization, Writing – original draft, Writing – review & editing. SF: Conceptualization, Writing – original draft, Writing – review & editing. BW: Writing – original draft, Writing – review & editing. EM: Writing – original draft, Writing – review & editing. DSW: Conceptualization, Supervision, Visualization, Writing – original draft, Writing – review & editing.



Funding

The author(s) declare that no financial support was received for the research and/or publication of this article.



Conflict of interest

SW and EM have received honoraria for lectures from Bristol-Myers Squibb. SM has received personal fees from Bristol-Myers Squibb (consulting services). CMW receives honoraria from Novo Nordisk; is a consultant for Bristol-Myers Squibb, Rocket Pharmaceuticals, Day One Biopharmaceuticals, Inc., BioMarin Pharmaceuticals, Adrenomed AG, and Pliant Therapeutics; and has ownership in Preventive Therapeutics. MH reports honoraria for lectures from Abbott, Amgen, AstraZeneca, Boehringer-Ingelheim, BW, Bristol-Myers Squibb, Daiichi-Sankyo, Lilly, Medi, MSD Sharp & Dohme GmbH, Norsan, Novartis, Pfizer, and Roche, and consulting fees from Medical Park. DSW has received honoraria for lectures from Bristol-Myers Squibb, AstraZeneca, Boehringer-Ingelheim, and Alnylam.

The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Generative AI statement

The author(s) declare that no Generative AI was used in the creation of this manuscript.



Publisher's note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



References


	1. Mah JK, Korngut L, Dykeman J, Day L, Pringsheim T, Jette N. A systematic review and meta-analysis on the epidemiology of Duchenne and Becker muscular dystrophy. Neuromuscul Disord. (2014) 24(6):482–91. doi: 10.1016/j.nmd.2014.03.008


	2. Ishizaki M, Kobayashi M, Adachi K, Matsumura T, Kimura E. Female dystrophinopathy: review of current literature. Neuromuscul Disord. (2018) 28(7):572–81. doi: 10.1016/j.nmd.2018.04.005


	3. Kamdar F, Garry DJ. Dystrophin-deficient cardiomyopathy. J Am Coll Cardiol. (2016) 67(21):2533–46. doi: 10.1016/j.jacc.2016.02.081


	4. Darras BT, Urion DK, Ghosh PS. “Dystrophinopathies”. In: Adam MP, Feldman J, Mirzaa GM, Pagon RA, Wallace SE, Amemiya A, editors. GeneReviews®. Seattle, WA: University of Washington (2022). p. 1–36.


	5. GeneReviews. Seattle, WA: University of Washington (1993).


	6. Zhong J, Xie Y, Bhandari V, Chen G, Dang Y, Liao H, et al. Clinical and genetic characteristics of female dystrophinopathy carriers. Mol Med Rep. (2019) 19(4):3035–44. doi: 10.3892/mmr.2019.9982


	7. Lee SH, Lee JH, Lee KA, Choi YC. Clinical and genetic characterization of female dystrophinopathy. J Clin Neurol. (2015) 11(3):248–51. doi: 10.3988/jcn.2015.11.3.248


	8. Ahn AH, Kunkel LM. The structural and functional diversity of dystrophin. Nat Genet. (1993) 3(4):283–91. doi: 10.1038/ng0493-283


	9. Morris CA, Selsby JT, Morris LD, Pendrak K, Sweeney HL. Bowman-Birk inhibitor attenuates dystrophic pathology in mdx mice. J Appl Physiol (1985). (2010) 109(5):1492–9. doi: 10.1152/japplphysiol.01283.2009


	10. Alderton JM, Steinhardt RA. Calcium influx through calcium leak channels is responsible for the elevated levels of calcium-dependent proteolysis in dystrophic myotubes. J Biol Chem. (2000) 275(13):9452–60. doi: 10.1074/jbc.275.13.9452


	11. Hoogerwaard EM, van der Wouw PA, Wilde AA, Bakker E, Ippel PF, Oosterwijk JC, et al. Cardiac involvement in carriers of Duchenne and Becker muscular dystrophy. Neuromuscul Disord. (1999) 9(5):347–51. doi: 10.1016/S0960-8966(99)00018-8


	12. Hor KN, Taylor MD, Al-Khalidi HR, Cripe LH, Raman SV, Jefferies JL, et al. Prevalence and distribution of late gadolinium enhancement in a large population of patients with Duchenne muscular dystrophy: effect of age and left ventricular systolic function. J Cardiovasc Magn Reson. (2013) 15(1):107. doi: 10.1186/1532-429X-15-107


	13. Schade van Westrum SM, Hoogerwaard EM, Dekker L, Standaar TS, Bakker E, Ippel PF, et al. Cardiac abnormalities in a follow-up study on carriers of Duchenne and Becker muscular dystrophy. Neurology. (2011) 77(1):62–6. doi: 10.1212/WNL.0b013e318221ad14


	14. Norman A, Harper P. A survey of manifesting carriers of Duchenne and Becker muscular dystrophy in Wales. Clin Genet. (1989) 36(1):31–7. doi: 10.1111/j.1399-0004.1989.tb03363.x


	15. Comi LI, Nigro G, Politano L, Petretta VR. The cardiomyopathy of Duchenne/Becker consultands. Int J Cardiol. (1992) 34(3):297–305. doi: 10.1016/0167-5273(92)90028-2


	16. Hoogerwaard EM, Bakker E, Ippel PF, Oosterwijk JC, Majoor-Krakauer DF, Leschot NJ, et al. Signs and symptoms of Duchenne muscular dystrophy and Becker muscular dystrophy among carriers in the Netherlands: a cohort study. Lancet. (1999) 353(9170):2116–9. doi: 10.1016/S0140-6736(98)10028-4


	17. Nolan MA, Jones OD, Pedersen RL, Johnston HM. Cardiac assessment in childhood carriers of Duchenne and Becker muscular dystrophies. Neuromuscul Disord. (2003) 13(2):129–32. doi: 10.1016/S0960-8966(02)00197-9


	18. Mah ML, Cripe L, Slawinski MK, Al-Zaidy SA, Camino E, Lehman KJ, et al. Duchenne and Becker muscular dystrophy carriers: evidence of cardiomyopathy by exercise and cardiac MRI testing. Int J Cardiol. (2020) 316:257–65. doi: 10.1016/j.ijcard.2020.05.052


	19. Gaines RF, Pueschel SM, Sassaman EA, Driscoll JL. Effect of exercise on serum creatine kinase in carriers of Duchenne muscular dystrophy. J Med Genet. (1982) 19(1):4–7. doi: 10.1136/jmg.19.1.4


	20. Halle M, Binzenhöfer L, Mahrholdt H, Johannes Schindler M, Esefeld K, Tschöpe C. Myocarditis in athletes: a clinical perspective. Eur J Prev Cardiol. (2021) 28(10):1050–7. doi: 10.1177/2047487320909670


	21. Pelliccia A, Solberg EE, Papadakis M, Adami PE, Biffi A, Caselli S, et al. Recommendations for participation in competitive and leisure time sport in athletes with cardiomyopathies, myocarditis, and pericarditis: position statement of the sport cardiology section of the European Association of Preventive Cardiology (EAPC). Eur Heart J. (2019) 40(1):19–33. doi: 10.1093/eurheartj/ehy730


	22. Spaulding HR, Selsby JT. Is exercise the right medicine for dystrophic muscle? Med Sci Sports Exerc. (2018) 50(9):1723–32. doi: 10.1249/MSS.0000000000001639


	23. Piitulainen H, Kivelä R, Komi P, Kainulainen H, Kyröläinen H. Molecular adaptations of voltage-gated sodium ion channel related proteins after fatiguing stretch-shortening cycle exercise. Scand J Med Sci Sports. (2008) 18(5):636–42. doi: 10.1111/j.1600-0838.2007.00731.x


	24. Compagnucci P, Volpato G, Falanga U, Cipolletta L, Conti MA, Grifoni G, et al. Myocardial inflammation, sports practice, and sudden cardiac death: 2021 update. Medicina (Kaunas). (2021) 57(3):277. doi: 10.3390/medicina57030277


	25. Casella M, Gasperetti A, Compagnucci P, Narducci ML, Pelargonio G, Catto V, et al. Different phases of disease in lymphocytic myocarditis: clinical and electrophysiological characteristics. JACC Clin Electrophysiol. (2023) 9(3):314–26. doi: 10.1016/j.jacep.2022.10.004


	26. Zhang W, ten Hove M, Schneider JE, Stuckey DJ, Sebag-Montefiore L, Bia BL, et al. Abnormal cardiac morphology, function and energy metabolism in the dystrophic mdx mouse: an MRI and MRS study. J Mol Cell Cardiol. (2008) 45(6):754–60. doi: 10.1016/j.yjmcc.2008.09.125


	27. Topin N, Matecki S, Le Bris S, Rivier F, Echenne B, Prefaut C, et al. Dose-dependent effect of individualized respiratory muscle training in children with Duchenne muscular dystrophy. Neuromuscul Disord. (2002) 12(6):576–83. doi: 10.1016/S0960-8966(02)00005-6


	28. Gozal D, Thiriet P. Respiratory muscle training in neuromuscular disease: long-term effects on strength and load perception. Med Sci Sports Exerc. (1999) 31(11):1522–7. doi: 10.1097/00005768-199911000-00005


	29. Aldrich TK, Uhrlass RM. Weaning from mechanical ventilation: successful use of modified inspiratory resistive training in muscular dystrophy. Crit Care Med. (1987) 15(3):247–9. doi: 10.1097/00003246-198703000-00014


	30. Pöche H, Hopfenmüller W, Hoffmann M. Detection and identification of myoglobin in serum by immunoblotting. Effect of exercise on patients with Duchenne muscular dystrophy. Clin Physiol Biochem. (1987) 5(2):103–11.


	31. Li F, Hopkins WG, Wang X, Baker JS, Nie J, Qiu J, et al. Kinetics, moderators and reference limits of exercise-induced elevation of cardiac troponin T in athletes: a systematic review and meta-analysis. Front Physiol. (2021) 12:651851. doi: 10.3389/fphys.2021.651851


	32. Wuestenfeld JC, Kastner T, Hesse J, Fesseler L, Frohberg F, Rossbach C, et al. Differences in troponin I and troponin T release in high-performance athletes outside of competition. Int J Mol Sci. (2024) 25(2):1–10. doi: 10.3390/ijms25021062


	33. du Fay de Lavallaz J, Prepoudis A, Wendebourg MJ, Kesenheimer E, Kyburz D, Daikeler T, et al. Skeletal muscle disorders: a noncardiac source of cardiac troponin T. Circulation. (2022) 145(24):1764–79. doi: 10.1161/CIRCULATIONAHA.121.058489


	34. Lam L, Kyle C. Practical approaches to the detection of macrotroponin. Ann Clin Biochem. (2024) 61(2):122–32. doi: 10.1177/00045632231197301


	35. Salaun E, Drory S, Coté MA, Tremblay V, Bédard E, Steinberg C, et al. Role of antitroponin antibodies and macrotroponin in the clinical interpretation of cardiac troponin. J Am Heart Assoc. (2024) 13(12):e035128. doi: 10.1161/JAHA.123.035128


	36. Zorzi A, Perazzolo Marra M, Rigato I, De Lazzari M, Susana A, Niero A, et al. Nonischemic left ventricular scar as a substrate of life-threatening ventricular arrhythmias and sudden cardiac death in competitive athletes. Circ Arrhythm Electrophysiol. (2016) 9(7):e004229. doi: 10.1161/CIRCEP.116.004229


	37. Banks L, Altaha MA, Yan AT, Dorian P, Konieczny K, Deva DP, et al. Left ventricular fibrosis in middle-age athletes and physically active adults. Med Sci Sports Exerc. (2020) 52(12):2500–7. doi: 10.1249/MSS.0000000000002411


	38. Domenech-Ximenos B, Sanz-de la Garza M, Prat-González S, Sepúlveda-Martínez A, Crispi F, Duran-Fernandez K, et al. Prevalence and pattern of cardiovascular magnetic resonance late gadolinium enhancement in highly trained endurance athletes. J Cardiovasc Magn Reson. (2020) 22(1):62. doi: 10.1186/s12968-020-00660-w


	39. Ragab H, Lund GK, Breitsprecher L, Sinn MR, Muellerleile K, Cavus E, et al. Prevalence and pattern of focal and potential diffuse myocardial fibrosis in male and female marathon runners using contrast-enhanced cardiac magnetic resonance. Eur Radiol. (2023) 33(7):4648–56. doi: 10.1007/s00330-023-09416-3


	40. Claessen G, De Bosscher R, Janssens K, Young P, Dausin C, Claeys M, et al. Reduced ejection fraction in elite endurance athletes: clinical and genetic overlap with dilated cardiomyopathy. Circulation. (2024) 149(18):1405–15. doi: 10.1161/CIRCULATIONAHA.122.063777


	41. Zorzi A, D'Ascenzi F, Andreini D, Castelletti S, Casella M, Cavarretta E, et al. Interpretation and management of premature ventricular beats in athletes: an expert opinion document of the Italian Society of Sports Cardiology (SICSPORT). Int J Cardiol. (2023) 391:131220. doi: 10.1016/j.ijcard.2023.131220


	42. Dello Russo A, Compagnucci P, Casella M, Gasperetti A, Riva S, Dessanai MA, et al. Ventricular arrhythmias in athletes: role of a comprehensive diagnostic workup. Heart Rhythm. (2022) 19(1):90–9. doi: 10.1016/j.hrthm.2021.09.013


	43. Dello Russo A, Compagnucci P, Zorzi A, Cavarretta E, Castelletti S, Contursi M, et al. Electroanatomic mapping in athletes: why and when. An expert opinion paper from the Italian Society of Sports Cardiology. Int J Cardiol. (2023) 383:166–74. doi: 10.1016/j.ijcard.2023.05.013






OPS/images/fcvm-12-1606994-g004.jpg
(1 e

| 114 [125 | 76 76





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Cardiac involvement in female elite athletes with carrier status of Duchenne muscular dystrophy

		1 Introduction



		2 Genetics and pathophysiology of dystrophinopathies



		3 Cardiac involvement in dystrophinopathies



		4 Case #1: 24-year-old female elite athlete participating in cross-country skiing



		5 Case #2: 19-year-old female recreational athlete participating in ice skating



		6 Discussion



		7 Conclusion



		Author contributions



		Funding



		Conflict of interest



		Generative AI statement



		Publisher's note



		References



















OPS/images/fcvm-12-1606994-g005.jpg
&4

ANT-SEPT

+Mod E" Vmax 1!1cmls
Eimed E






OPS/images/fcvm-12-1606994-g006.jpg





OPS/images/fcvm-12-1606994-g001.jpg
500
20000 {

250
uL

2017 2018 2019 2021 2022 2023 2024

Timeframe.

2017

2018

2019

2021

Timeframe.

2023

2024





OPS/images/fcvm-12-1606994-g002.jpg





OPS/images/fcvm-12-1606994-g003.jpg
p

/y







OPS/images/cover.jpg
, frontiers ‘ Frontiers in Cardiovascular Medicine

Cardiac involvement in female
elite athletes with carrier status of
Duchenne muscular dystrophy








OPS/images/crossmark.jpg
(®) Check for updates.





OPS/images/logo.jpg
& frontiers | Frontiers in Cardiovascular Medicine





OPS/images/fcvm-12-1606994-ga001.jpg
Clinical

History Biomarkers

Imaging Genetics

ECG + Holter Monitoring Stress Testing

Interdisciplinary






