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Abstract
Background
Duchenne muscular dystrophy (DMD), an X-linked disorder affects approximately 1 in 5000 males, is universally associated with heart disease. We previously identified myocardial disease by late gadolinium enhancement (LGE) in DMD subjects at various stages of disease, but the true prevalence is unclear. Cardiovascular magnetic resonance (CMR) is well established for both assessment of ventricular function and myocardial fibrosis by LGE. We sought to establish i) prevalence and distribution of LGE in a large DMD population and ii) relationship among LGE, age, LVEF by CMR and current living status.

Methods
Current living status, demographic and CMR data including ventricular volumes, LVEF and LGE from 314 DMD patients undergoing evaluation at a single large tertiary referral center were analyzed.

Results
113 of 314 (36%) of DMD subjects showed LGE positivity with prevalence increasing from 17% of patients <10 years to 34% of those aged 10–15 years and 59% of those >15 years-old. Patients with LVEF ≥55% were LGE positive in 30% of cases; this increased to 84% for LVEF <55%. LGE was more prevalent in the free wall (531/1243, 42.7%) vs. septal segments (30/565, 5.3%). Patients with septal involvement were significantly older and had lower LVEF than those with isolated free wall LGE. Ten percent (11/113) patients who had LGE died 10.8 months after CMR. Only one patient from the LGE negative group died. Patients who died had higher heart rate, larger left ventricular volume and mass, greater number of positive LGE segment and increase incident of septal LGE compared to those who remained alive.

Conclusion
In DMD patients, LGE occurs early, is progressive and increases with both age and decreasing LVEF. Segmentally, the incidence of the number of positive LGE segments increase with age and lower LVEF. Older patients and those who died during the study period had more septal LGE involvement. The current studies suggest that the time course and distribution of LGE-positivity may be an important clinical biomarker to aid in the management of DMD-associated cardiac disease.
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SSFPSteady state free precession
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Background
Duchenne muscular dystrophy (DMD), an X-linked recessive disorder affecting approximately 1 in 5000 males is the most common inherited muscular dystrophy [1–3]. The disease results from mutations in the gene for dystrophin, a sarcolemmal protein, that is abundant in both cardiac and skeletal muscle [4]. Typically, progressive skeletal muscle weakness results in loss of ambulation between 7 and 13 years of age [5, 6]. Corticosteroids and supportive respiratory devices [7–11] have improved motor and respiratory outcomes, resulting in DMD-associated cardiac disease as the leading cause of death typically in the second to third decade of life [8, 12, 13]. DMD-associated cardiac disease is progressive and ultimately results in global ventricular systolic dysfunction, often with minimal ventricular dilation [14]. End-stage cardiac pathology includes cardiomyocyte hypertrophy, atrophy and fibrosis [15–17].
Fibrosis of the left ventricle in DMD has been observed at autopsy [15, 17] and during cardiovascular magnetic resonance (CMR) with late gadolinium enhancement (LGE) [18, 19]. LGE appears to be associated with late stages of the disease [19] but the true prevalence of LGE and its relationship to disease state, e.g. age at CMR and left ventricular ejection fraction (LVEF), is uncertain. The purpose of the current study was to establish the prevalence of LGE across a large DMD population with broad age range and to correlate LGE with severity of DMD associated cardiac disease as characterized by LVEF and living status.

Methods
Study population
Current living status as of December 2012 and demographic data were analyzed from records of DMD patients who underwent clinical CMR studies including LGE between September 2005 and September 2012 at a single large tertiary referral center. Only patients with a known diagnosis of DMD confirmed by a skeletal muscle biopsy showing absent dystrophin and/or DNA analysis demonstrating a characteristic dystrophin mutation in all patients. The Institutional Review Board at Cincinnati Children’s Hospital approved the study.

Cardiac magnetic resonance imaging protocols and data analysis
CMR was conducted either on a Siemens 3 Tesla Trio (Siemens Medical Solutions, Malvern, PA/Erlangen, Germany), Philips 3 Tesla Achieva (Philips Healthcare, Andover, MA) or on a 1.5 Tesla GE Signa Excite (General Electric Healthcare; Milwaukee, WI). Machine type was based solely on clinical availability, independent of the patient’s clinical status. Cardiac functional imaging was performed using a standard retrospective ECG-gated, segmented steady state free precession (SSFP) technique and includes a short axis stack of cine SSFP images from cardiac base to apex as previously described [20, 21]. Typical scan parameters included FOV = 32–38 cm, slice thickness = 5–6 mm, NEX = 2 (breath hold; 4–5 for free breathing), TE/TR = 1.4/2.8 (Siemens), TE/TR = 2.0/4.0 (GE), in-plane resolution = 1.2– 2.2 mm. A minimum of 12 slices were performed. The typical temporal resolution of the cine SSFP images was 30–40 ms and was adjusted according to the patient’s heart rate and ability to breath-hold. The RF flip angles were set between 50°–70° dependent on the patient weight, height and the SAR level. Left ventricular volumes, mass and LVEF were assessed via standard planimetry techniques using semi-automated computer software (QMASS v.6.1.5, Medis Medical Imaging Systems, Netherlands) [20, 21]. LGE status, ventricular volumes, mass, and EF along with subject demographic data were tabulated for each subject, and then exported to a spreadsheet file for off-line analysis.
LGE imaging was performed via a FLASH inversion sequence recovery protocol 5–8 minutes after 0.2 mmol/kg) gadolinium-based contrast agent injection as previously described [22, 23]. The LGE sequence was independently analyzed by a single expert reader (KNH) blinded to the clinical report. LGE was deemed negative or positive globally at the base, mid-ventricle and apex as well as in each of 16 myocardial segments by visual rating [24] (Figure 1). At our center it is a standard of practice to report the presence of LGE using the modified 16-segment model which is exactly the same method we used for this study. The primary reader (KNH) independently reviewed all CMR studies for the presence of LGE without knowing the LGE status of the clinical report. For intra- and interobserver variability, the clinical LGE description from a subset of 60 randomly selected CMR studies from each of the primary reader (KNH) and a second CMR cardiologist (MDT) (30 LGE negative and 30 LGE positive studies) were reviewed.[image: A12968_2013_Article_3364_Fig1_HTML.jpg]
Figure 1Examples of LGE by CMR. (Top Panel) 12 year old DMD patient with no LGE (dark myocardium), (Middle Panel) 8.5 year old DMD patient with LGE in the free wall only (bright areas shown by yellow arrows) and (Bottom Panel) 18 year old DMD patient LGE involving multiple segments including the septum (bright areas shown by red arrows).





Statistical methods
Study results are expressed as mean ± SD for continuous data and as percentages and numbers for categorical data. Continuous variables were compared using two-sample t-test and categorical variables were compared using Fisher exact-test. LGE data were classified as being positive or negative and analyzed using a logistic regression model to estimate the odds ratio (OR) and 95% confidence interval (CI) between the patient aged: 10–15 years and > 15 years as compared to the reference age group of < 10 years. Similar model was used to estimate the OR (95% CI) between the LVEF of subjects with LVEF < 55% compared to those with LVEF ≥ 55%. Segments were summarized across the above age and LVEF groups. All tests were 2-sided, and a p-value < 0.05 was considered statistically significant. SAS version 9.2 (SAS Institute Inc., Cary, NC) was used for all analyses.


Results
Patient stratification
A total of 330 males, ages 6 to 28 years, with DMD underwent clinical CMR evaluation during the study period (Table 1). 16 subjects were excluded due a lack of intravenous access. Patients were dichotomized as LGE negative and LGE positive if any LV myocardial segment showed LGE positivity; 113/314 (36%) subjects were deemed LGE positive. LGE was always distributed in the sub-epicardial region and spares the sub-endocardium region. LGE-negative patients were younger than LGE positive patients (11.8 ± 3.4 vs. 15.2±5.1 years, p < 0.0001). Heart rate did not differ between the two groups but height; weight and BSA were higher in the LGE positive patients as expected based on older age. LVEF was lower and indexed left ventricular end-diastolic volume (LVEDV/BSA) and mass (LVM/BSA) were significantly larger for LGE positive compared to LGE negative patients suggesting more advanced heart disease (Table 1). Of the patients that were LGE positive, 11/113 (10%) died during the study period. Patients who died during the study period were older (19.5 ± 5.9 vs 14.7 ± 4.8 years, p = 0.003), had higher heart rates (110 ± 21 vs 96 ± 13.9 bpm, p = 0.003), larger ventricular volume (128.2 ±46.2 vs 73.1 ± 16.9 mL/m2, p < 0.0001), ventricular mass (69 ± 11.8 vs 51 ± 12.5 g/m2, p < 0.0001), lower LVEF (32 ±13.9 vs 59.7 ± 7.5 percent, p < 0.0001) and greater number of positive LGE segments (9.6 ± 4.2 vs 4.5 ± 2.4, p < 0.0001) compared to those who remained alive (Table 2). When compared to the clinical reports of the 60 randomly selected CMR reports from the primary reader ( KNH) and 60 clinical reports from a second cardiologist (MDT), there was 100% agreement with the primary reader’s (KNH) clinical LGE findings and the LGE findings later performed for the study. Likewise, there was 100% agreement between the clinical LGE findings of the second cardiologist (MDT) and the LGE findings later performed by the primary reader (KNH).Table 1
                          Demographic and CMR findings between LGE negative and LGE positive patient groups
                        


	Patient groups
	LGE negative (n = 201)
	LGE positive (n = 113)
	P-value

	Age (years)
	11.8 ± 3.4 (6–28)
	15.2 ± 5.1 (7–32)
	<0.0001

	Heart rate (bpm)
	100.8 ± 14.1 (55–143)
	98 ± 15.7 (48–149)
	0.056

	BSA (m2)
	1.2 ± 0.33 (0.8-2.6)
	1.4 ± 0.3 (0.9-2.4)
	<0.0001

	Height (cm)
	135.5 ± 16.9 (108–191)
	147.3 ± 16.8 (117–191)
	0.0004

	Weight (kg)
	42 ± 19.2 (19–136)
	52 ± 18.1 (24–106)
	<0.0001

	LVEF (%)
	64.8 ± 5.4 (35–78)
	57 ± 11.6 (17–79)
	<0.0001

	LVEDV/BSA (mL/m2)
	67.9 ± 13.9 (31–107)
	76.9 ± 26.4 (35–207)
	0.0004

	LVM/BSA (g/m2)
	46.3 ± 9.9 (24–78)
	51.7 ± 13.2 (29–109)
	<0.0001


Abbreviations: BPM Beat Per Minute, BSA Body Surface Area, CM Centimeter, CMR Cardiac Magnetic Resonance Imaging, DMD Duchenne Muscular Dystrophy, g gram, kg Kilogram, LGE Late Gadolinium Enhancement, LVEF Left Ventricular Ejection Fraction, LVEDV Left Ventricular End-Diastolic Volume, LVM Left Ventricular Mass, mL Milliliter, m2 Meter Square, n Number of patients.


Table 2
                          CMR findings and living status in DMD patients
                        


	Patient groups
	Alive (n = 102)
	Not alive (n = 11)
	P-value

	Age (years)
	14.7 ± 4.8*
	19.5 ± 5.9
	0.003

	Heart rate (bmp)
	96 ± 13.9*
	110 ± 21
	0.003

	CMR to death (months)
	N/A
	10.8 ± 8.5
	N/A

	LVEF (%)
	59.7 ± 7.5*
	32 ±13.9
	<0.0001

	LVEDV/BSA (mL/m2)
	73.1 ± 16.9*
	128.2 ±46.2
	<0.0001

	LVM/BSA (g/m2)
	51 ± 12.5*
	69 ± 11.8
	< 0.0001

	NPS with LGE
	4.5 ± 2.4*
	9.6 ± 4.2
	<0.0001

	Segments with LGE (%)
	455/1632 (28%)
	106/176 (60%)
	N/A

	Septal LGE (%)
	13/510 (2.5%)
	17/55 (31%)
	N/A


Abbreviations: BMP Beats per minute, CMR Cardiac Magnetic Resonance Imaging, DMD Duchenne Muscular Dystrophy, LGE Late Gadolinium Enhancement, LVEF Left Ventricular Ejection Fraction, LVEDV/BSA Left Ventricular End-Diastolic Volume Indexed to Body Surface Area, LVM/BSA Left Ventricular Mass Indexed to Body Surface Area, g/m2 Grams Per Meter Square, mL Milliliter, NPS Number of Positive Segments, *Indicates Statistical Significance.



Patients were stratified into groups based on age (<10 years old, 10–15 years old and >15 years) and normal LVEF (≥ 55%) or reduced LVEF (< 55%) (Table 3). Among patients <10 years old 17% were LGE positive, this increased to 34% for those 10–15 year old and to 59% for those > 15 year old. Age was very strongly associated with presence of LGE with an odds ratio of 2.6 (age 10–15 years) and 7 (age > 15 years). In patients with LVEF ≥55% LGE positivity was seen in 30% but with LVEF < 55% this number increased to 84%. LVEF was a powerful predictor of presence of LGE with an odds ratio of 12.3 for those with LVEF < 55% (Table 3).Table 3
                          CMR Findings between LGE negative and LGE positive DMD patient compared to age and LVEF
                        


	Parameters
	# Patients
	LGE negative
	LGE positive
	NPS with LGE
	Odds ratio (95% CI)
	P value

	Age < 10 years
	83
	69 (83%)
	14 (17%)
	4.4 ± 3.0
	1.0
	-------

	Age 10–15 years
	149
	98 (66%)
	52 (34%)
	4.8 ± 2.5
	2.6 (1.3-5.0)
	< 0.006

	Age > 15 years
	82
	34 (41%)
	48 (59%)
	5.9 ± 3.3
	7.0 (3.4-14.3)
	< 0.0001

	LVEF ≥ 55%
	277
	195 (70%)
	82 (30%)
	4.1 ± 2.4
	1.0
	-------

	LVEF < 55%
	37
	6 (16%)
	31 (84%)
	7.8 ± 3.4
	12.3 (4.9-30.6)
	< 0.0001


Abbreviations: # Number, CI Confidence Interval, CMR Cardiac Magnetic Resonance Imaging, DMD Duchenne Muscular Dystrophy, LGE Late Gadolinium Enhancement, LVEF Left Ventricular Ejection Fraction, NPS Number of Positive Segments.



A multivariable model with LVEF (<55 versus ≥55 percent) as the main clinical outcome using a logistic model was performed. An un-adjusted model with +/-LGE in the model as a covariate which resulted in estimated OR for +/-LGE of 12.3 (95% CI 4.9, 30.6; p < 0.0001 and c-statistic = 77%) in predicting reduced EF was performed. Then age (as continuous variable) was added into the model resulted in an adjusted OR for +/-LGE of 7.6 (95% CI 2.9, 19.7; p < 0.0001 and c-statistic = 85%) in predicting reduced EF. Similar analysis using +/-septal LGE as a covariate in the model and LVEF as the main clinical outcome was conducted and this resulted in un-adjusted estimated OR for +/-septal LGE of 7.0 (95% CI 2.3, 21.1; p = 0.0006 and c-statistic = 64%) in predicting reduced EF. Then age (as continuous variable) was added into the model with resulted in an adjusted OR for +/-septal LGE of 5.2 (95% CI 1.6, 16.5; p = 0.0059 and c-statistic = 78%) in predicting reduced EF.

LGE has a regional distribution
Figure 2 shows a plot of age and LVEF for each patient (LGE-negative shown in blue and LGE-positive shown in red). To quantify a segmental analysis of LGE, we analyzed studies of 113 patients that were LGE positive. The number of LGE positive segments was associated older age and lower LVEF (Figure 3A-B). Of the 1808 segments analyzed, 565 were septal segments and 1243 were free wall segments. For each CMR study, the number of LGE positive segments ranged from 1 to 13 (Figure 3A-B). In subjects < 10 years of age, mean number of LGE positive segments was 4.4±3.0. This increased to 4.8±2.5 for subjects 10–15 years of age and 5.9±3.3 LGE positive segments for subjects >15 years old. For subjects with LVEF ≥ 55%, mean number of LGE positive segments was 4.1±2.4 versus 7.8±3.4 LGE positive segment for LVEF > 55% (Table 3). Overall, LGE was more prevalent in the free wall segments compared to the septal segments 42.7% (531/1243) versus 5.3% (30/565). At the base and mid-ventricle LGE was most prevalent in anterolateral (n = 190), inferolateral (n = 165) and inferior segments (n = 54) and less common in the anterior segment (n = 26). Of the septal segments, the anteroseptal segment (n = 17) was more commonly affected than the inferoseptal segment (n = 5). At the apical level, the findings are similar with the lateral segments (n = 58) most commonly affected compared to the inferior (n = 19) and anterior (n = 19) segments and apical septal segment least affected (n = 8) (Figure 4).[image: A12968_2013_Article_3364_Fig2_HTML.jpg]
Figure 2Scatter graph of LVEF versus age. The LVEF of LGE negative (blue diamonds) and LGE positive (red square) patients are plotted against age demonstrating LGE was associated with older age and lower LVEF.



[image: A12968_2013_Article_3364_Fig3_HTML.jpg]
Figure 3Scatter plot of number of LGE positive segment versus age and LVEF. Scatter Plot of the Number of LGE positive segment compared to age (A) and LVEF (B). The number of LGE positive segments was associated older age and lower LVEF.



[image: A12968_2013_Article_3364_Fig4_HTML.jpg]
Figure 4Global and segmental LGE. (A) LGE was more prevalent in the free wall segments (red) compared to the septal segments (gray) 42.7% (531/1243) versus 5.3% (30/565). (B) Segmentally, free wall segments (red) were more commonly affected with LGE than the septal segments (gray).





Predictors of Septal vs. Isolated Free Wall LGE
Septal LGE-positivity was never found in isolation and only in association with LGE positivity in other free wall segments. Patients with septal LGE involvement were older than those without septal LGE involvement (18.3 ± 5.5 vs 14.6 ± 4.9, p =0.006), though heart rate and BSA were not statistically different between the two groups. Among patients age < 10 years (n = 14) the incidence of septal LGE was 7.1% (95% CI, 0.18 – 33.8), for those age 10–15 years (n = 51) the incidence of septal LGE of 7.8% (95% CI, 2.2-18.9) and increased to 25% (95% CI, 13.6 – 39.6) for patients > 15 years of age (n = 48) (Table 4). The number of total positive LGE segments was greater when LGE was evident in the septum (4.2 ± 2.2 versus 9.4 ± 3.1, p < 0.0001). Furthermore, septal LGE was associated with greater indexed left ventricular end-diastolic volume (111.2 ± 44.1 versus 72.7 ± 17.1, p < 0.0001) and left ventricular mass (61.1 ± 15.2 versus 51.3 ± 12.7, p = 0.006) as well as lower LVEF (42.6 ± 16.9 versus 59.5 ± 8.3, p < 0.0001) at the time of CMR (Table 4). Patients who died during the study period not only have greater number of LGE positive segments, the percent of segments with LGE was higher with 106/176 (60%) vs455/1632 (28%) and had more septal involvement 17/55 (31%) vs 13/510 (2.5%) compared to those who remained alive during the study period (Table 2).Table 4
                          CMR findings between patients with no septal LGE and those with septal LGE involvement
                        


	Patient groups
	No septal involvement (n = 96)
	Septal involvement (n = 17)
	P-value

	Age (years)
	14.6 ± 4.9*
	18.3 ± 5.5
	0.006

	Heart rate (bmp)
	97.5 ± 16.7
	97.3 ± 7.9
	0.97

	BSA (m2)
	1.4 ± 0.32
	1.5 ± 0.29
	0.22

	LVEF (%)
	59.5 ± 8.3*
	42.6 ±16.9
	<0.0001

	LVEDV/BSA (mL/m2)
	72.7 ± 17.1*
	111.2 ±44.1
	<0.0001

	LVM/BSA
	51.3 ± 12.7*
	61.1 ± 15.2
	0.006

	NPS with LGE
	4.2 ± 2.2*
	9.4 ± 3.1
	<0.0001

	Age < 10 years (n = 14)
	--------------
	7.1% (95% CI, 0.18-33.9)
	0.001

	Age 10 – 15 years (n = 51)
	--------------
	7.8% (95% CI, 2.2-18.9)
	<0.0001

	Age > 15 years ( n = 48)
	--------------
	25.0% (95% CI, 13.6-39.6)
	0.0005


Abbreviations: BSA Body Surface Area, BMP Beats per minute, CI Confidence Interval, CMR Cardiovascular Magnetic Resonance, LGE Late Gadolinium Enhancement, LVEF Left Ventricular Ejection Fraction, LVEDV Left Ventricular End-Diastolic Volume, LVM Left Ventricular Mass, mL Milliliter, m2 Meter Square, n Number of patients, NPS Number of Positive Segments, * = P value (<0.05) is significant.





Discussion
This is the first study to establish prevalence and distribution of LGE in a large DMD population and to establish the relationship to age and LVEF. The major finding of this study is that in DMD patients, LGE-positivity, an established indicator of injured or fibrotic myocardium, is more prevalent with increasing age and decreasing LVEF. This is not unexpected as observations in other forms of heart disease, e.g. ischemic, hypertrophic and dilated cardiomyopathies as well as aortic valve disease, suggest that LGE-positivity is associated with worse outcomes, likely representing common end stage process regardless of underlying disease pathogenesis [25–33]. In addition, the cohort of patients that died during the study period not only have greater number of positive LGE segments but greater percent of septal LGE involvement associated with increase heart rate, left ventricular volume, mass and ejection fraction. Further, findings in the patients we studied suggest that the distribution of LGE, i.e. free wall only vs free wall plus septal may be indicative of heart disease severity.
The presence of LGE was initially reported in 8 boys with DMD by Silva et al. [18]. Subsequently, Puchalski et al. reported 74 patients with DMD, 32% had LGE involving the posterobasal region of the LV in a subepicardial distribution [19]; they reported that more advanced DMD-associated heart disease correlated to the presence of LGE in the inferior and left lateral free wall with transmural fibrous replacement. Results of the current study confirm that boys with LGE-positivity were significantly older and had lower LVEF than those without LGE. However, we report for the first time an association of global and segmental LGE with age and EF. The youngest DMD patient in our cohort to have LGE was 7.6 years age despite normal LVEF which indicates that DMD-associated heart disease in the form of LGE can occur before age 10 years of age. Walcher et al. analyzed a small number of female carriers and affected males (7 patients in total) and concluded that LGE is present prior to the onset of global left ventricular dysfunction [34]. Bilchick et al. evaluated the prevalence and distribution of regional scar on dysfunctional myocardial segments in a small DMD patient population (16 patients) and concluded that overall scar prevalence in inferior, inferolateral and anterolateral segments was eight times higher than in inferoseptal, anteroseptal and anterior segments [35, 36]. Our study demonstrated a similar distribution of LGE but in a considerably larger cohort, notably the largest, of DMD CMR exams.
The finding of LGE, a measure of cardiac fibrosis and progressive cardiac disease in DMD boys, is intuitively expected but the natural history has been poorly characterized with regards to the age of onset and association with LV systolic dysfunction. DMD results from mutation in the gene for the protein dystrophin. Dystrophin provides a structural link between the cytoskeleton and the extracellular matrix, and mutations result in greatly reduced or absent dystrophin resulting in a loss of cell membrane integrity. A long-standing hypothesis regarding DMD disease pathogenesis implicates loss of membrane integrity as a primary event leading to degeneration of myocytes. Intermittent tears in the cell membrane permit influx of calcium that leads to a destructive cascade culminating in myocyte necrosis, inflammation, and fibrosis [37–39]. These processes are ongoing in early stages of disease, but a cumulative effect is required for clinical detection by LGE using CMR.
While the mechanism of myocardial injury in DMD remains somewhat speculative, Mavrogeni et al. reported on a population of 20 patients with DMD and found that6 patients were LGE positive; LGE positive patient, 4 had CMR (STIR-T2 weighted imaging) evidence of myocarditis. All 6 patients with LGE had histologic evidence of myocarditis and rapid deterioration of LVEF was noted in those patients in 1 year follow up CMR [40, 41]. Wansapura et al. demonstrated increase in the heterogeneity of T2 signal with increasing age and decreasing LVEF, likely representing micro fibrosis (shortening T2) coexisting with tissue edema (prolonging T2) [42]. In a novel therapeutic approach to DMD in a murine DMD model, Rafael-Fortney et al. showed marked reduction in myocardial fibrosis with the use of lisinopril and spironolactone [43]. The ability to quantify myocardial fibrosis noninvasively in humans using LGE-CMR suggests it may be a useful biomarker endpoint for therapeutic clinical trials.
Study limitations
This was a retrospective study and as a result is subject to accepted limitations of this design. There is no correlation with LGE findings with medications such time on steroid and ACE inhibition, however patients are typically on steroid by age 5 years and typically remain on the steroid regimen for life. ACE inhibition is typically added by age 10 years or when there are signs of left ventricular dysfunction is evident by echocardiogram and independent of LGE findings. Although we have mortality data the numbers were small and since all patients died out of the hospital, we do not have the cause of death. The purpose was to define the natural history of LGE presence in the DMD population; future studies should focus on correlations with clinical outcomes (such as hospitalization and heart failure classification) and genotype-phenotype correlations. It is acknowledged that this would be valuable information and warrants additional future investigation. In addition, the data was accrued from a single center which could be seen as a limitation or a strength as it facilitated consistent image acquisition and interpretation. Only qualitative assessment of LGE is available for this study. We found it difficult to perform quantitative assessment of LGE in our patient population using either threshold or full width at half maximum (FWHM) methods, nature of the disease and epicardial LGE location bordering on epicardial fat compared to those reported in ischemic heart disease. T1 mapping, an emerging technique for characterization of the myocardial extracellular space, was not used in this work and warrants ongoing evaluation in DMD cardiomyopathy [44].


Conclusions
This study documents evidence of scar burden at an age earlier than has been previously described for DMD-associated cardiac disease [45]. As such, these findings alter our understanding of DMD cardiac manifestations as it was previously felt that the myocardium was rarely affected by fibrosis prior to the age of 10 years [10, 11]. Evaluation of the myocardium by CMR to document the presence of LGE may have important implications for the ongoing management of boys with DMD. We speculate that in future studies, LGE may prove to be a useful biomarker and could serve as the outcome of therapeutic strategies to assess utility of antifibrotic agents such as spironolactone or eplerenone to alter the natural history of DMD-associated cardiac disease [43, 46, 47].

Acknowledgements
We like to thank Amy Tipton and Kathleen Lao for organizing and downloading the images for the research. This manuscript is dedicated to the memory of William G. Gottliebson.

References
1.
Rodino-Klapac LR, Mendell JR, Sahenk Z: Update on the treatment of Duchenne muscular dystrophy. Curr. Neurol. Neurosci. Rep. 2013, 13 (3): 332-CrossRefPubMed

2.
Online Mendelian Inheritance in Man, OMIM®. Baltimore, MD: Johns Hopkins University, MIM Number: {300377}: {11/28/12}: World Wide Web URL: http://​www.​omim.​org/​

3.
Emery AE: Population frequencies of inherited neuromuscular diseases–a world survey. Neuromuscul. Disord. 1991, 1 (1): 19-29. 10.1016/0960-8966(91)90039-U.CrossRefPubMed

4.
Hoffman EP, Brown RH, Kunkel LM: Dystrophin: the protein product of the Duchenne muscular dystrophy locus. Cell. 1987, 51 (6): 919-28. 10.1016/0092-8674(87)90579-4.CrossRefPubMed

5.
Fischmann A, et al: Quantitative MRI and loss of free ambulation in Duchenne muscular dystrophy. J. Neurol. 2012, 260 (4): 969-74.CrossRefPubMed

6.
Vuillerot C, et al: Monitoring changes and predicting loss of ambulation in Duchenne muscular dystrophy with the motor function measure. Dev. Med. Child Neurol. 2010, 52 (1): 60-5. 10.1111/j.1469-8749.2009.03316.x.CrossRefPubMed

7.
Bushby K, et al: Report on the 124th ENMC International workshop. Treatment of Duchenne muscular dystrophy; defining the gold standards of management in the use of corticosteroids. 2–4 April 2004, Naarden, The Netherlands. Neuromuscul. Disord. 2004, 14 (8–9): 526-34.CrossRefPubMed

8.
Eagle M, et al: Survival in Duchenne muscular dystrophy: improvements in life expectancy since 1967 and the impact of home nocturnal ventilaton. Neuromuscul. Disord. 2002, 12: 926-9. 10.1016/S0960-8966(02)00140-2.CrossRefPubMed

9.
Abbott D, Carpenter J, Bushby K: Transition to adulthood for young men with Duchenne muscular dystrophy: research from the UK. Neuromuscul. Disord. 2012, 22 (5): 445-6. 10.1016/j.nmd.2012.02.004.CrossRefPubMed

10.
Bushby K, et al: Diagnosis and management of Duchenne muscular dystrophy, part 2: implementation of multidisciplinary care. Lancet Neurol. 2010, 9 (2): 177-89. 10.1016/S1474-4422(09)70272-8.CrossRefPubMed

11.
Bushby K, et al: Diagnosis and management of Duchenne muscular dystrophy, part 1: diagnosis, and pharmacological and psychosocial management. Lancet Neurol. 2010, 9 (1): 77-93. 10.1016/S1474-4422(09)70271-6.CrossRefPubMed

12.
Markham LW, Spicer RL, Cripe LH: The heart in muscular dystrophy. Pediatr. Ann. 2005, 34 (7): 531-5.CrossRefPubMed

13.
Schram G, et al: All-cause mortality and cardiovascular outcomes with prophylactic steroid therapy in Duchenne muscular dystrophy. J. Am. Coll. Cardiol. 2013, 61 (9): 948-54. 10.1016/j.jacc.2012.12.008.CrossRefPubMed

14.
Mazur W, et al: Patterns of left ventricular remodeling in patients with Duchenne muscular dystrophy: a cardiac MRI study of ventricular geometry, global function, and strain. Int. J. Cardiovasc. Imaging. 2012, 28 (1): 99-107. 10.1007/s10554-010-9781-2.CrossRefPubMed

15.
Moriuchi T, et al: Autopsy analyses of the muscular dystrophies. Tokushima J. Exp. Med. 1993, 40 (1–2): 83-93.PubMed

16.
Perloff JK, Henze E, Schelbert HR: Alterations in regional myocardial metabolism, perfusion, and wall motion in Duchenne muscular dystrophy studied by radionuclide imaging. Circulation. 1984, 69 (1): 33-42. 10.1161/01.CIR.69.1.33.CrossRefPubMed

17.
Frankel K, Rosser R: The pathology of the heart in progressive muscular dystrophy: epimyocardial fibrosis. Hum. Pathol. 1976, 7: 375-86. 10.1016/S0046-8177(76)80053-6.CrossRefPubMed

18.
Silva MC, et al: Myocardial delayed enhancement by magnetic resonance imaging in patients with muscular dystrophy. J. Am. Coll. Cardiol. 2007, 49 (18): 1874-9. 10.1016/j.jacc.2006.10.078.CrossRefPubMed

19.
Puchalski MD, et al: Late gadolinium enhancement: precursor to cardiomyopathy in Duchenne muscular dystrophy?. Int. J. Cardiovasc. Imaging. 2009, 25 (1): 57-63. 10.1007/s10554-008-9352-y.PubMedCentralCrossRefPubMed

20.
van der Geest RJ, et al: Comparison between manual and semiautomated analysis of left ventricular volume parameters from short-axis MR images. J. Comput. Assist. Tomogr. 1997, 21 (5): 756-65. 10.1097/00004728-199709000-00019.CrossRefPubMed

21.
van der Geest RJ, Reiber JH: Quantification in cardiac MRI. J. Magn. Reson. Imaging. 1999, 10 (5): 602-8. 10.1002/(SICI)1522-2586(199911)10:5<602::AID-JMRI3>3.0.CO;2-C.CrossRefPubMed

22.
Kim RJ, et al: Relationship of MRI delayed contrast enhancement to irreversible injury, infarct age, and contractile function. Circulation. 1999, 100 (19): 1992-2002. 10.1161/01.CIR.100.19.1992.CrossRefPubMed

23.
Kim RJ, et al: The use of contrast-enhanced magnetic resonance imaging to identify reversible myocardial dysfunction. N. Engl. J. Med. 2000, 343 (20): 1445-53. 10.1056/NEJM200011163432003.CrossRefPubMed

24.
Cerqueira MD, et al: Standardized myocardial segmentation and nomenclature for tomographic imaging of the heart. A statement for healthcare professionals from the Cardiac Imaging Committee of the Council on Clinical Cardiology of the American Heart Association. Int. J. Cardiovasc. Imaging. 2002, 18 (1): 539-42.PubMed

25.
Herrmann S, et al: Low-gradient aortic valve stenosis myocardial fibrosis and its influence on function and outcome. J. Am. Coll. Cardiol. 2011, 58 (4): 402-12. 10.1016/j.jacc.2011.02.059.CrossRefPubMed

26.
Dweck MR, et al: Midwall fibrosis is an independent predictor of mortality in patients with aortic stenosis. J. Am. Coll. Cardiol. 2011, 58 (12): 1271-9. 10.1016/j.jacc.2011.03.064.CrossRefPubMed

27.
Ho CY, et al: Myocardial fibrosis as an early manifestation of hypertrophic cardiomyopathy. N. Engl. J. Med. 2010, 363 (6): 552-63. 10.1056/NEJMoa1002659.PubMedCentralCrossRefPubMed

28.
O’Hanlon R, et al: Prognostic significance of myocardial fibrosis in hypertrophic cardiomyopathy. J. Am. Coll. Cardiol. 2010, 56 (11): 867-74. 10.1016/j.jacc.2010.05.010.CrossRefPubMed

29.
Wu KC, et al: Prognostic significance of microvascular obstruction by magnetic resonance imaging in patients with acute myocardial infarction. Circulation. 1998, 97 (8): 765-72. 10.1161/01.CIR.97.8.765.CrossRefPubMed

30.
Bruder O, et al: Myocardial scar visualized by cardiovascular magnetic resonance imaging predicts major adverse events in patients with hypertrophic cardiomyopathy. J. Am. Coll. Cardiol. 2010, 56 (11): 875-87. 10.1016/j.jacc.2010.05.007.CrossRefPubMed

31.
Wu KC, et al: Late gadolinium enhancement by cardiovascular magnetic resonance heralds an adverse prognosis in nonischemic cardiomyopathy. J. Am. Coll. Cardiol. 2008, 51 (25): 2414-21. 10.1016/j.jacc.2008.03.018.PubMedCentralCrossRefPubMed

32.
Assomull RG, et al: Cardiovascular magnetic resonance, fibrosis, and prognosis in dilated cardiomyopathy. J. Am. Coll. Cardiol. 2006, 48 (10): 1977-85. 10.1016/j.jacc.2006.07.049.CrossRefPubMed

33.
Azevedo CF, et al: Prognostic significance of myocardial fibrosis quantification by histopathology and magnetic resonance imaging in patients with severe aortic valve disease. J. Am. Coll. Cardiol. 2010, 56 (4): 278-87. 10.1016/j.jacc.2009.12.074.CrossRefPubMed

34.
Walcher T, et al: Detection of long-term progression of myocardial fibrosis in Duchenne muscular dystrophy in an affected family: a cardiovascular magnetic resonance study. Eur. J. Radiol. 2011, 80 (1): 115-9. 10.1016/j.ejrad.2010.07.005.CrossRefPubMed

35.
Bilchick KC, et al: Prevalence and distribution of regional scar in dysfunctional myocardial segments in Duchenne muscular dystrophy. J. Cardiovasc. Magn. Reson. 2011, 13: 20-10.1186/1532-429X-13-20.PubMedCentralCrossRefPubMed

36.
Bilchick KC, et al: Cardiac magnetic resonance assessment of dyssynchrony and myocardial scar predicts function class improvement following cardiac resynchronization therapy. JACC Cardiovasc. Imaging. 2008, 1 (5): 561-8. 10.1016/j.jcmg.2008.04.013.PubMedCentralCrossRefPubMed

37.
Fong PY, et al: Increased activity of calcium leak channels in myotubes of Duchenne human and mdx mouse origin. Science. 1990, 250 (4981): 673-6. 10.1126/science.2173137.CrossRefPubMed

38.
Rando TA: Oxidative stress and the pathogenesis of muscular dystrophies. Am. J. Phys. Med. Rehabil. 2002, 81 (11 Suppl): S175-86.CrossRefPubMed

39.
Parsons SA, et al: Genetic disruption of calcineurin improves skeletal muscle pathology and cardiac disease in a mouse model of limb-girdle muscular dystrophy. J. Biol. Chem. 2007, 282 (13): 10068-78. 10.1074/jbc.M609368200.PubMedCentralCrossRefPubMed

40.
Mavrogeni S, et al: Myocardial inflammation in Duchenne muscular dystrophy as a precipitating factor for heart failure: a prospective study. BMC Neurol. 2010, 10: 33-10.1186/1471-2377-10-33.PubMedCentralCrossRefPubMed

41.
Mavrogeni S, Papavassiliou A, Cokkinos DV: Myocarditis in a patient with Duchenne muscular dystrophy detected by cardiovascular magnetic resonance and cardiac biopsy. Int. J. Cardiol. 2009, 132 (3): e123-4. 10.1016/j.ijcard.2007.10.015.CrossRefPubMed

42.
Wansapura JP, et al: Left ventricular T2 distribution in Duchenne muscular dystrophy. J. Cardiovasc. Magn. Reson. 2010, 12 (1): 14-10.1186/1532-429X-12-14.PubMedCentralCrossRefPubMed

43.
Rafael-Fortney JA, et al: Early treatment with lisinopril and spironolactone preserves cardiac and skeletal muscle in duchenne muscular dystrophy mice. Circulation. 2011, 124 (5): 582-8. 10.1161/CIRCULATIONAHA.111.031716.PubMedCentralCrossRefPubMed

44.
Iles L, et al: Evaluation of diffuse myocardial fibrosis in heart failure with cardiac magnetic resonance contrast-enhanced T1 mapping. J. Am. Coll. Cardiol. 2008, 52 (19): 1574-80. 10.1016/j.jacc.2008.06.049.CrossRefPubMed

45.
Jefferies JL, et al: Genetic predictors and remodeling of dilated cardiomyopathy in muscular dystrophy. Circulation. 2005, 112 (18): 2799-804. 10.1161/CIRCULATIONAHA.104.528281.CrossRefPubMed

46.
Li JS, et al: The efficacy and safety of the novel aldosterone antagonist eplerenone in children with hypertension: a randomized, double-blind, dose–response study. J. Pediatr. 2010, 157 (2): 282-7. 10.1016/j.jpeds.2010.02.042.CrossRefPubMed

47.
Rossignol P, et al: Eplerenone survival benefits in heart failure patients post-myocardial infarction are independent from its diuretic and potassium-sparing effects. Insights from an EPHESUS (Eplerenone Post-Acute Myocardial Infarction Heart Failure Efficacy and Survival Study) substudy. J. Am. Coll. Cardiol. 2011, 58 (19): 1958-66. 10.1016/j.jacc.2011.04.049.CrossRefPubMed



Competing interests
The authors declare that they have no competing interests.

Authors’ contributions
KNH, WM and DWB contributed to all aspects of the manuscript conception, design, data analysis, collection, critical revision and final approval. MDT, SVR and LHC participated in the design and coordination of the study and helped to draft the manuscript. HRA provided statistical support and helped to draft the manuscript. JLJ and ROD helped draft, reviewed and revised the manuscript. All authors read and approved the final manuscript.


OEBPS/sidebar.gif





OEBPS/A12968_2013_Article_3364_Fig2_HTML.jpg
# LGE Negative
 LGE Positive

.
.
! .
SEepEEeE Sl
[
.
s M M M M M M M <
] E g g E H] g g 3

(%) uonoer,] uoroalyg

350

300

250

200

150

100

50

o0

Age (Years)





OEBPS/A12968_2013_Article_3364_Fig4_HTML.jpg
30/365
(5.3%)





OEBPS/A12968_2013_Article_3364_Fig1_HTML.jpg





OEBPS/contact.gif





OEBPS/A12968_2013_Article_3364_Fig3_HTML.jpg
Age (Years)

.
7 .
. ] $ =
5 5 3
. 1 » . =
e eof i H i . i . .
H 13 1 -
- . » .
. 0 ~ 5o . -
. s T . "
. .« = P . LA
. - 15 .
: % om ow . 5 v
r.
3 O
i : o 3 B o
l s L . 20 -
.
T T T T T T T T o
2 s 6 7 8 8 w0 M 12 4 s & 7 8 8 ® m
B Number of LGE Positive Segments

Number of LGE Positive Segments






