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Abstract

Cardiac MR traditionally requires breath-holding for cine imaging. Younger or less stable patients 

benefit from free-breathing during cardiac MR but current free-breathing cine images can be 

spatially blurred. Motion corrected re-binning (MOC) is a novel approach that acquires and 

then reformats real-time images over multiple cardiac cycles with high spatial resolution. The 

technique was previously limited by reconstruction time but distributed computing has reduced 

these times. Using this technique, left ventricular volumetry has compared favorably to breath-held 

balanced steady-state free precession cine imaging (BH), the current gold-standard, however, 

right ventricular volumetry validation remains incomplete, limiting the applicability of MOC in 

clinical practice. Fifty subjects underwent cardiac MR for evaluation of right ventricular size 

and function by end-diastolic (EDV) and end-systolic (ESV) volumetry. Measurements using 

MOC were compared to those using BH. Pearson correlation coefficients and Bland–Altman 

plots tested agreement across techniques. Total scan plus reconstruction times were tested for 

significant differences using paired t-test. Volumes obtained by MOC compared favorably to 

BH (R = 0.9911 for EDV, 0.9690 for ESV). Combined acquisition and reconstruction time 

(previously reported) were reduced 37% for MOC, requiring a mean of 5.2 min compared to 8.2 

min for BH (p<0.0001). Right ventricular volumetry compares favorably to BH using MOC image 

reconstruction, but is obtained in a fraction of the time. Combined with previous validation of 

its use for the left ventricle, this novel method now offers an alternative imaging approach in 

appropriate clinical settings.

✉Anthony Merlocco, amerlocc@uthsc.edu. 

Conflict of interest Anthony Merlocco, Laura Olivieri, Peter Kellman, Hui Xue and Russell Cross declares that they have no conflict 
of interest.

Ethical Approval All procedures performed in studies involving human participants were in accordance with the ethical standards of 
the Institutional Review Board of Children’s National Health System and with the 1964 Helsinki declaration and its later amendments 
or comparable ethical standards.

Informed Consent Written informed consent, and assent when appropriate, was obtained from all study participants.

HHS Public Access
Author manuscript
Pediatr Cardiol. Author manuscript; available in PMC 2022 October 19.

Published in final edited form as:
Pediatr Cardiol. 2019 January ; 40(1): 79–88. doi:10.1007/s00246-018-1963-z.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Keywords

Retrospective reconstruction; Cardiac volume; Motion correction; Cardiovascular MR; Free-
breathing; Reconstruction time

Introduction

Expedient and accurate assessment of cardiac volume and function remains a strength 

of cardiovascular magnetic resonance imaging (CMR) in pediatric patients. Accurate and 

reproducible assessment of cardiovascular structure and function by CMR is currently 

relatively straightforward in both adult and pediatric patients who can reliably hold their 

breath [1, 2]. However, in pediatric patients both clinical and patient factors frequently limit 

or prohibit breath-holding. Highly reproducible, reliable, accurate, and time-efficient free-

breathing imaging would allow extension of cardiac MR assessment to a younger population 

that cannot reliably follow instruction or a sick population in whom breath-holding is not 

practical. Imaging the cardiovascular system is complex, requiring strategies to limit the 

effect of both cardiac and respiratory motion. Traditionally this has been accomplished using 

cardiac gating to account for cardiac motion and using a breath-hold to limit respiratory 

motion. “Cine” imaging, typically performed using balanced steady-state free precession 

(bSSFP) sequences, images the heart multiple times per cardiac cycle by collecting multiple 

segments per heartbeat, which are then reconstructed to display a determined number of 

frames per heartbeat, which is generally 30 reconstructed frames [3, 4]. Breath-held bSSFP 

(BH) cardiac MR imaging provides high spatial and temporal resolution, permitting clear 

definition of the interface between blood and myocardium throughout the cardiac cycle, 

which is imperative to collecting images at peak systole and end-diastole [5–9]. Collection 

of this data without requiring a breath-hold in cases of young, cognitively limited, ill, or 

fatigued patients is difficult. Alternative approaches with free-breathing have been limited 

in providing similar spatial and temporal resolution to the gold-standard of BH. In order 

to be integrated clinically, a free-breathing sequence must be robust in its agreement with 

BH for volume and function assessment and require similar imaging time. Importantly, for 

evaluation of the left ventricle, our group has shown a novel method, motion corrected 

retrospective re-binning, provides accurate and reproducible ventricular volume and function 

assessment, however, this cannot simply be extrapolated to the right ventricle as right 

ventricular shape and thickness differs from the left ventricle and is not subject to identical 

hemodynamic effects when free-breathing [10].

The basis of motion corrected retrospective re-binning evolved from early signal-average 

techniques, which have been applied to free-breathing patients, but the associated respiratory 

averaging often results in blurring, thus limiting quantitative assessment [2]. Real-time 

cine via single shot acquisition produces images unaffected by respiratory motion but with 

limited spatial resolution [11–13]. Kuhl et al. compared image quality and wall motion 

scoring in two real-time cardiac MR sequences to BH and demonstrated that wall motion 

scoring of real-time radial bSSFP imaging was similar to imaging acquired with breath-

holding with Cohen kappa coefficients for agreement of 0.89 [11]. Further, Lee et al. studied 

twelve healthy volunteers and eight patients with cardiac disease to compare realtime 
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true fast imaging with steady-state precession (FISP) to BH and found measurements of 

resting left ventricular function were comparable [12]. However, real-time imaging requires 

high parallel imaging factors, resulting in signal-to-noise loss, which can be mitigated to 

some degree by multiple averages and utilization of motion correction. Improvement in 

signal-to-noise ratio and the temporal resolution remains important however, and thus our 

study’s novel re-binning technique was developed wherein a real-time sequence collects and 

time-stamps raw data at a high spatial resolution with parallel imaging, then retrospectively 

reconstructs to a higher temporal resolution following respiratory motion correction and 

re-binning of data over multiple heartbeats [14]. Signal-to-noise and temporal resolution 

with the novel re-binning imaging technique is improved compared to real-time imaging 

and can be performed with non-Cartesian protocols [15]. Until recently, the clinical utility 

of motion corrected re-binning was limited not by its acquisition time or image quality but 

by the computational delay to completing the image reconstruction, which required 1–2 

min per slice, resulting in up to 15 min for acquisition and reconstruction of a short-axis 

stack [13]. Previously, an open-source framework for medical image reconstruction has been 

developed, which allows raw data marked with a message ID, to be deserialized and passed 

through a series of processing modules. The system, termed the “Gadgetron,” returns images 

or partially processed data which can then be reconstructed to sequential images based on 

the message ID [16]. Distributed computing, wherein multiple “nodes” are employed to 

disperse the required computations, has greatly reduced reconstruction times and can be 

decentralized through a cloud-based service, with resultant total imaging and reconstruction 

times on the order of 5 min [10, 16].

Full clinical integration of this important and novel technique requires verification of reliable 

and accurate function and volume assessment of both ventricles. While the results for 

left ventricular assessment with motion corrected re-binning were encouraging, the right 

ventricular wall appearance and physiology differ from that of the left ventricle. Through 

comparison of motion corrected re-binning (MOC) to BH for right ventricular volumetry, 

we aim to demonstrate that while the right ventricular shape and thickness differs from 

the left ventricle, the volumetric assessment via motion corrected retrospective re-binning 

will compare favorably to the clinically standard BH, allowing forward progress with this 

valuable and innovative method of cardiac assessment.

Methods

The study dataset was composed of subjects recruited for creation of a pool of normal 

studies to be used for longitudinal technical development testing. The dataset includes both 

patients who presented clinically for a CMR scan as well as volunteers. All patients and 

volunteers were considered for dataset inclusion if their CMR results were found to be 

normal, resulting in 25 healthy volunteers and 25 patients. Written informed consent, and 

assent when appropriate, was obtained from all study participants. The Institutional Review 

Board of Children’s National Health System approved the technical development protocol 

establishing dataset creation. All study participants underwent BH and MOC imaging and 

were only included if a full dataset could be collected. This dataset was previously reviewed 

by Cross et al. [10] for assessment of LV volumetry. Subjects were scanned using a 1.5T MR 

scanner (MAGNETOM Aera, Siemens Healthcare, Erlangen, Germany) with an 18-channel 
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body matrix array anteriorly and a spine array posteriorly. Breath-hold instructions were 

reviewed prior to and during the scan for end-expiration imaging. Image reconstruction of 

MOC images was performed online using the Gadgetron as previously described [10, 16].

Imaging Sequences

Imaging parameters were standardized and one of three existing protocols utilized by our 

CMR laboratory was used: infant, child, or teenager. Typical imaging parameters have been 

described previously [10] and are reviewed in Table 1.

Mechanical ventilation was utilized in clinically-indicated CMR for infants and children. 

BH cine imaging acquisition was performed using one breath-hold per slice, 8–12 s per 

slice with a 10–15 s rest period. For BH imaging, ventilation pauses, acquisition times, and 

rest times were kept similar to that as in conscious subjects. MOC imaging was completed 

without specific breathing instruction, allowing spontaneous breathing, unless subjects were 

under anesthesia for clinical reasons, in which case the ventilator-determined rate was 

utilized. The right ventricle was imaged in short-axis with coverage from the apex to the 

outflow tract with 30 reconstructed phases through the cardiac cycle. BH and MOC image 

position and image orientation did not differ within each individual patient’s scan.

As the scans themselves were the same as those analyzed by Cross et al. for the left 

ventricle, total imaging time for each sequence type has been previously reported but bears 

reiteration. Total scan time was determined by time from sequence initiation to complete 

image reconstruction and display on the workstation, thus including all time required for 

acquisition, rest breaks during BH sequences, and reconstruction [10].

Image Reconstruction

Gadgetron distributed framework was used for MOC image reconstruction. Gadgetron is 

an open-source reconstruction framework, which has been extended with new software 

components that enable a cloud-based distributed deployment and integration with the 

scanner for stream-lined processing [17]. Images were returned to the scanner immediately 

after reconstruction with no user interaction. Distributed computing strategies included 

multiple nodes deployed through Amazon EC2, or several local nodes in combination, with 

similar reconstruction times through any given deployment [10].

Right Ventricular Function and Quantification

QMass software (Medis Medical Imaging Systems, Leiden, The Netherlands) was used for 

post-processing of right ventricular volumes after all images had been anonymized prior 

to transfer from the scanner. Summation of disks was used to determine RV volume and 

function after tracing of endocardium in end-diastole (EDV) and end-systole (ESV). Two 

observers with 2 and 9 years of CMR experience (AM and LO) independently performed 

endocardial tracings.
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Statistical Analyses

MOC acquisition was measured against BH acquisition by correlation analysis for 

predictability assessment with significance of p < 0.05 as threshold for rejection of non-

linearity.

Additionally, the degree of linear correlation was assessed by Pearson correlation 

coefficients. Measurement bias and limits of agreement (95% as ± 1.96 SD) were 

determined with Bland–Altman plots [18]. Inter-observer agreement between AM and LO 

was expressed by concordance correlation coefficient and through Bland–Altman plots [19, 

20]. As previously reported by Cross et al. [10], the scan and reconstruction times were 

expressed as mean ± SD, and techniques were compared with a paired t-test. MedCalc was 

used for all statistical analysis 0 (MedCalc Software, v.12.2.1.0 Ostend, Belgium).

Results

Subjects

Our research database yielded 25 patients and 25 volunteers 21.6 ± 11.4 years old (2.1–56.6) 

[mean ± SD (range)] who underwent both BH and MOC imaging during the same CMR 

study resulting in analyzable data. The study population included seven children below the 

age of 13 years (14%), one of whom was an infant. Weight [57.5 ± 26.9 kg (2.3–101)] and 

body surface area [1.6 ± 0.4 m2 (0.4–2.2)] reflect these demographics. Sixty-two percent 

were female. Average heart rate was 67 ± 11.5 bpm (46–100) for BH imaging and was 71 ± 

11.6 bpm (46–100) for MOC imaging. Illustrative slices from the papillary muscle level are 

shown in Fig. 1 for end-diastole and end-systole from one subject with endocardial tracing. 

All RV EDV and ESV measurements for both imaging techniques obtained by primary 

observer are reported in Fig. 2. EDV and ESV sample means for BH and MOC imaging 

demonstrate satisfactory agreement with an observed trend to overestimation of ESV for 

MOC compared with BH. Pearson correlation is reported in Fig. 3 for volume quantification 

of MOC imaging compared with BH. Correlation between MOC and BH is excellent for 

each measure assessed with Pearson correlation for MOC EDV of R = 0.9911 and for ESV 

of R = 0.9690 compared to BH (both p < 0.0001) (Fig. 3).

Agreement of right ventricular volume quantification between MOC and BH acquisitions 

was quantified using Bland–Altman plots (Fig. 4), which plotted the differences in 

measurement against the gold-standard BH measurements, demonstrating acceptable 

performance of the MOC acquisition for EDV measurements, with minimal mean 

bias difference compared to BH (mean bias + 0.9 ml). ESV measurement agreement 

demonstrated minimal bias (mean bias – 3.3 ml for MOC).

Inter-observer Reproducibility

Agreement for right ventricular volume quantification between observers was quantified 

using Bland–Altman plots (Fig. 5) of EDV and ESV. In addition, Pearson correlation 

analysis was performed, demonstrating a strong linear relationship between the 

measurements (R = 0.9786 comparing BH EDV measurements; 0.9804 for MOC 

EDV measurements; 0.9572 for BH ESV measurements; and 0.9665 for MOC ESV 
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measurements) (Fig. 6). Concordance correlation coefficients and Bland–Altman analysis 

comparing EDV and ESV measurements for inter-observer variability are summarized in 

Table 2. The two observers demonstrate minimal mean bias for MOC and for BH in EDV 

and ESV measurement. The McBride scale was used and demonstrated substantial strength 

of agreement for BH EDV between observers (ρc 0.95–0.99) and moderate strength for BH 

and MOC ESV and MOC EDV (ρc 0.90–0.95) [19].

Image Acquisition and Reconstruction Time

Total image data acquisition and reconstruction times have been previously reported 

in our earlier study for left ventricular MOC volumetry assessment using the same 

technical development dataset [10]. To reiterate, the mean combined total acquisition and 

reconstruction times for MOC is shorter than standard BH techniques, requiring a mean 

of 5.2 min compared to 8.2 min, resulting in a total imaging time reduction of 37% (ρ < 

0.0001) (Fig. 7).

Discussion

This study sought to demonstrate the ability of motion corrected re-binning image 

reconstruction to quantify right ventricular volume as compared to the gold-standard of BH 

imaging in both pediatric and adult subjects. While previous work has demonstrated MOC 

evaluation of the left ventricle produces reliable and accurate functional measurements, 

which can be performed quickly using cloud-based image reconstruction [10], a complete 

CMR study includes right ventricular volumetry and we have now shown that MOC imaging 

of the right ventricle compares favorably to the gold-standard BH imaging with similar 

calculated EDV and ESV. For the previous left ventricular assessment, analysis included 

contextualization of the bias results from the Bland–Altman plots using published data from 

Suinesiaputra et al. who described biases of LV EDV and ESV on 15 identical image data 

sets and we achieved very similar results [7, 10]; an equivalent right ventricular analysis 

has not been published. For some context, however, we can compare our RV biases to our 

LV biases and they are of a relatively similar scale with RV EDV average bias + 0.9 ml 

compared to LV EDV of 1.1 ml; RV ESV of – 3.3 ml compared to LV ESV of 5.7 ml 

[10]. As with the LV volumetry study, there is a tendency for MOC to overestimate the 

ESV compared to the BH technique, which was present in both independent observers. As 

previously, we hypothesize that this is likely due to endocardial blurring resulting from 

in-plane motion that is exaggerated by signal averaging in both methods.

Inter-observer reproducibility of right ventricular volumetry demonstrates modest 

agreement. However, the inter-observer variability for both BH and MOC in our study 

compares well with a study of CMR measurement reproducibility in normal right ventricles 

that reported mean differences for RV EDV measurement of 12.7 ml with 95% CI between – 

10.5 and 35.9 ml and for RV ESV of 8.4 ml with 95%CI between – 15.2 and 31.9 ml [21].

Given the meager reproducibility of right ventricular mass measurement, both compared to 

left ventricular measurement and in its own right [21–25], our laboratory does not report 

right ventricular end-diastolic mass clinically. In light of the lack of agreement regarding the 

validity of measuring right ventricular mass, we did not assess it in this study.
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While traditional BH volumetric imaging remains our laboratory’s clinical standard for 

daily use, the MOC technique has provided great advantage in pediatric patients. Often this 

age-group has difficulty with prolonged or repetitive breath-holds and may not understand 

the instructions. As well, frequent pausing of aids like music or movie projection has 

resulted in frustration or greater awareness of the scan duration in our younger patients, 

which has been ameliorated using MOC. Because we now have shown that MOC yields 

comparable EDV and ESV results to BH imaging for both ventricles in a fraction of the 

time, we have been able to integrate the MOC technique clinically with minimal concern for 

accuracy of volumetry of either ventricle. As well, patients from our cardiac patient ward 

and intensive care unit frequently require functional assessment that we may now provide 

to those too ill to complete a breath-hold yet not unstable enough to require mechanical 

ventilation. MOC has few downsides, with subtle blurring and the requirement for access 

to cloud based reconstruction being the only notable ones. While the images acquired are 

not indistinguishable from those acquired by BH, the image quality remains excellent and 

clearly does not compromise analysis. Regarding cloud based reconstructions, as noted in 

our previous study, total reconstruction time for MOC is on the order of 1 min per slice [13] 

and previously we tested both cloud-based and locally deployed hardware for reconstruction 

[10]. Cloud based reconstruction can be completed through a 1 GB/s internet connection, 

without up-front cost and can be deployed on demand [10]. Recently we have preferred this 

method to locally deployed reconstruction for speed and decreased hardware maintenance 

requirements. Adding MOC imaging to our clinical arsenal has proved extremely valuable.

While anesthesia use in pediatric imaging is sometimes a necessity, it also may carry 

risk. Animal studies initially demonstrated initial and long-term functional effects after 

general anesthesia [26]. Particular interest has arisen in neurodevelopmental outcomes in 

children exposed to anesthesia with several studies underway to elucidate the effects of 

single anesthetic exposure, multiple exposure, and prolonged exposure [27]. With increasing 

awareness of possible risks as well as knowledge of exposure factors that may impact 

negative effects, it is prudent to continue efforts to limit anesthesia when and if possible. 

Our study will not only decrease requirement for general anesthesia in patients who can 

be studied while conscious or under light sedation but also provides the clinician with a 

further strategy to decrease scan time and thus anesthetic exposure in cases where general 

anesthesia is still used.

Study Limitations

In this study, we intentionally included clinical patients, providing a range of subject size 

and imaging parameters in order to compare typical pediatric and adult congenital cardiac 

MR studies. This resulted in a small number of subjects imaged with the infant and pediatric 

imaging parameters and limits the ability to perform meaningful statistical analysis of this 

variation. Additionally, we found a difference in inter-observer reproducibility and this may 

be affected by the relative experience levels in the observers in the current study, which 

were 2 and 9 years at time of analysis. However, it is encouraging that MOC evaluation of 

the right ventricle performs similarly as that of the left ventricle. While the measurements 

have compared favorably, measurements obtained by the gold-standard BH technique remain 

the basis for volumetric data used to make prognostic determinations in clinical algorithms. 
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As well, while MOC imaging should be less sensitive to arrhythmia than segmented BH 

imaging, we did not study this specifically as our goal was to have complete datasets 

from both BH and MOC imaging; thus patients for whom arrhythmia limited BH imaging 

were excluded. Further study should include subjects with arrhythmia and subjects with 

dysfunction in order to determine the applicability in these populations.

Conclusion

Right ventricular volumetry compares favorably to BH using MOC image reconstruction but 

is obtained in a fraction of the time. Combined with previous validation of its use for the 

left ventricle, this novel method now offers an alternative imaging approach in appropriate 

clinical settings. Motion corrected re-binning image reconstruction can provide robust and 

expedient cardiac imaging for a complete cardiac MR study, resulting in comparable left and 

right ventricular volumes to BH imaging.
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Fig. 1. 
Representative mid-ventricular end-diastolic (ED) and end-systolic (ES) images with and 

endocardial and epicardial contour tracings for each acquisition type: a breath-held bSSFP, b 
retrospective motion corrected re-binning
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Fig. 2. 
Measured left ventricular end-diastolic volume (EDV) and end-systolic volume (ESV) for 

both acquisition sequences. Bars indicate mean ± 95% confidence intervals. BH breath-held 

bSSFP, MOC retrospective motion corrected re-binning
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Fig. 3. 
Pearson correlation plots of volumetric quantification for retrospective motion corrected re-

binning compared to the gold-standard breath-held SSFP for right ventricular end-diastolic 

volume (EDV) and end-systolic volume (ESV). BH breath-held SSFP, MOC retrospective 

motion corrected re-binning
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Fig. 4. 
Bland–Altman plots of right ventricular end-diastolic volume (EDV) and end-systolic 

volume (ESV) performed by the primary observer for re-binning compared to the clinical 

gold-standard of breath-held bSSFP. Measurement differences on y-axis are plotted against 

gold-standard BH measurement on x-axis. BH breath-held bSSFP, MOC retrospective 

motion corrected re-binning
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Fig. 5. 
Bland–Altman plots of right ventricular end-diastolic volume (EDV) and end-systolic 

volume (ESV) performed by each of two observers (Obs 1 and Obs 2) respectively for 

breath-held bSSFP and retrospective motion corrected re-binning image acquisitions. BH 
breath-held bSSFP, MOC retrospective motion corrected re-binning
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Fig. 6. 
Pearson correlation plots of volumetric quantification between two observers for both 

retrospective motion corrected re-binning compared and the gold-standard breath-held 

bSSFP with respect to right ventricular end-diastolic volume (EDV) and end-systolic volume 

(ESV). BH breath-held bSSFP, MOC retrospective motion corrected re-binning
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Fig. 7. 
Total image acquisition and reconstruction time in minutes for breath-held bSSFP and 

retrospective motion corrected re-binning image sequences. Lines indicate mean ± 95% 

confidence intervals. BH breath-held bSSFP, MOC retrospective motion corrected re-

binning. Figure modified from Fig. 8 in Cross et al. [10] and used with permission from 

the author
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