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Abstract

BACKGROUND: Clinical management of boys with Duchenne muscular dystrophy (DMD) 

relies on in depth understanding of cardiac involvement, but right ventricular (RV) structural and 

functional remodeling remains understudied.

PURPOSE: To evaluate several analysis methods and identify the most reliable one to measure 

RV pre- and post-contrast T1 (RV-T1) and to characterize myocardial remodeling in the RV of 

boys with DMD.

STUDY TYPE: Prospective.

POPULATION: Boys with DMD (N=27) and age-/sex-matched healthy controls (N=17) from 

two sites.

FIELD STRENGHT/SEQUENCE: 3.0T using balanced steady state free precession (bSSFP), 

motion-corrected phase sensitive inversion recovery and modified Look-Locker inversion recovery 

(MOLLI) sequences.

ASSESSEMENT: Biventricular mass (Mi), end-diastolic volume (EDVi) and ejection fraction 

(EF) assessment, tricuspid annular excursion (TAE), late gadolinium enhancement (LGE), pre- and 
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post-contrast myocardial T1 maps. The RV-T1 reliability was assessed by three observers in four 

different RV regions of interest (ROI) using intra-class correlation (ICC).

STATISTICAL TESTS: The Wilcoxon rank sum test was used to compare RV-T1 differences 

between DMD boys with negative LGE(–) or positive LGE(+) and healthy controls. Additionally, 

correlation of pre-contrast RV-T1 with functional measures was performed. A p value <0.05 was 

considered statistically significant.

RESULTS: A one-pixel thick RV circumferential ROI proved most reliable (ICC>0.91) for 

assessing RV-T1. Pre-contrast RV-T1 was significantly higher in boys with DMD compared to 

controls. Both LGE(–) and LGE(+) boys had significantly elevated pre-contrast RV-T1 compared 

to controls (1543[1489–1597]ms and 1550[1402–1699]ms vs. 1436[1399–1473]ms, respectively). 

Compared to healthy controls, boys with DMD had preserved RVEF (51.8(9.9)% vs. 54.2(7.2)%, 

p=0.31) and significantly reduced RVMi (29.8(9.7)g vs. 48.0(15.7)g), RVEDVi (69.8(29.7)mL/m2 

vs. 89.1(21.9)mL/m2), and TAE(22.0(3.2)cm vs 26.0(4.7)cm). Significant correlations were found 

between pre-contrast RV-T1 and RVEF (β=–0.48%/ms) and between LV-T1 and LVEF (β=–

0.51%/ms).

DATA CONCLUSION: Pre-contrast RV-T1 is elevated in boys with DMD compared to healthy 

controls and is negatively correlated with RVEF.

Keywords

Duchenne muscular dystrophy; Cardiomyopathy; Cardiovascular magnetic resonance; Late 
gadolinium enhancement; Myocardial remodeling; T1-mapping

INTRODUCTION

Duchenne muscular dystrophy (DMD) is an X-linked genetic muscular disorder that 

develops in 1 out of 5,000 boys(1, 2) and causes progressive muscle damage. Boys with 

DMD first exhibit skeletal muscle weakness. This is followed by respiratory dysfunction 

and progressive decline in heart function by early adulthood(3), which are the leading 

causes of death in DMD.(4, 5) Currently, the impact of respiratory insufficiency on right 

ventricle (RV) function remains incompletely understood, but may accelerate the rate of 

cardiac disease progression in DMD.(4–6) Hence, imaging-based detection of changes in 

RV structure and function may allow for the timely initiation of respiratory support, as well 

as cardioprotective and perhaps more advanced gene therapies.(3)

Magnetic resonance imaging (MRI) is an established tool in the clinical management of 

DMD.(7) MRI allows for the detection of both functional and tissue microstructure changes 

in this high-risk patient cohort,(3) providing reliable measures of RV and left ventricular 

(LV) volumes, mass, strain, and ejection fraction (EF). Late gadolinium enhancement (LGE) 

MRI reveals changes in tissue microstructure, such as the presence of DMD-associated 

focal fibrosis in the sub-epicardium.(8, 9) The presence of LGE is the current reference 

standard to monitor tissue remodeling in DMD, but it cannot detect diffuse disease patterns 

and the qualitative assessment of LGE is operator dependent.(10) Diffuse disease is better 

studied using myocardial pre-contrast T1 mapping, which is a quantitative, non-invasive 

method for the evaluation of diffuse microstructural remodeling in boys with DMD.(11–13) 
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Furthermore, the combination of pre- and post-contrast T1 mapping allows estimation of the 

extracellular volume (ECV) fraction.(11, 14, 15)

Currently, CMR imaging in DMD focuses on the LV. However, ongoing efforts to 

understand cardiac involvement in DMD focus on the propensity to develop biventricular 

failure.(4, 6) In a retrospective DMD patient cohort (n=272), a significant moderate 

correlation (r=0.62) was found between RV and LV EF; however, in the seven patients 

with severe LV dysfunction (LVEF<30%), RVEF was relatively preserved (49.7±12.9%). 

While the RVEF did decline at later stages, the decline in RV function was not noted during 

early stages of disease.(16) In addition, the RV fibrosis has not been well-studied in DMD 

patients.

Assessment of RV fibrosis in the pediatric population is difficult owing to the thin-wall 

and high trabeculation, which makes the analysis more technically challenging and time 

consuming. T1 mapping offers a quantitative analysis approach that has demonstrated an 

elevated T1 value in the LV even during early stages of DMD.(13) Reports in the RV of boys 

with DMD, however, are lacking. Hence, methods to reliably evaluate pre-contrast RV-T1 as 

well as RV-ECV are needed to quantify myocardial remodeling in DMD.

Therefore, the aims of this study were: (1) to evaluate several methods and to identify a 

reliable methodology to assess RV-T1 and RV-ECV; and (2) to compare RV-T1 and RV-ECV, 

presence of LGE, increased ventricular volumes, and decreased EFs as methods of assessing 

cardiac disease progression in boys with DMD.

MATERIALS AND METHODS

Ethics and study population

Boys with DMD (N=27) and age-matched healthy controls (N=17) were prospectively 

enrolled for this study at 3T (Skyra, Siemens Healthcare, Erlangen, Germany). One 

additional boy with DMD was enrolled but could not complete the T1 mapping of the exam, 

due to patient discomfort. The multi-center study was approved by the IRB and parental 

written consent and subject assent were obtained. Boys with DMD were recruited from 

neuromuscular clinics at two children’s hospitals and healthy controls from the community. 

On the day of the MRI exam, all boys with DMD were administered a hematocrit test for the 

calculation of subject specific ECV.

MRI exam

All detailed acquisition parameters are summarized in Table 1.

Cardiac function

The exam included standard functional imaging using a free-breathing retrospectively 

binned balanced steady state free precession (bSSFP) cine sequence.(17) All cine imaging 

spanned the entire heart from base to apex using short-axis slices. Vertical and horizontal 

long axis (VLA, HLA) views were also acquired.
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T1 mapping

Two pre-contrast and post-contrast myocardial T1 maps (Scan-1 and Scan-2) were acquired 

in separate breath holds during diastasis for a single mid-ventricular short-axis slice with 

a motion-corrected (MOCO) modified Look-Look inversion recovery (MOLLI) sequence,

(18) as described previously.(13) Contrast (Gd-BOPTA, MultiHance, Bracco Diagnostics) 

was administered (0.1mmol/kg) only to boys with DMD, followed by LGE imaging and 

post-contrast T1 mapping (at 18±6.1 min).

LGE—LGE imaging was acquired using a free-breathing motion corrected phase sensitive 

inversion recovery (PSIR) sequence (19) in the short-axis view spanning base to apex.

Image Analysis

Functional Evaluation: Three clinicians (**, **, and **, with 12, 8, 8, years of 

experience) performed RV and LV volumetry (Circle, Cardiovascular Imaging Inc. or 

Medis, Cardiovascular Imaging) using the short-axis cine images. Measured parameters 

included: LVEF, RVEF, LV and RV end-systolic and end-diastolic volumes (LVESVi, 

LVEDVi) and LV and RV mass (LVMi, RVMi), indexed by body surface area (BSA). 

Trabeculations were included in the measurement of chamber volume and excluded from 

the RV mass. The thresholds used to distinguish normal from decreased systolic function 

were: LVEF≥55% and RVEF≥50%.(20) Additionally, the tricuspid annular excursion (TAE) 

was used to manually measure RV longitudinal motion (total systolic displacement the right 

atrioventricular groove in the HLA view) (21). HLA cines were not available in all boys, so 

TAE was only available in 19/27 DMD and 10/17 healthy controls.

LGE Evaluation: The presence or absence of LGE was assessed by ** and ** according 

to the AHA 17-segment model, where the presence of LGE in one segment was noted as 

LGE(+) and absence of any LGE was considered LGE(–).

Pre-contrast T1 Evaluation: Grey-scale pre-contrast T1 maps were generated according 

to Maforo et al. 2020(13) and used to define the regions of interest (ROI) (see Figure 1). 

In order to establish the most reliable method to measure T1 in the RV, we evaluated four 

ROIs: one pixel (1px = 1.9 mm) and three pixel (3px = 5.7 mm) thick ROIs along the 

RV circumference, a segment within the RV lateral wall, and a segment within the RV 

inferior wall. All RV ROIs were delineated, avoiding blood pool and epicardial fat. The 3px 

circumferential ROI was dilated based on the delineation of the 1px ROI and might include 

surrounding blood or fat. Blood pool T1 measurements were obtained for the RV and LV, 

excluding papillary muscles and trabeculations.

Relative Pre-contrast T1: T1 from one ROI in a segment of the LV lateral wall and another 

ROI in a segment of the septal wall provided an intra-subject reference. We then computed 

the RV-T1 difference with respect to the interventricular septum (ΔRVSep), the LV (ΔRVLV), 

as well as between the LV and the septum (ΔLVSep).

Extracellular volume fraction: Image registration was done (15) and with knowledge of 

patient’s hematocrit pixelwise ECV calculated.(13)
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Quality Assessment of RV-T1: In order to establish a reliable method of RV-T1 mapping, 

we compared all four RV ROIs. ROIs were drawn repeatedly for all subjects by one 

researcher (O1a=**, O1b=**) and two clinicians (O2=**, O3=**). Furthermore, the 

definition of the region of interests was repeated for both scans (Scan-1, Scan-2) by the 

first observer. The observers included all images in the analysis for which the bounds of the 

RV myocardium were distinguishable from surrounding tissue. The feasibility of analysis 

was calculated as percentage of included images from the total number of available images.

The criteria for a reliable ROI ordered by priority were: (A) high intra-scan, intra- and 

inter-observer intra-class correlation coefficient (ICC > 0.90); (B) an acceptable number 

of pixels (>20 pixels);(14, 22) (C) coefficient of variation (COV < 10% across all pixels 

in ROI) (23); and (D) a feasibility of analysis above 75%. The criteria were applied to 

the healthy cohort and consequently the most reliable ROI was used in further analyses. 

Repeatability was reported for both groups.

Statistical analysis

The subjects were divided into the three groups: boys with DMD that were LGE(+) or 

LGE(–), and healthy controls. Demographic, inter-center, and functional differences were 

assessed using the Wilcoxon rank-sum test. Values were reported as median (interquartile 

range) accounting for the small number of patients. Summary statistics of T1 and ECV 

for each ROI were extracted as mean ± standard deviation values. A p-value < 0.05 was 

considered significant.

Quality assessment of RV-T1—For both groups, intra-class correlation coefficients 

(ICC) were reported for intra-scan repeatability (Scan-1, Scan-2) and for the intra-observer 

agreement (O1a, O1b). Additionally, we reported the bias (μ) and the limits of agreement 

(LOA) of the Bland-Altman method.(24) Agreement among readers (O1, O2, O3) was 

assessed by ICC from a mixed-effects model with the reader as a fixed effect and the subject 

as a random effect.

Group-wise comparison—For comparisons of repeated measurements of T1 values 

between groups, mean measurement per group and 95% confidence intervals were estimated 

and adjusted for clustering within subject. Univariate comparisons of pre-contrast T1 

measurements between groups were made with a Wilcoxon rank-sum test adjusted for 

clustering. Prediction of DMD status (control vs. LGE(–), and control vs. LGE(+) using 

RV-T1 was tested using a logistic regression with RVM and body mass index (BMI) as 

covariates, adjusted for clustering.

Correlation with established methods—Disease progression in DMD patients was 

investigated using a correlation analysis of RV-T1 and lateral LV-T1 to predict low LVEF, 

low RVEF, high LVEDVi, high RVEDVi, and the presence of LGE.
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RESULTS

Study population

Compared to healthy controls, boys with DMD had significantly faster heart rates and were 

shorter, hence they had larger BMI and smaller BSA (Table 2). DMD LGE(+) boys had 

significantly lower heart rates compared to DMD LGE(–) boys. The LGE(+) boys with high 

RV-T1, stratified by median, were on average 8[2] years older than the LGE(+) boys with 

low RV-T1 (see supporting information). Boys recruited across the two centers were not 

different with respect to prevalence of DMD or LGE, BMI, age, HR, or RVM. None of the 

boys with DMD required ventilation and three were still ambulatory.

Functional metrics

Standard functional measurements for the LV and RV were compared between subgroups 

(Table 2). LVEF was significantly reduced in boys with DMD (50.1(11.7)% vs. 57.9(5.8)%, 

p <0.05) compared to healthy controls, while LVMi (46.1(16.0)g vs. 56.7(29.6)g, p=0.85) 

was preserved. Boys with DMD had preserved RVEF (51.8(9.9)% vs 54.2(7.2)%, 

p=0.31.), but significantly reduced RVMi (29.8(9.7)g vs. 48.0(15.7)g, p<0.05) and RVEDVi 

(69.8(29.7)mL/m2 vs. 89.1(21.9)mL/m2, p<0.05) compared to healthy controls. Within the 

DMD group, 29% had normal LVEF and RVEF; 32% had low LVEF, but normal RVEF; 7% 

had low RVEF and normal LVEF; and 32% had low LVEF and RVEF. Furthermore, boys 

with DMD also showed significantly lower TAE (22.0(3.2)mm vs. 26.0(4.7)mm, p<0.05) 

compared to healthy controls. DMD LGE(+) boys had significantly higher LVEDVi, higher 

LVESVi and lower LVEF compared to LGE(–) boys (all p<0.05, see Table 2).

Quality assessment of RV-T1

The 1px circumferential ROI was the most reliable to assess RV-T1 values based on values 

obtained in healthy boys (Figure 2). The number of pixels in the 1px and 3px ROIs 

was 65px and 196px, respectively, while in the RV lateral and inferior segment ROIs the 

average number was 23px and 25px (equivalent to 0.72cm2 in our study). Mean RV-T1 was 

significantly elevated (p<0.05) with respect to LV-T1 in all RV ROIs, except the inferior 

wall segment. In the lateral wall segment, the coefficient of variation was the smallest 

(6.0%), but this was at the expense of low inter-observer agreement (ICC=0.60) (see Table 

3). In boys with DMD, intra-scan, intra-observer, and inter-observer agreement was highest 

for the 1px ROI (Table 3, see Table 1 in the supporting information for data in healthy 

boys). Considering the high reproducibility, we focus on reporting measurements for the 

circumferential 1px ROI, bearing in mind the elevated coefficient of variation of 13.4% 

(above suggested 10%) in this ROI.

Pre-contrast RV-T1

Circumferential 1px RV-T1 was 108ms higher in boys with DMD compared to controls 

(p<0.05) (Figure 3A). In the univariate analysis, 1px RV-T1 in LGE(–) boys was 

significantly higher compared to controls, but not LGE(+) boys (p=0.19) (Figure 3B). 

Accounting for RVM and BMI in the multivariate model, the 1px RV-T1 predicted LGE(+) 

boys from healthy controls (OR=1.03, 95% CI: 1.01–1.06, p<0.05; Table 4). In all boys, the 
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pre-contrast 1px RV-T1 was significantly higher than pre-contrast LV-T1. LV-T1 in LGE(+) 

boys compared to healthy controls was significantly elevated in the lateral wall and in the 

septum (Table 4).

Relative measure of pre-contrast RV-T1

The septal T1 measurement was similar across groups (Figure 3C). ΔRVLV-T1 in LGE(–) 

boys was significantly different compared to controls (Figure 3D). Univariate comparison 

revealed no difference comparing ΔRVSep-T1 across groups. However, the use of ΔRVSep-T1 

to distinguish between LGE(−) boys with DMD and controls by logistic regression was 

significant (OR=1.02, 95% CI: 1.01–1.04, p<0.05; Table 4). Furthermore, for ΔRVSep-T1 we 

found a significant difference (p<0.05) between the model predicting LGE(–) and LGE(+) 

from controls. ΔRVLV-T1 was significantly different for LGE(–) and LGE(+) boys compared 

to controls (both p<0.05; Table 4).

Correlation of pre-contrast RV-T1 and disease measures

Circumferential RV-T1 was negatively correlated with RVEF and LV-T1 was negatively 

correlated with LVEF (Figure 4). Both RV-T1 and LV-T1 were positively correlated with 

LVEDVi. RV-T1 and LV-T1 were not significantly different (p=0.12 and p=0.57) in their 

correlation with RVEF and LVEF respectively. There was a significant difference in LV-T1 

between the LGE(–) and LGE(+) group (1335(70) ms vs. 1409(76) ms, p<0.05), but not 

for RV-T1 (1502(78.08) ms vs. 1531(173.8) ms, p-value=0.92). The inter-quartile range of 

RV-T1 was increased for the LGE(+) compared to all other groups.

Extra-cellular volume fraction

The agreement across scans and observers of RV-ECV was high and comparable to the 

reliability of pre-contrast RV T1 (see Table 2 in supporting information); interobserver 

agreement exhibited was >0.90 for both 1px and 3px RV circumferential ROIs. We did not 

find a significant difference between LGE(–) boys compared to LGE(+) boys in RV-ECV in 

the 1 px ROI (44.4[39.9 – 48.9]% vs. 41.1[32.0 – 47.2]%, p=0.9).

DISCUSSION

The main finding of this study is that pre-contrast RV-T1 is elevated in boys with DMD 

compared to healthy controls and is negatively correlated with RVEF. Furthermore, the 

results show that RV-T1 can be measured reliably using a 1-pixel thick line along the 

circumference of the RV, establishing a novel, reliable methodology for T1-mapping in the 

RV.

The use of circumferential 1px RV-T1 proved to be a reliable method to measure T1 in the 

thin wall of the RV in this pediatric study cohort. It resulted in a consistent mean RV-T1, 

constitutes a good tradeoff between size and COV, and most importantly was reliable across 

scans, readings, and observers. The current clinical consensus is that measurement of RV-T1 

is not recommended, because breath-held parametric techniques are thought to insufficiently 

resolve the thin RV wall from the blood pool.(22, 25) A study assessing RV post-contrast 

T1 in adolescents (13.4±2.8 years) found elevated post-contrast T1 values (392±72 ms vs. 
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333±62 ms, p<0.05) in the anterior RV wall of patients with Tetralogy of Fallot compared 

to healthy controls at 1.5T.(26) he RV-circumferential method has the advantage of including 

on average three times more pixels, contributing to a more reliable estimate. The results of 

our study show that RV-T1 is clinically feasible using MRI at 3T if measured along the 

1px circumference. Care should be taken when interpreting RV lateral and inferior wall 

segments because the absence of clear landmarks results in high observer variability. Future 

work should address variability of the RV-T1 along lateral and inferior parts of the 1px 

circumference.

The clinical interpretation of T1 mapping values currently requires institutional standards 

owing to the variability in T1 measurements between scanners and centers.(22) ECV has 

been suggested as a more reliable marker of diffuse fibrosis owing to less dependence on 

the specific MRI scanner field strength, pulse sequence, and contrast agent kinetics than 

pre-contrast T1 alone.(11, 14, 15) In our study, RV-ECV did not distinguish boys with DMD 

and positive LGE vs. negative LGE. LV-ECV has been observed to be elevated for LGE(+) 

boys relative to LGE(−) boys with DMD,(13)mA suggesting difficulties in registering pre- 

and post contrast images. Alternatively, a relative measurement of pre-contrast T1 against 

a stable intra-subject reference may mitigate these concerns. Previous reports suggest that 

pre-contrast T1 values in the septum may(13) or may not(11) remain stable across healthy 

boys and boys with DMD. In this study, no difference in septal pre-contrast T1 was 

found between groups. Furthermore, if measured relative to the septum, RV-T1 becomes 

the strongest predictor of DMD status, when considering BMI and RVM as covariates. 

The difference between LV-T1 and RV-T1 was highest in LGE(−) boys and normalized in 

LGE(+) boys. Our findings support the use of relative measures in boys with DMD, as the 

septum is relatively spared during cardiac disease progression in DMD.(13)

The values of RV-T1 at 3T were found to be consistent with previous studies and help 

to establish reference values for the RV in male healthy controls and DMD. A direct 

comparison with human data at 3T cannot be made, as current studies at 3T which use 

T1 mapping in the RV do not report pre-contrast T1-values for healthy controls.(27–29) 

Multiple studies have shown that T1 values measured in the RV have are longer than 

T1 values measured in the LV for healthy subjects at 1.5T (30) and also in a pulmonary 

hypertension animal model at 3T.(31) Our study echoes previous findings, as we found 

higher RV-T1 than LV-T1 in both healthy boys and boys with DMD. The elevated RV-T1, 

with respect to LV-T1, may be due to the naturally increased collagen content of the RV 

wall.(32) A previous study healthy controls (33±8y) acquired LV-T1 at 1.5 T and compared 

it to RV-T1 (956(25) ms and 1016(61) ms) during systole, where the myocardium is thicker.

(30) In comparison, a normative study in children (14±3y) has reported slightly higher 

values for LV-T1 (1008±31ms) at 1.5T. The RV-T1 values in the 1.5T study were about 

400 ms lower than the measurements at 3T in our pediatric control cohort (13±4y). The 

differences may be attributed to the physics governing lower T1 values at 1.5T compared to 

3T, (33) scanner variability, and potentially a higher proportion of blood pool in the RV wall 

measurements of smaller hearts.

We found RV-T1 mapping by CMR to be a reliable and a useful tool for assessing measures 

associated with diffuse fibrosis. Pre-contrast RV-T1 was elevated in boys with DMD, and 
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distinguished controls from LGE(–) and LGE(+) boys. Previously, elevated pre-contrast T1 

in the LV has been shown to indicate increased levels of diffuse myocardial fibrosis.(11, 34, 

35) Furthermore, we have previously shown increased T1 measurements and ECV in the 

LV in the same cohort, wherein the findings indicated that increased values of T1 precede 

detectable presence of LGE.(13) In the current study, we found that pre-contrast RV-T1 was 

increased in boys with DMD, suggestive of increased levels of diffuse fibrosis not only in 

the LV, but also in the RV. Apart from diffuse fibrosis, the measured T1 values may also 

be elevated due to edema owing to steroids or tissue injury and resulting inflammation. In 

summary, functional and structural data obtained in this work supports the notion that heart 

failure in DMD affects both ventricles.(6, 36)

The clinical implications of the results presented in this study for treatment of boys with 

DMD are two-fold. First, boys with DMD typically develop respiratory issues prior to heart 

failure.(1) Pre-clinical studies have informed the hypothesis that respiratory dysfunction and 

resulting hypoxia will result in constriction of the pulmonary arteries and hence increase 

afterload seen by the RV.(4) Hence, respiratory support strategies might affect right heart 

function. Abnormal RV function in DMD in our cohort is evidenced by significantly lower 

RVM and lower TAE, a measure of RV longitudinal contraction, compared to healthy 

controls. RVEF was not significantly reduced, which helps highlight how insensitive RVEF 

may be. Furthermore, we saw large variability of RV-T1 in the LGE(+) group. A potential 

hypothesis is that therapeutic strategies such as respiratory support or medical treatments 

may change the degree of diffuse fibrosis in the right heart in older patients. Second, the 

evaluation of RV function is gaining importance since the increased use of left ventricular 

assist devices (LVAD) as an end-stage therapy in DMD.(36, 37) RV failure post LVAD­

implantation is seen in up to 25% of patients,(38) and poses a risk to the potentially fibrotic 

RV in DMD. In summary, detection of changes in RV function and structure may allow 

for adequate initiation of respiratory support, as well as support optimal patient selection 

for the placement of an LVAD.(3) Correlation of RV-T1 and pulmonary function should be 

considered for future work.

Limitations

The primary limitations of the study were small cohort size, analysis of only a single 

mid-ventricular slice and technical factors associated with heart rate and RV assessment 

plus the cohort size. Significantly faster heart rates were detected in DMD group compared 

to healthy controls, and LGE(+) boys had slower heart rates compared to LGE(−) boys. 

The lower heart rates in LGE(+) boys are explained by slightly older age and increased 

administration of beta-blockers for heart rate management at advanced stages of disease.(39) 

In order to minimize the effect of heart rate, this study relied on sequence parameters in 

recommended guidelines.(22) In particular, the limited spatial resolution attributed to the 

breath-held sequence, made it challenging to completely isolate the thin wall of the RV from 

the blood pool. Indeed, both pre- and post-contrast T1 mapping in the RV may be biased by 

partial volume effects, which have been suspected of confounding T1 mapping results in the 

thin LV wall of patients with dilated cardiomyopathy.(10, 40) However, inclusion of RVM 

as a covariate in the model increased the significance of the difference between controls and 

LGE(–) boys as well as controls and LGE(+) boys. Partial volume effects may account for 
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some of this effect, but were not found to be the main driver, especially noting that the T1 

values of blood were not different between the groups. The thin RV wall may also confound 

registration of pre- and post-contrast images necessary for estimation of ECV. Higher spatial 

resolution, using for example respiratory gated sequences,(41) an acquisition in systole,(30) 

and more slices are likely to further increase the accuracy of RV-T1 measurements.

Conclusion

Pre-contrast RV-T1 is elevated in boys with DMD compared to healthy controls and is 

negatively correlated with RV ejection fraction.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: 
Regions of interest were selected in the grey-scale images of the mid-ventricular short-axis 

T1 maps in the left and right ventricle (LV, RV). Four regions of interest were used in the RV 

(A, B) to assess the most reliable method for T1 measurement. Additionally, we measured 

T1 in the septum and in a segment of the lateral LV wall as intra-subject reference.
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Figure 2: 
Reliability of regions of interest in assessing pre-contrast T1 in the control cohort of healthy 

boys (N=17). The reliability was assessed as the number of pixels (A), percentage of 

readable images (B), mean T1 (C) and coefficient of variation inside each region of interest 

(ROI) (D). We report the LV and the septum as well as four ROIs in the right ventricle (RV). 

Lat: lateral, sep: septal, inf: inferior, 1px: 1 pixel thick circumference, 3px: 3 pixel dilated 

circumference.
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Figure 3: 
Group-wise comparison of pre-contrast RV-T1. (A) DMD has significantly elevated 

circumferential pre-contrast RV-T1. (B) Significant differences in circumferential pre­

contrast RV-T1 were found between DMD boys with negative LGE (LGE(–)) and healthy 

controls. (C) Values of pre-contrast T1 are similar across all segments of the heart, while 

they diverge for LGE(–) boys and even more for LGE(+) boys. (D) Relative RVLV-T1 

distinguishes controls from LGE(–) boys.

Dual et al. Page 15

J Magn Reson Imaging. Author manuscript; available in PMC 2022 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4: 
An association between pre-contrast T1 and function was found in the LV for both end­

diastolic volume index and ejection fraction and in the RV for ejection fraction only. 

LGE: Late gadolinium enhancement, LVEDVi: Left ventricular end-diastolic volume index, 

RVEDVi: Right ventricular end-diastolic volume index, LVEF: Left ventricular ejection 

fraction (%), RVEF: right ventricular ejection fraction (%).
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Table 1:

Imaging Parameters Used For Different MR Sequences

Specification Function free­
breathing

Function 
breath-held

Pre-contrast T1 LGE Post-contrast T1

Sequence used Retrospectively binned 
bSSFP cine

bSSFP cine MOLLI 5(3)3, non­
selective inversion 
pulse, SSFP

MOCO PSIR MOLLI
4(1)3(1)2 non­
selective inversion 
pulse, SSFP

Free-breathing Yes No Yes Yes Yes

Flip angle (°) 40 58 20 20 20

Specifications 6/8 Fourier and rate-4 
parallel imaging

rate-3 parallel 
imaging

7/8 partial Fourier 
and rate-2 parallel 
imaging

Rate-2 parallel 
imaging

7/8 partial Fourier 
and rate-2 parallel 
imaging

Matrix size (pixel) 192 × 144 256 × 192 192 × 132 192 × 120 192 × 164

Pixel size (mm) 1.9 × 1.9 1.6 × 1.6 1.9 × 1.9 1.4 × 1.4 1.9 × 1.9

Field of view (cm) 36.5 × 27.4 41.0 × 30.7 36.5 × 25.1 26.9 × 16.8 36.5 × 31.2

Slice thickness 8 6 8 6 8

Bandwidth (Hz/pixel) 930 977 1085 977 1085

Echo time (ms) 1.2 1.4 1.01 2.01 1.01

Repetition time (ms) 2.4 3.3 2.44 2.83 2.44

Temporal resolution 
(ms)

64.4 32.5 Single shot at 
diastasis

35.1 Single shot at 
diastasis

bSSFP: balanced steady-state free precession, MOLLI: Modified Look-Look inversion recovery, MOCO: motion-corrected, PSIR: phase-sensitive 
inversion recovery
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Table 2:

Study Population

Control DMD

LGE(–) LGE(+)

n 17 18 9

Demographics

Age (years) 13.0(4) 12.5(3) 15.0(6.5)

Height (m) 1.65(0.2)† 1.34(0.28) 1.4(0.28)

Weight (kg) 51.3(15) 46.9(31) 50(15)

BMI (kg/m2) 18.2(3.3)† 23.6(1.2) 25.6(2.6)

BSA (m2) 1.53(0.32)† 1.39(0.37) 1.34(0.48)

HR (bpm) 68.6(30)† 93(25)* 77.4(16)

Hematocrit (%) - 43.8(4.6) 43.4(2.7)

Race

  Caucasian 13 11 5

  African American 0 1 0

  Asian 1 2 2

  Other 2 1 2

  Mixed 1 3 0

Ethnicity

  Hispanic/Latino 6 6 4

Medication

ACEi 0 14(78%) 6(67%)

ARB 0 2(11%) 2(22%)

β-blocker 0 4(22%) 3(33%)

Corticosteroids 0 11(61%) 7(78%)

Diuretics 0 9(50%) 7(78%)

Functional metrics

LVEDVi (mL/m2) 86.2(18) 74.8(24)* 93.8(43)

LVESVi (mL/m2) 37.2(8.9) 36.9(11)** 47.4(32)

LVEF (%) 57.8(5.8)†† 55.2(9.8)** 43.8(11)

LVMi (g/m2) 38.1(8.1) 32.7(8) 38.8(11)

LVM/LVEDV (g/mL) 0.452(0.11) 0.469(0.17) 0.409(0.13)

RVEDVi (mL/m2) 89.1(22)†† 73.6(33) 70.5(16)

RVESVi (mL/m2) 39.3(7.5)† 31.8(19) 34.8(10)

RVEF (%) 54.2(7.2) 53.6(12) 48.2(5.7)

RVMi (g/m2) 29.8(7.2)†† 24.7(6.4) 21.7(5.4)
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Control DMD

LGE(–) LGE(+)

n 17 18 9

RVM/RVEDV (g/mL) 0.328(0.04) 0.338(0.05) 0.337(0.08)

TAE (mm) 26.0(5)†† 22.2(3) 22.0(4)

Data is reported as median (interquartile range). BMI: Body mass index, BSA: Body surface area, HR: Heart rate, Left ventricular (LV), Right 
ventricular (RV), End-diastolic volume index (EDVi), End-systolic volume index (ESVi), Ejection fraction (EF), Mass (M), TAE: Tricuspid annular 
excursion.

*:
p<0.05 between LGE(+)/LGE(–);

**:
p<0.005 between LGE(+)/LGE(–);

†:
p<0.05 between control and all boys with DMD;

††:
p<0.005 between control and all boys with DMD
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Table 3:

Intra-scan and intra-observer agreement of pre-contrast T1 in boys with DMD.

Bland-Altman N ICC Mean Δ SD Δ 95% LOA

Scan-1 vs. Scan-2 RV lateral 23 0.76 43.3 82.0 (–117.30 – 203.98)

RV inferior 21 0.83 64.3 45.6 (–25.11 – 153.64)

RV 1px 15 0.96 20.6 30.0 (–37.41 – 78.68)

RV 3px 15 0.97 22.1 27.5 (–31.75 – 75.98)

O1a vs. O1b RV lateral 22 0.63 20.1 110.7 (–196.95 – 237.09)

RV inferior 22 0.86 11.1 57.7 (–124.05 – 101.95)

RV 1px 14 0.92 14.9 50.7 (–84.56 – 114.33)

RV 3px 14 0.79 20.8 84.0 (–185.50 – 143.84)

Mixed-effect model N ICC 95% CI

All readers (O1, O2, O3) RV lateral 49 0.60 - - [0.38 – 0.79]

RV inferior 46 0.78 - - [0.62 – 0.88]

RV 1px 37 0.94 - - [0.88 – 0.97]

RV 3px 37 0.89 - - [0.79 – 0.94]

S: Scan, O: Observer, RV: right ventricle, ICC: Intra-class correlation, SD: Standard deviation, LOA: Limits of agreement, CI: Confidence interval
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Table 4:

Pre-contrast T1 comparison between boys with DMD and healthy controls.

Control DMD

LGE(–) LGE(+)

n 17 18 9

RV 1px T1 (ms) 1436 [1399 – 1473] 1543 [1489 – 1597]** 1550 [1402 – 1699]†

RV inferior T1 (ms) 1345 [1306 – 1385] 1388 [1321 – 1455] 1483 [1288 – 1679]††

LV lateral T1 (ms) 1290 [1269 – 1311] 1335 [1297 – 1373]* 1409 [1346 – 1473]**

Septal T1 (ms) 1316 [1294–1337] 1326 [1295–1357] 1344[1306 – 1381]

ΔRVSep T1 (ms) 149 [109 – 190] 206 [155 – 257] †† 141 [33 – 249]

ΔRVLV T1 (ms) 122 [78 – 166] 219 [167 – 270]**,† 205 [85 – 325]††

ΔLVSep T1 (ms) –25.5 [−41.0 – −10.0] 9.1 [−18.6 – 36.8]* 65.8 [33.9 – 97.6]**

Data is reported as mean [confidence interval]. Univariate comparison using a Wilcoxon rank sum test comparing LGE(–)/LGE(+) against control 
group:

*
p<0.05

**
p<0.005. Multivariate prediction for LGE(–)/LGE(+) from control group with right ventricular mass and body mass index as covariates (only for 

RV):

†
p<0.05,

††
p<0.005. Left ventricular: LV, Right ventricular: RV
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