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Abstract
Background
The free-breathing 3D whole-heart T2-prepared Bright-blood and black-blOOd phase SensiTive inversion recovery (BOOST) cardiovascular magnetic resonance (CMR) sequence was recently proposed for simultaneous bright-blood coronary CMR angiography and black-blood late gadolinium enhancement (LGE) imaging. This sequence enables simultaneous visualization of cardiac anatomy, coronary arteries and fibrosis. However, high-resolution (< 1.4 × 1.4 × 1.4 mm3) fully-sampled BOOST requires long acquisition times of ~ 20 min.

Methods
In this work, we propose to extend a highly efficient respiratory-resolved motion-corrected reconstruction framework (XD-ORCCA) to T2-prepared BOOST to enable high-resolution 3D whole-heart coronary CMR angiography and black-blood LGE in a clinically feasible scan time. Twelve healthy subjects were imaged without contrast injection (pre-contrast BOOST) and 10 patients with suspected cardiovascular disease were imaged after contrast injection (post-contrast BOOST). A quantitative analysis software was used to compare accelerated pre-contrast BOOST against the fully-sampled counterpart (vessel sharpness and length of the left and right coronary arteries). Moreover, three cardiologists performed diagnostic image quality scoring for clinical 2D LGE and both bright- and black-blood 3D BOOST imaging using a 4-point scale (1–4, non-diagnostic–fully diagnostic). A two one-sided test of equivalence (TOST) was performed to compare the pre-contrast BOOST images. Nonparametric TOST was performed to compare post-contrast BOOST image quality scores.

Results
The proposed method produces images from 3.8 × accelerated non-contrast-enhanced BOOST acquisitions with comparable vessel length and sharpness to those obtained from fully- sampled scans in healthy subjects. Moreover, in terms of visual grading, the 3D BOOST LGE datasets (median 4) and the clinical 2D counterpart (median 3.5) were found to be statistically equivalent (p < 0.05). In addition, bright-blood BOOST images allowed for visualization of the proximal and middle left anterior descending and right coronary sections with high diagnostic quality (mean score > 3.5).

Conclusions
The proposed framework provides high‐resolution 3D whole-heart BOOST images from a single free-breathing acquisition in ~ 7 min.
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Background
Late gadolinium enhancement (LGE) cardiovascular magnetic resonance (CMR) imaging has emerged as the clinical reference standard for assessing viability following myocardial infarction [1, 2]. Moreover, LGE imaging is gaining importance in the diagnostic and prognostic evaluation of a range of heart muscle diseases where fibrosis can develop [3–7]. LGE imaging is performed after the administration of a gadolinium (Gd)-based contrast agent using inversion recovery (IR) prepared T1-weighted gradient echo sequences [1, 8–10]. The inversion time (TI) is set to null the signal of healthy myocardium in order to maximize the contrast between infarcted/fibrotic and normal myocardium. This method is highly dependent on the correct selection of TI for healthy myocardial signal nulling.
Phase-sensitive IR (PSIR) LGE is an alternative approach that is less sensitive to the TI selection [11, 12]. Conventional PSIR sequences require an IR-prepared image (or “magnitude image”) and a proton density weighted image (or “reference image”) to provide a reference for background phase. However, conventional PSIR sequences provide suboptimal contrast between scar tissue and the blood pool, meaning that sub-endocardial infarctions could be difficult to detect or delineate.
Black-blood PSIR LGE schemes have been proposed to improve scar-blood contrast by suppressing both the healthy myocardium and blood pool signal [13]. This can be achieved by combining an inversion pulse with a T2 preparation or magnetization transfer preparation [13–16]. Most existing PSIR LGE sequences are, however, limited to 2D acquisitions that are performed under a breath-hold. Recently, free-breathing 3D whole-heart PSIR acquisitions based on diaphragmatic navigator gating have been proposed [17, 18]. However, these approaches have low scan efficiency that lead to long and unpredictable acquisition times, and thus, may result in reduced image quality due to the change of the TI over time as well as disrupted workflows. In addition, PSIR sequences require the acquisition of a reference image, which doubles the scan time without providing additional diagnostic information. Recently, Ginami et al. proposed a free-breathing 3D whole-heart T2-prepared Bright-blood and black-blOOd phase SensiTive inversion recovery sequence (BOOST) for simultaneous bright-blood coronary angiography and black-blood LGE imaging [19]. With BOOST, magnitude and (bright-blood) reference whole heart datasets are acquired and combined in a PSIR reconstruction to obtain a third, complementary, black-blood volume. Additionally, BOOST uses image-based navigators (iNAVs) [20] to achieve 100% respiratory scan efficiency and predictable scan times. The T2-prepared BOOST sequence allows for visualization of myocardial infarction with excellent scar-blood contrast. In addition, the reference image provides a complementary bright-blood volume for cardiac anatomy and coronary lumen visualization (coronary CMR angiography, CCMRA). However, high spatial resolution T2-prepared BOOST (< 1.4 × 1.4 × 1.4 mm3) requires relatively long acquisition times of ~ 20 min. Yet, high-resolution 3D BOOST acquisitions are required to ensure accurate detection of scar location, size and transmurality, and identify coronary stenosis. This information is important to risk-stratify patients and guide revascularization decisions.
A non-contrast-enhanced version of BOOST has also shown potential for simultaneous bright- and black-blood whole-heart CMR for coronary lumen and thrombus visualization [21]. However, like post-contrast BOOST, high-resolution non-contrast-enhanced BOOST also requires long acquisition times.
Here, we propose to accelerate the T2-prepared BOOST sequence to enable high-resolution whole-heart 3D CCMRA and black-blood PSIR imaging in a clinically feasible scan time (< 10 min). This is achieved by extending XD-ORCCA (Optimized Respiratory resolved Cartesian CCMRA) [22], a highly efficient respiratory-resolved motion-corrected reconstruction framework, to BOOST imaging. XD-ORCCA reconstruction, which was originally introduced for fully-sampled 3D Cartesian CCMRA, exploits 2D translational motion information (extracted from iNAVs) to increase the sparsity in the respiratory dimension and to compensate for residual respiratory motion [22]. In this study, the feasibility of accelerating the T2-prepared 3D BOOST sequence [19, 21] using XD-ORCCA was tested in 10 patients with suspected cardiovascular disease, using an accelerated post-contrast BOOST sequence, at the end of a clinical CMR examination. Due to technical and ethical limitations, it is difficult to test new contrast-enhanced CMR sequences in patients and thus, the optimal acceleration factor employed was identified by first testing different acceleration factors using non-contrast-enhanced 3D BOOST acquisitions in 12 healthy subjects.
Methods
T2-prepared BOOST sequence
The T2-prepared BOOST sequence alternates the acquisition of a T2-prepared IR module in odd heartbeats (T2Prep-IR, magnitude image) and a T2-prepared module in even heartbeats (T2Prep, reference image), as shown in Fig. 1a and b. Both undersampled datasets are acquired using a 3D variable-density Cartesian trajectory with spiral profile order (VD-CASPR) [23–25]. A short tau inversion recovery (STIR)-like fat suppression approach [26] is used in odd heartbeats, whereas a spectral pre-saturation (SPIR) [27] is used to suppress epicardial fat signal in even heartbeats. Low-resolution 2D iNAVs are acquired at every heartbeat to estimate 2D beat-to-beat translational motion (left–right: LR and superior-inferior: SI) and enable 100% respiratory scan efficiency and a predictable scan time. Motion estimation is performed independently for both BOOST datasets.[image: ../images/12968_2020_691_Fig1_HTML.png]
Fig. 1Proposed 3D whole-heart high-resolution motion-resolved accelerated T2-prepared Bright-blood and black-blOOd phase SensiTive inversion recovery (BOOST) for simultaneous black-blood late gadolinium enhancement (LGE) and bright-blood coronary cardiovascular magnetic resonance angiography (CCMRA). a A T2-prepared (T2Prep) inversion recovery (IR) module is applied at odd heartbeats (T2Prep-IR BOOST, magnitude image), whereas a b T2-prepared module is acquired at even heartbeats (T2Prep BOOST, reference image). In the latter, a SPIR pulse is used for fat saturation. In the former, the inversion time (TI) is set to null the signal from healthy viable myocardium and the fat signal is suppressed using a STIR-like fat approach. Both acquisitions are performed using a variable-density 3D Cartesian trajectory with spiral profile order and a high flip-angle of 90°. A low-resolution 2D image navigator (iNAV) is acquired at every heartbeat, before each spiral interleave of the 3D data acquisition, to estimate translational respiratory motion along the superior-inferior and left–right directions. c This motion information is used in the XD-ORCCA reconstruction to generate high-quality respiratory-resolved motion-compensated T2Prep-IR BOOST and T2Prep BOOST images from undersampled acquisitions. Then, the respiratory bin images are combined in a PSIR reconstruction to d generate a black-blood LGE image (PSIR BOOST) for scar visualization. The bright-blood T2Prep BOOST image (reference image, b) allows for coronary lumen visualization


In post-contrast BOOST a subject-specific TI is set to null the signal from the healthy viable myocardium, whereas in non-contrast-enhanced BOOST a short TI = 110 ms is set to null the fat signal.
XD-ORCCA reconstruction
The iNAVs are registered to a common respiratory position (end-expiration) and the 2D translational motion parameters are obtained via intensity-based image registration, using mutual information as a similarity measure and steepest gradient descent optimization. Then, the estimated SI information is used to obtain the respiratory signal, which is used to distribute each BOOST dataset into five equally populated respiratory bins (Fig. 2a). Subsequently, 2D translational motion correction within each bin is performed in k-space before respiratory-resolved image reconstruction to minimize intra-bin motion (Fig. 2b). This motion information is also used during the reconstruction to align the intra-bin motion-corrected images to end-expiration (Fig. 2c), in order to increase the sparsity in the respiratory domain [22]. Therefore, respiratory-resolved T2Prep-IR BOOST and bright-blood T2Prep BOOST images (Fig. 2d) are obtained by solving a modified version of XD-ORCCA, which explores the temporal sparsity in both forward and backward directions, instead of a unique direction, to further increase the sparsity [22]:[image: $${\hat{\mathbf{x}}} = {\text{arg }}\mathop {\text{min }}\limits_{{\mathbf{x}}} \left\{ { \frac{1}{2}{{\parallel\mathbf{Ex}} - {\mathbf{d}\parallel}}_{2}^{2} + \alpha \Psi_{{\text{t}}} \left( {{\mathcal{R}}{\mathbf{x}}} \right) + \beta \Psi_{{ - {\text{t}}}} \left( {{\mathcal{R}}{\mathbf{x}}} \right) + \gamma \Psi_{{\text{s}}} \left( {\mathbf{x}} \right)} \right\},$$]

 (1)


where d are the 2D intra-bin translational motion-corrected k-space data, [image: $${\Psi }_{\mathrm{s}}$$] is the 3D spatial total variation (TV) function, α, β and γ are regularization parameters, [image: $$\mathcal{R}\mathbf{x}={T}_{b}{\mathbf{x}}_{b}$$] is the motion-corrected domain, where [image: $${T}_{b}$$] is the translation transform that maps the respiratory bin image [image: $${\mathbf{x}}_{b}$$] to the reference image [image: $${\mathbf{x}}_{1}$$] (end-expiration), [image: $${\Psi }_{\mathrm{t}}={\Vert {{{T}_{b}\mathbf{x}}_{b}- T}_{b+1}{\mathbf{x}}_{b+1}\Vert }_{1}$$] and [image: $${\Psi }_{-t}={\Vert {{{T}_{b}\mathbf{x}}_{b}- T}_{b-1}{\mathbf{x}}_{b-1}\Vert }_{1}$$] are 1D temporal TV functions in the forward and backward directions, respectively. The operator [image: $$\mathbf{E}={\mathbf{A}}_{{\varvec{b}}}\mathbf{F}\mathbf{S}$$] incorporates the sampling matrix [image: $$\mathbf{A}$$] for each bin b, Fourier transform [image: $$\mathbf{F}$$] and coil sensitivities [image: $$\mathbf{S}$$]. The regularization parameters were selected empirically. Finally, the T2Prep-IR BOOST and bright-blood T2Prep BOOST images from the bin with the smallest respiratory SI displacement (usually end-expiration, Fig. 1c) are combined in a PSIR reconstruction to generate a 3D black-blood PSIR BOOST image (Fig. 1d).[image: ../images/12968_2020_691_Fig2_HTML.png]
Fig. 2XD-ORCCA reconstruction: Low-resolution 2D iNAVs are acquired at every heartbeat and used to estimate beat-to-beat 2D translational respiratory motion along the superior-inferior (SI) and left–right (LR) directions. a The estimated SI motion information is used to separate the T2Prep-IR BOOST and T2Prep BOOST datasets into five different respiratory phases (or bins) each. b Moreover, 2D translational motion correction within each bin is performed in k-space before reconstruction to minimize intra-bin motion. In this step, data within each bin are corrected to the corresponding average bin position. c Finally, during image reconstruction, intra-bin motion-corrected images (xb) are aligned to a reference respiratory position (end-expiration) using the 2D translational motion information (Tb), in order to increase the sparsity in the respiratory dimension and d generate high-quality motion-compensated respiratory-resolved images


In-vivo experiments
All acquisitions reported in this study were performed on a 1.5T CMR system (MAGNETOM Aera, Siemens Healthineers, Erlangen, Germany) using an 18-channel chest-coil and a 32-channel spine coil. The study was approved by the National Research Ethics Service (1/11/12 and 15/NS/0030) and written informed consent was obtained from each participant according to institutional guidelines.
The 2D iNAVs were acquired using 14 ramp-up preparation pulses of the 3D whole-heart balanced steady state free precession (bSSFP) sequence with the same field-of-view (FOV) and orientation as the 3D BOOST acquisition.
Non-contrast-enhanced BOOST acquisitions: selection of undersampling factor
In-vivo free-breathing non-contrast-enhanced 3D BOOST acquisitions were performed in 12 healthy subjects (32 ± 8 years, 5 males, heart rate 57 beats/minute). Fully-sampled BOOST (with elliptical k-space coverage), 2.6 × and 3.8 × accelerated acquisitions were performed in a randomized order for each subject using the following parameters: coronal orientation, FOV = 320 × 320 × 96–112 mm3, resolution = 1 × 1 × 2 mm3, (repetition time) TR/ (echo time) TE = 3.6/1.56 ms, pixel bandwidth = 977 Hz/pixel, flip angle = 90°, TI = 110 ms, T2Prep = 40 ms, subject-specific mid-diastolic trigger delay and acquisition window (corresponding to 28–40 k-space readouts per heartbeat). Acquisition time for the fully-sampled, 2.6 × and 3.8 × accelerated non-contrast-enhanced BOOST approach was 17:12 ± 2:5 min, 8:38 ± 1:3 min, and 5:36 ± 0:46 min, respectively.
The bright-blood T2Prep BOOST images (interpolated to 0.6 × 0.6 × 0.6 mm3) were reformatted using SoapBubble [28] to allow simultaneous visualization of the right coronary artery (RCA), left anterior descending coronary artery (LAD) and whenever possible the left circumflex coronary artery (LCX). Using the same software, coronary percentage vessel sharpness (first 4 cm and full length) and visible vessel length of both RCA and LAD were measured for all acquisitions. A Two One-Sided Test of Equivalence (TOST), as described in [29], was used to compare the quantitative results obtained from undersampled acquisitions to those obtained from the fully-sampled reference. If p-value < 0.05, the test rejects the null hypothesis of non-equivalence and accepts the alternative hypothesis of equivalence.
Contrast-enhanced BOOST acquisitions
Free-breathing contrast-enhanced 3D whole-heart BOOST and conventional breath-hold 2D PSIR LGE acquisitions were performed in 10 patients (66 ± 15 year, 7 males, average heart rate 58 beats/minute) with suspected cardiovascular disease. First, the multi-slice and multi-breath-hold 2D PSIR LGE clinical sequence (four chamber view; three chamber view; short-axis view) was acquired ~ 10 min after Gadobutrol (Gadovist, Bayer Healthcare, Berlin, Germany) injection (0.2 mmol/kg) with bSSFP readout, in-plane spatial resolution = 1.4 × 1.4 mm2, slice thickness = 8 mm, 10–12 slices for the short axis view, FOV = 340 × 360 mm2, TR/TE = 2.9/1.2 ms, pixel bandwidth = 780 Hz/pixel, flip angle = 45°, and subject-specific mid-diastolic trigger delay. The TI (ranging in the interval 225–310 ms) was selected with a dedicated TI scout scan and was set to null the signal from the healthy myocardium.
At the end of the clinical protocol, post-contrast BOOST acquisitions were performed (~ 25–40 min after injection) using the following parameters: coronal orientation, FOV = 320 × 320 × 96–128 mm3, resolution = 1 × 1 × 2 mm3, TR/TE = 3.6/1.57 ms, pixel bandwidth 977 Hz/pixel, flip-angle = 90°, T2Prep = 40 ms, 3.8-fold undersampling, subject-specific mid-diastolic trigger delay (corresponding to 20–40 k-space readouts per heartbeat) and acquisition time 7:14 ± 2:57 min. The subject-specific TI (90–150 ms) was selected to null the signal from viable healthy myocardium and was identified using a dedicated 2D BOOST TI scout scan during breath-hold. The 2D BOOST TI scout scan consisted of a magnetization-prepared cine sequence with a T2Prep-IR module applied right after the R-wave at odd heartbeats and T2-preparation only at even heartbeats [30].
Blinded qualitative grading of anonymized clinical 2D PSIR and 3D PSIR BOOST images was performed on consensus basis by three cardiologists (T.F.I, I.R., SCMR III accredited, and R.H., SCMR II accredited). Images were stored as grayscale digital imaging and communications in medicine (DICOM) images and were windowed so that the black-blood PSIR BOOST showed a black blood pool, which was darker than the healthy myocardium, whereas in the clinical 2D PSIR the normal myocardium was black (with noise still visible). LGE uptake was bright in both 3D PSIR BOOST and 2D PSIR. The diagnostic quality of the clinical 2D PSIR and 3D PSIR BOOST images was graded using a 4-point scale: (1) non-diagnostic, (2) diagnostic with major artifacts, (3) diagnostic with minor artifacts and (4) fully diagnostic with no artifacts. LGE visualization scores were compared using a nonparametric TOST based on the Wilcoxon signed-rank test [31]. The level of significance of the p-value was 0.05. The diagnostic quality of the proximal, mid and distal sections of the LAD, LCX, and RCA course, was graded using the same 4-point scale. BOOST images whose acquisition started later than 40 min after contrast injection were not considered in the analysis, because the relative contrast between normal and diseased myocardium significantly decreases due to contrast agent washout.
Results
Non-contrast-enhanced BOOST acquisitions: selection of undersampling factor
Free-breathing BOOST acquisitions and motion-resolved reconstructions with intra-bin motion compensation were successfully obtained for all 12 subjects. The reformatted bright-blood T2Prep BOOST and black-blood PSIR BOOST images (respiratory phase with the smallest SI respiratory displacement) obtained using the proposed method from fully-sampled, 2.6 × and 3.8 × undersampled acquisitions for a representative healthy subject are shown in Fig. 3. In addition, the reformatted bright-blood T2Prep BOOST images obtained from fully-sampled and undersampled data for another two representative healthy subjects are shown in Fig. 4. For subject 3 (Fig. 3, right), the tortuous anatomy of the RCA prevented an appropriate reformatting of the mid segment of the vessel. However, the mid-RCA was successfully reconstructed from accelerated BOOST acquisitions using the proposed method (Additional file 1).[image: ../images/12968_2020_691_Fig3_HTML.png]
Fig. 3Reformatted T2Prep-IR BOOST and PSIR BOOST images obtained for one representative healthy subject using the proposed framework. Images were reconstructed from fully-sampled, 2.6 × and 3.8 × undersampled BOOST datasets and display the right (RCA), left anterior descending (LAD) and left circumflex artery (LCX) coronary arteries. Images obtained from accelerated BOOST acquisitions have similar quality to those obtained from the fully-sampled BOOST acquisition, allowing for clear visualization of the coronary arteries. Total acquisition times are indicated for each acquisition

[image: ../images/12968_2020_691_Fig4_HTML.png]
Fig. 4Reformatted T2Prep-IR BOOST images obtained for two representative healthy subjects, displaying the right (RCA), left anterior descending (LAD) and left circumflex (LCX) coronary arteries. Images were reconstructed from fully-sampled, 2.6 × and 3.8 undersampled BOOST datasets. Images obtained from accelerated acquisitions have comparable quality to those obtained from fully-sampled BOOST acquisitions


The RCA and LAD visible vessel lengths measured from the images reconstructed from fully-sampled, 2.6 × and 3.8 × undersampled datasets are shown in Fig. 5a. The average visible vessel lengths for the RCA were 10.1 ± 1.6 cm, 10.4 ± 1.7 cm and 10.3 ± 1.7 cm for the fully-sampled, 2.6 × and 3.8 × undersampled datasets, respectively. For the LAD, the corresponding average vessel lengths were 10.3 ± 3.8 cm, 10.0 ± 3.5 cm and 9.9 ± 3.5 cm. Statistically significant equivalence (p < 0.05) was found in visible vessel length when comparing measurements from fully-sampled and undersampled BOOST images, for both coronary arteries. Additionally, statistically significant equivalence was found in the sharpness of both coronary arteries between the images obtained from fully-sampled and undersampled BOOST acquisitions (Fig. 5b). The vessel sharpness for the first 4 cm of the RCA was (fully-sampled) 64 ± 5%, (2.6 ×) 62 ± 6% and (3.8x) 59 ± 11%. For the LAD the vessel sharpness was (fully-sampled) 63 ± 5%, (2.6x) 61 ± 6% and (3.8 ×) 61 ± 5%.[image: ../images/12968_2020_691_Fig5_HTML.png]
Fig. 5a Vessel length of the right (RCA) and left anterior descending (LAD) coronary arteries for all 12 healthy subjects obtained from the T2Prep-IR BOOST reconstructions of fully-sampled (FS), 2.6 × and 3.8 × accelerated (Acc) BOOST datasets. Significant equivalence (p < 0.05) in visible vessel length was observed between the reconstructions obtained from fully-sampled and accelerated acquisitions, for both coronary arteries. b Vessel sharpness obtained from the fully-sampled and accelerated T2Prep-IR BOOST images for all 12 healthy subjects. Image quality was assessed by measuring the first 4 cm and full length of the RCA and LAD. Measurements of vessel sharpness obtained for both coronary arteries were statistically equivalent (p < 0.05)


The proposed method produces images from 2.6 × and 3.8 × accelerated BOOST acquisitions with comparable visual quality to those obtained from fully-sampled BOOST acquisitions (Additional file 2).
Contrast-enhanced BOOST acquisitions
Clinical and demographic characteristics are summarized in Table 1. Patient 6 and patient 9 were not included in the qualitative analysis because BOOST data acquisition started more than 40 min after contrast agent injection. In addition, for patient 6, residual motion artifacts were visible in the BOOST images, which resulted from the rigid translation of the chest walls and arms. Moreover, patient 9 exhibited very irregular heartbeats, very short diastolic window and was not able to breath-hold, making the acquisition of CMR exam images very challenging, including the clinical 2D PSIR images, which further delayed the BOOST acquisition. Therefore, image quality analysis was performed for 8 of 10 patients. The average time after injection for BOOST acquisitions was 32 ± 7 min.Table 1Summary of patients’ data. In addition, the presence of LGE findings in the clinical 2D PSIR images is stated. Patients 6 and 9 were not considered for the quantitative analysis since BOOST acquisitions started later than 40 min after contrast injection


	Patient
	Gender
	Age (years)
	Weight (kg)
	Height (m)
	BMI (kg/m2)
	HR(bpm)
	Clinical condition
	Positive LGE

	1
	M
	79
	76
	1.62
	29
	56
	Dilated cardiomyopathy and myocardial infarction
	Yes

	2
	M
	68
	66
	1.47
	31
	52
	Severe LV impairment and myocardial infarction
	Yes

	3
	F
	48
	64
	1.65
	24
	54
	Dilated cardiomyopathy and fibrosis
	No

	4
	M
	75
	71
	1.63
	27
	48
	Dilated cardiomyopathy
	No

	5
	F
	72
	66
	1.63
	25
	48
	Myocarditis
	No

	6
	F
	49
	82
	1.63
	31
	60
	Myocardial infarction
	Yes

	7
	M
	44
	91
	1.79
	28
	66
	Myocarditis
	Yes

	8
	M
	84
	60
	1.75
	20
	54
	Ischemic cardiomyopathy
	No

	9
	M
	82
	101
	1.81
	31
	70
	Myocardial infarction
	No

	10
	M
	55
	67
	1.65
	25
	86
	Normal
	No


BMI body mass index, HR heart rate, bpm beats per minute, LV left ventricle



All eight 3D PSIR BOOST datasets were considered diagnostic, with a median grade of 4 (range 3–4); specifically, 5/8 cases were graded 4 and 3 cases were graded 3. Clinical 2D PSIR images were graded 4 for 4 patients, 3 cases were graded 3 and one case was graded 2 (median score 3.5, range 2–4). In terms of visual grading, the 3D PSIR BOOST datasets and the clinical 2D PSIR counterpart were found to be statistically equivalent (p < 0.05).
The clinical 2D PSIR and 3D BOOST images (T2Prep, PSIR and fusion of T2Prep and PSIR images) are shown in Fig. 6 for a patient with myocardial infarction. LGE uptake can be seen in the mid and basal anterolateral walls in both 3D PSIR BOOST and 2D clinical images. Some LGE uptake can also be seen in the septal wall in the 3D PSIR BOOST. Moreover, bright‐blood T2Prep and black‐blood PSIR BOOST images are shown in Fig. 7 for four representative patients, together with the clinical 2D PSIR acquisitions.[image: ../images/12968_2020_691_Fig6_HTML.png]
Fig. 6Accelerated high-resolution 3D BOOST and clinical 2D PSIR images for one representative patient with myocardial infarction. a Bright-blood T2Prep BOOST image (coronal view) and e corresponding reformatted image showing the LAD. b, f BOOST provides a black-blood PSIR image for LGE scar visualization (arrows), which shows good agreement with (d, h) clinical 2D PSIR. c, g Fusion between the bright-blood T2Prep BOOST and the black-blood PSIR BOOST images allows the assessment of scar location and transmurality. The signal from both blood and viable myocardium is nulled in black-blood PSIR BOOST images, thus providing images with good contrast between the blood pool and scar tissue. LGE uptake can be seen (arrows) in the short-axis views b, c, d, f, g, h of the mid (top) and basal (bottom) anterolateral walls. Clinical 2D PSIR and BOOST were acquired ~ 10 min and ~ 35 min post-contrast, respectively

[image: ../images/12968_2020_691_Fig7_HTML.png]
Fig. 7Accelerated high-resolution 3D BOOST and clinical 2D PSIR images obtained for four patients. (left) Bright-blood T2Prep BOOST coronal views for visualization of heart anatomy are displayed together with coronary reformats showing the left anterior descending (LAD), left circumflex (LCX), and right (RCA) coronary arteries. (middle) 3D black-blood PSIR BOOST images and (right) clinical bright-blood 2D PSIR images. Patient 1 had myocardial infarction and septal LGE uptake is visible in both PSIR BOOST and clinical 2D PSIR short-axis views (arrows). Patients 3, 4 and 5 had non-ischaemic cardiomyopathyies with no LGE uptake. Moreover, Patient 5 had a bioprosthetic aortic valve replacement, which is nicely depicted in the bright-blood T2Prep image (arrows)


The LGE findings present in the 2D clinical PSIR images of patient 7 were reported as a non-ischemic cardiomyopathy (myocarditis). However, in the 3D BOOST PSIR images, LGE uptake was identified as a transmural myocardial infarction. Therefore, correspondence between clinical 2D PSIR and 3D PSIR BOOST images was found in all the cases except for one patient with a non-ischemic cardiomyopathy. In addition, the consensus grading scores indicate that the bright-blood T2Prep BOOST images allowed for visualization of the proximal and middle LAD, LCX and RCA sections with high diagnostic quality (Fig. 8) and visualization of the distal sections of the RCA and LCX was fair. Nevertheless, all segments ultimately had diagnostic value.[image: ../images/12968_2020_691_Fig8_HTML.png]
Fig. 8Qualitative visual scores obtained for all eight patients for the proximal, middle and distal sections of the left anterior descending (LAD), right (RCA) and left circumflex (LCX) coronary arteries. Depiction of coronary artery course was graded using a 4-point scale system (1: non-diagnostic, 2: diagnostic with major artifacts, 3: diagnostic with minor artifacts and 4: fully diagnostic with no artifacts). Bright-blood T2Prep BOOST images allowed for visualization of the proximal and middle LAD, LCX and RCA segments with high diagnostic quality. All segments had diagnostic value


Discussion
In this work, the respiratory-resolved motion-corrected XD-ORCCA reconstruction has been extended to accelerate the T2-prepared BOOST sequence and achieve high-resolution motion-corrected 3D whole-heart black-blood LGE and CCMRA, within clinically feasible acquisition times. Respiratory-resolved images are obtained for each BOOST dataset (T2Prep-IR and T2Prep) using XD-ORCCA, which uses 2D translational motion information extracted from iNAVs to increase the sparsity in the respiratory dimension and to compensate for residual motion within each respiratory bin. Then, the T2Prep-IR and T2Prep BOOST images are combined in a PSIR reconstruction to generate a dark-blood PSIR BOOST image.
Initially, the feasibility of using XD-ORCCA to accelerate the T2-prepared BOOST acquisitions was tested using non-contrast-enhanced 3D BOOST acquisitions in healthy subjects. Fully-sampled BOOST acquisitions were compared against 2.6-fold and 3.8-fold accelerated BOOST scans. This study showed that the proposed framework produces high quality motion-compensated images from 2.6-fold and 3.8-fold accelerated free-breathing BOOST acquisitions. Equivalence tests with TOST revealed statistically significant equivalence in visible vessel length and sharpness when comparing measurements from fully-sampled bright-blood BOOST image and undersampled BOOST images, for both coronaries. Therefore, acquisition times can be reduced from ~ 17 to ~ 6 min by using 3.8-fold accelerated BOOST acquisitions, without significantly sacrificing image quality. However, the fixed TI value used in this study is not the optimal for all subjects since TI is sensitive to the heart rate. Therefore, image quality could be improved by using of a subject-specific TI to suppress the fat signal and reduce chemical shift artefacts, such as those observed in Fig. 3.
The first study, using non-contrast-enhanced 3D BOOST acquisitions, was essential to select the optimal acceleration factor to be used in the contrast-enhanced BOOST study. It showed that XD-ORCCA can reconstruct images from 3.8 × accelerated BOOST acquisitions with comparable quality to those obtained from fully-sampled acquisitions. Thus, in the second study, 3.8-fold accelerated post-contrast BOOST acquisitions were compared against clinical 2D PSIR in patients with suspected coronary artery disease. All 3D BOOST PSIR images included in the qualitative study had diagnostic quality. Moreover, scar tissue could be identified in 3D PSIR BOOST images despite image acquisition only starting on average 32 min after contrast administration. This was facilitated by the high contrast between scar tissue and blood pool in 3D PSIR BOOST images compared to clinical 2D PSIR. Healthy viable myocardium and scar tissue (when present) were visible in matching anatomical locations for both the clinical 2D PSIR and the 3D whole-heart PSIR BOOST images. In addition, bright-blood T2Prep BOOST images allowed visualization of the origin, proximal and mid sections of the coronary arteries with high diagnostic quality. Hence, the proposed framework successfully generates high-resolution 3D whole-heart black-blood PSIR LGE and bright-blood coronary angiography images with sufficient diagnostic quality from 3.8-fold accelerated post-contrast BOOST acquisitions, which can be obtained in a clinically feasible scan time (~ 7 min).
For patient 2, septal LGE uptake was identified in the 3D BOOST PSIR, but was not detected in the 2D clinical PSIR (Fig. 6). This finding could be because the proposed method provides high-resolution (1 × 1 × 2 mm3) black-blood PSIR BOOST images with whole-heart volumetric coverage, whereas the clinical 2D PSIR images have lower in-plane resolution (1.4 × 1.4 mm2) and large slice thickness (8 mm). Moreover, clinical 2D PSIR requires multiple breath-holds, and hence, 2D PSIR images may not be in the same respiratory phase as the displayed 3D PSIR BOOST images. However, to draw conclusions, further studies in a large cohort of patients are necessary to compare the location and extent of LGE in accelerated 3D PSIR BOOST and clinical 2D PSIR.
The number of respiratory bins used in both studies provides a good compromise between remaining intra-bin motion and undersampling artifacts [32]. However, better results could potentially be achieved by adapting the number of respiratory bins according to the irregularity and amplitude of the respiratory motion. One solution would be to add/remove respiratory bins until a fixed bin width is achieved (e.g. 3 mm). Additionally, arrhythmia rejection techniques can be integrated with the proposed framework to further improve imaging quality. At present, the sequence requires relatively regular R-R intervals and therefore cannot be used in patients with atrial fibrillation, although this is a limitation for many techniques employed in clinical CMR.
Currently, it is assumed that the T2Prep-IR BOOST and T2Prep BOOST images generated with XD-ORCCA are registered, and hence, in the same respiratory position. However, there could potentially be registration errors, which can cause phase errors in the PSIR BOOST images. The use of non-rigid registration to correct for residual non-rigid motion between the highest-quality T2Prep-IR BOOST and bright-blood T2Prep BOOST bin images was tested in a preliminary study in healthy subjects, showing that the visual quality of the final 3D black-blood PSIR BOOST image could be slightly improved (Additional file 3).
The proposed framework only considers translation motion along the SI and LR direction. However, respiratory-induced heart motion involves more complex motion patterns, including motion along the anterior–posterior direction and even non-rigid deformation. Therefore, residual motion could be addressed by estimating/correcting for 3D translational or non-rigid motion at each XD-ORCCA iteration. Alternatively, the high-quality respiratory XD-ORCCA images could be used to estimate 3D bin-to-bin non-rigid motion, which can subsequently be used to generate 3D T2Prep-IR BOOST and T2Prep BOOST non-rigid motion-corrected images [24]. Moreover, non-rigid respiratory motion correction may help reduce ghosting artefacts that may originate from rigid translation of static tissues such as the chest wall and arms. However, all these methods are computationally more expensive.
The proposed 3D PSIR BOOST requires separate reconstructions for each T2Prep-IR and T2Prep BOOST dataset. However, since this produces images of the same anatomical region with different contrasts, a joint sparsity regularization term could be added to Eq. (1) to exploit the structural similarity (sparsity) across contrasts and jointly reconstruct T2Prep-IR and T2Prep BOOST images. This approach could potentially provide higher quality images than reconstructing the T2Prep-IR and T2Prep BOOST images separately [33–35].
In this study, post-contrast BOOST acquisitions were performed at the end of the clinical CMR examination so that the research protocol did not interfere with the clinical CMR exam indicated to diagnose suspected cardiovascular disease. Therefore, injection of contrast agent was optimized to provide optimal contrast for the clinical 2D PSIR sequences and the order of the 2D PSIR and 3D BOOST acquisitions was not randomized as per ethical requirements. Thus, post-contrast BOOST acquisitions had potentially sub-optimal contrast conditions. This was particularly evident for two specific cases that were excluded of the qualitative analysis (patient 6 and patient 9). Moreover, additional challenges can occur by performing BOOST acquisitions at the end of the clinical protocol, for example, patients’ tolerance to being inside the scanner reduces with time and there can be more respiratory and heart rate variability that can have a detrimental effect on image quality. Therefore, accelerated high-resolution post-contrast 3D BOOST and clinical 2D PSIR acquisitions will be compared in a future study by randomizing the order of the two acquisitions and by performing separate contrast injections to ensure similar contrast conditions. Future studies will also aim to investigate the accuracy of black-blood PSIR BOOST for the detection and quantification of scar transmurality in patients with angiographically confirmed coronary artery disease.
Patient 7 had a non-ischemic cardiomyopathy (myocarditis), which was identified as a myocardial infarct in the BOOST PSIR images. This could be due the lack of contrast between the healthy myocardium and blood pool, which gives the impression that the fibrosis is sub-endocardial when, in fact, it is located in the mid myocardial wall. Moreover, BOOST imaging started more than 30 min post-contrast injection, and hence, contrast agent washout could have prevented adequate scar depiction. However, a more accurate location and delineation of scar tissue can be obtained by fusing the black-blood PSIR image with the bright-blood T2Prep BOOST image, which then allows both scar and myocardial anatomy visualization as shown in Fig. 6. Alternatively, a grey-blood PSIR technique can be used, which is optimized to null the blood pool, leading to a gray appearance of the blood in the PSIR image, and hence, offering better contrast between myocardium and blood pool [36, 37]. Nevertheless, the ability of the proposed method to discriminate between ischemic and non-ischemic cardiomyopathies needs to be evaluated and will also be the subject of future studies.
The accelerated high-resolution non-contrast-enhanced BOOST showed promising results for both bright blood and black‐blood coronary artery imaging. However, the suitability of the proposed method for detecting coronary thrombus still needs to be investigated. Nevertheless, this indicates that the proposed framework is quite versatile and could potentially be used with other free-breathing LGE or PSIR techniques [38, 39].
Conclusions
An accelerated 3D whole-heart T2-prepared BOOST framework was proposed to provide high-resolution 3D whole-heart bright-blood and black-blood PSIR BOOST images within a clinically feasible scan time of ~ 7 min. This was achieved by combining the XD-ORCCA respiratory-resolved reconstruction method with free-breathing 3D whole-heart Cartesian BOOST undersampled acquisitions. The proposed method was tested in a group of cardiac patients and showed a good agreement with the clinical 2D PSIR LGE.
Supplementary information
Supplementary information accompanies this paper at https://​doi.​org/​10.​1186/​s12968-020-00691-3.
Authors’ contributions
TC, GG, RMB, and CP contributed to the conception and design of the study. GG and RN implemented the acquisition. TC implemented the reconstruction and motion correction framework, analyzed the data and wrote the main draft of the manuscript. IR, RH and TFI contributed to patient recruitment and image analysis. TC, GG and GN contributed to the acquisition of healthy subjects and patient data. All the authors participated in drafting and revising the manuscript. All authors read and approved the final manuscript.

Funding
This work was supported by: (1) EPSRC EP/P032311/1, EPSRC EP/P007619, (2) BHF PG/18/59/33955, (3) Wellcome/EPSRC Centre for Medical Engineering [WT 203148/Z/16/Z], (4) the Department of Health via the National Institute for Health Research (NIHR) comprehensive Biomedical Research Centre award to Guy’s & St Thomas’ NHS Foundation Trust in partnership with King’s College London and King’s College Hospital NHS Foundation Trust. The views expressed are those of the authors and not necessarily those of the NHS, the NIHR or the Department of Health.

Availability of data and materials
The datasets used and/or analysed during the current study are available from the corresponding author on reasonable request.

Ethics approval and consent to participate
This study was approved by the National Research Ethics Committee. All volunteers and patients provided written informed consent for participation in this study.

Consent for publication
All healthy subjects and patients gave written informed consent for publication.

Competing interests
R.N. is employed by Siemens Healthcare Limited. All the other Authors declare that they do not have competing interests.


References
	1.
Kim RJ, Fieno DS, Parrish TB, Harris K, Chen EL, Simonetti O, et al. Relationship of MRI delayed contrast enhancement to irreversible injury, infarct age, and contractile function. Circulation. 1999;100(19):1992–2002.Crossref

	2.
Fieno DS, Kim RJ, Chen EL, Lomasney JW, Klocke FJ, Judd RM. Contrast-enhanced magnetic resonance imaging of myocardium at risk - Distinction between reversible and irreversible injury throughout infarct healing. J Am Coll Cardiol. 2000;36(6):1985–91.Crossref

	3.
Hunold P, Schlosser T, Vogt FM, Eggebrecht H, Schmermund A, Bruder O, et al. Myocardial late enhancement in contrast-enhanced cardiac MRI: distinction between infarction scar and non-infarction-related disease. Am J Roentgenol. 2005;184(5):1420–6.Crossref

	4.
Bohl S, Wassmuth R, Abdel-Aty H, Andre R, Messroghli D, Dietz R, et al. Delayed enhancement cardiac magnetic resonance imaging reveals typical patterns of myocardial injury in patients with various forms of non-ischemic heart disease. Int J Cardiovas Imag. 2008;24(6):597–607.Crossref

	5.
Ismail TF, Prasad SK, Pennell DJ. Prognostic importance of late gadolinium enhancement cardiovascular magnetic resonance in cardiomyopathy. Heart. 2012;98(6):438–42.Crossref

	6.
Gulati A, Jabbour A, Ismail TF, Guha K, Khwaja J, Raza S, et al. Association of fibrosis with mortality and sudden cardiac death in patients with nonischemic dilated cardiomyopathy. JAMA. 2013;309(9):896–908.Crossref

	7.
Gulati A, Japp AG, Raza S, Halliday BP, Jones DA, Newsome S, et al. Absence of myocardial fibrosis predicts favorable long-term survival in new-onset heart failure. Circ Cardiovasc Imaging. 2018;11(9):e007722.Crossref

	8.
Simonetti OP, Kim RJ, Fieno DS, Hillenbrand HB, Wu E, Bundy JM, et al. An improved MR imaging technique for the visualization of myocardial infarction. Radiology. 2001;218(1):215–23.Crossref

	9.
Kim RJ, Wu E, Rafael A, Chen EL, Parker MA, Simonetti O, et al. The use of contrast-enhanced magnetic resonance imaging to identify reversible myocardial dysfunction. New Engl J Med. 2000;343(20):1445–53.Crossref

	10.
Rutz T, Piccini D, Coppo S, Chaptinel J, Ginami G, Vincenti G, et al. Improved border sharpness of post-infarct scar by a novel self-navigated free-breathing high-resolution 3D whole-heart inversion recovery magnetic resonance approach. Int J Cardiovasc Imaging. 2016;32(12):1735–44.Crossref

	11.
Kellman P, Arai AE, McVeigh ER, Aletras AH. Phase-sensitive inversion recovery for detecting myocardial infarction using gadolinium-delayed hyperenhancement. Magn Reson Med. 2002;47(2):372–83.Crossref

	12.
Kellman P, Arai AE. Cardiac imaging techniques for physicians: late enhancement. J Magn Reson Imaging. 2012;36(3):529–42.Crossref

	13.
Kellman P, Xue H, Olivieri LJ, Cross RR, Grant EK, Fontana M, et al. Dark blood late enhancement imaging. J Cardiovasc Magn Reson. 2017;18:77.Crossref

	14.
Liu CY, Wieben O, Brittain JH, Reeder SB. Improved delayed enhanced myocardial imaging with T2-Prep inversion recovery magnetization preparation. J Magn Reson Imaging. 2008;28(5):1280–6.Crossref

	15.
Basha TA, Tang MC, Tsao C, Tschabrunn CM, Anter E, Manning WJ, et al. Improved dark blood late gadolinium enhancement (DB-LGE) imaging using an optimized joint inversion preparation and T-2 magnetization preparation. Magn Reson Med. 2018;79(1):351–60.Crossref

	16.
Kim HW, Rehwald WG, Jenista ER, Wendell DC, Filev P, van Assche L, et al. Dark-blood delayed enhancement cardiac magnetic resonance of myocardial infarction. JACC Cardiovasc Imaging. 2018;11(12):1758–69.Crossref

	17.
Kino A, Zuehlsdorff S, Sheehan JJ, Weale PJ, Carroll TJ, Jerecic R, et al. Three-dimensional phase-sensitive inversion-recovery turbo FLASH sequence for the evaluation of left ventricular myocardial scar. Am J Roentgenol. 2009;193(5):W381–8.Crossref

	18.
Kido T, Kido T, Nakamura M, Kawaguchi N, Nishiyama Y, Ogimoto A, et al. Three-dimensional phase-sensitive inversion recovery sequencing in the evaluation of left ventricular myocardial scars in ischemic and non-ischemic cardiomyopathy: comparison to three-dimensional inversion recovery sequencing. Eur J Radiol. 2014;83(12):2159–66.Crossref

	19.
Ginami G, Neji R, Rashid I, Chiribiri A, Ismail TF, Botnar RM, et al. 3D whole-heart phase sensitive inversion recovery CMR for simultaneous black-blood late gadolinium enhancement and bright-blood coronary CMR angiography. J Cardiovasc Magn Reson. 2017a;19:1–14.Crossref

	20.
Henningsson M, Koken P, Stehning C, Razavi R, Prieto C, Botnar RM. Whole-heart coronary MR angiography with 2D self-navigated image reconstruction. Magn Reson Med. 2012;67(2):437–45.Crossref

	21.
Ginami G, Neji R, Phinikaridou A, Whitaker J, Botnar RM, Prieto C. Simultaneous bright- and black-blood whole-heart MRI for noncontrast enhanced coronary lumen and thrombus visualization. Magn Reson Med. 2018;79(3):1460–72.Crossref

	22.
Correia T, Ginami G, Cruz G, Neji R, Rashid I, Botnar RM, et al. Optimized respiratory-resolved motion-compensated 3D Cartesian coronary MR angiography. Magn Reson Med. 2018;80(6):2618–29.Crossref

	23.
Prieto C, Doneva M, Usman M, Henningsson M, Greil G, Schaeffter T, et al. Highly efficient respiratory motion compensated free-breathing coronary MRA using golden-step Cartesian acquisition. J Magn Reson Imaging. 2015;41(3):738–46.Crossref

	24.
Correia T, Cruz G, Schneider T, Botnar RM, Prieto C. Accelerated nonrigid motion compensated isotropic 3D coronary MR angiography. Med Phys. 2018;45(1):214–22.Crossref

	25.
Bustin A, Ginami G, Cruz G, Correia T, Ismail TF, Rashid I, et al. Five-minute whole-heart coronary MRA with sub-millimeter isotropic resolution, 100% respiratory scan efficiency, and 3D-PROST reconstruction. Magn Reson Med. 2019;81(1):102–15.Crossref

	26.
Amano Y, Onda M, Amano M, Kumazaki T. Magnetic resonance imaging of myelofibrosis stir and gadolinium-enhanced MR images. Clin Imag. 1997;21(4):264–8.Crossref

	27.
Haase A, Frahm J, Hanicke W, Matthaei D. H-1-NMR chemical-shift selective (chess) imaging. Phys Med Biol. 1985;30(4):341–4.Crossref

	28.
Etienne A, Botnar RM, Van Muiswinkel AM, Boesiger P, Manning WJ, Stuber M. “Soap-Bubble” visualization and quantitative analysis of 3D coronary magnetic resonance angiograms. Magn Reson Med. 2002;48(4):658–66.Crossref

	29.
Limentani GB, Ringo MC, Ye F, Berquist ML, McSorley EO. Beyond the t-test: statistical equivalence testing. Anal Chem. 2005;77(11):221A-A226.Crossref

	30.
Ginami G, Neji R, Rashid I, Chiribiri A, Ismail TF, Botnar RM, et al. 3D whole-heart phase sensitive inversion recovery CMR for simultaneous black-blood late gadolinium enhancement and bright-blood coronary CMR angiography. J Cardiovasc Magn Reson. 2017b;19(1):94.Crossref

	31.
Mara CA, Cribbie RA. Paired-samples tests of equivalence. Commun Stat. 2012;41(10):1928–43.Crossref

	32.
Piccini D, Feng L, Bonanno G, Coppo S, Yerly J, Lim RP, et al. Four-dimensional respiratory motion-resolved whole heart coronary MR angiography. Magn Reson Med. 2017;77(4):1473–84.Crossref

	33.
Bilgic B, Goyal VK, Adalsteinsson E. Multi-contrast reconstruction with Bayesian compressed sensing. Magn Reson Med. 2011;66(6):1601–15.Crossref

	34.
Mehranian A, Belzunce MA, Prieto C, Hammers A, Reader AJ. Synergistic PET and SENSE mr image reconstruction using joint sparsity regularization. IEEE Trans Med Imaging. 2018;37(1):20–34.Crossref

	35.
Kopanoglu E, Gungor A, Kilic T, Saritas EU, Oguz KK, Cukur T, et al. Simultaneous use of individual and joint regularization terms in compressive sensing: joint reconstruction of multi-channel multi-contrast MRI acquisitions. NMR Biomed. 2020;33(4):e4247.Crossref

	36.
Fahmy AS, Neisius U, Tsao CW, Berg S, Goddu E, Pierce P, et al. Gray blood late gadolinium enhancement cardiovascular magnetic resonance for improved detection of myocardial scar. J Cardiovasc Magn Reson. 2018;20(1):22.Crossref

	37.
Holtackers RJ, Chiribiri A, Schneider T, Higgins DM, Botnar RM. Dark-blood late gadolinium enhancement without additional magnetization preparation. J Cardiovasc Magn Reson. 2017;19:1.Crossref

	38.
Bratis K, Henningsson M, Grigoratos C, Dell’Omodarme M, Chasapides K, Botnar R, et al. Image-navigated 3-dimensional late gadolinium enhancement cardiovascular magnetic resonance imaging: feasibility and initial clinical results. J Cardiovasc Magn Reson. 2017;19(1):97.Crossref

	39.
Kawaji K, Tanaka A, Patel MB, Wang H, Maffessanti F, Ota T, et al. 3D late gadolinium enhanced cardiovascular MR with CENTRA-PLUS profile/view ordering: Feasibility of right ventricular myocardial damage assessment using a swine animal model. Magn Reson Imaging. 2017;39:7–14.Crossref



Publisher's Note
Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.


OEBPS/images/12968_2020_691_Article_TeX_Equ1.png
1
X = arg min {5“ Ex-d ||§ + a¥; (Rx) + BY_ (Rx) + ¥, (X)} ,





OEBPS/images/12968_2020_691_Fig2_HTML.png
== N O O R
g |

2
=
sg b

R

c d End-expiration
; X ——
'
2 %2 T
B}
8 ; u
8 7
o X3
E=
=
o0

S

X4






OEBPS/images/12968_2020_691_Fig8_HTML.png
Score

PROXIMAL

MIDDLE

DISTAL





OEBPS/images/12968_2020_691_Article_TeX_IEq11.png





OEBPS/images/12968_2020_691_Article_TeX_IEq10.png





OEBPS/css/sidebar.gif





OEBPS/images/12968_2020_691_Fig5_HTML.png
a Right Coronary Artery (RCA) b Right Coronary Artery (RCA)
14 -
12 B Acc 26x 70% 7%
= OAcc38X|  © 60% 5
g 10 g o@ 60%
b <
£ & = 50% f 50%
=) = =
g E 40% 2 40%
- 6 [
5 2 30% 8 30%
I g_ c
8 2 20% 2 20%
= 2 2
K 10% % 10%
0 0%
1 2 3 4 5 6 ) 7 8 9 10 n 12 FS Acc 2.6x  Acc 3.8x FS Acc2.6x  Acc3.8x
Patient
Left Anterior Descending Coronary Artery (LAD) Left Anterior Descending Coronary Artery (LAD)
16
mrs 70% 70%
14 BACC26x|| —
T n Oac3s E 0% £ 5%
S T 0% S 50%
g 10 §4 =
g 8 “i 40% 2 0%
| b4 ©
3 5 2 30% o 30%
& S S
o 4 < 20% S 20%
= < <
%] =
2 ﬂ 10% A 10%
° 1 2 3 4 5 6 7 8 9 10 n 12 0% 0%
: FS Acc2.6x  Acc 3.8x FS Acc 2.6x  Acc 3.8x
Patient






OEBPS/navigation.xhtml

    
      Contents


      
        		Accelerated high-resolution free-breathing 3D whole-heart T2-prepared black-blood and bright-blood cardiovascular magnetic resonance


      


    
    
      Landmarks


      
        		Body Matter


      


    
  

OEBPS/images/12968_2020_691_Fig1_HTML.png
d

T,Prep-IR BOOST

Magnitude

Data
acquisition
VD-CASPR

b

T,Prep BOOST
Reference

Data
acquisition
VD-CASPR

q

Black-blood
PSIR BOOST






OEBPS/images/12968_2020_691_Fig4_HTML.png





OEBPS/images/12968_2020_691_Fig6_HTML.png





OEBPS/images/12968_2020_691_Article_TeX_IEq1.png





OEBPS/images/12968_2020_691_Article_TeX_IEq2.png
Rx = TbXb





OEBPS/images/12968_2020_691_Fig3_HTML.png
T,Prep—IR BOOST

PSIR BOOST

E N
4 4

Fully sampled
18 min 45 s

Acc 2.6x

9min 25 s






OEBPS/css/envelope.png





OEBPS/images/12968_2020_691_Fig7_HTML.png
T2Prep BOOST : PSIR BOOST

g

Patient 3

Patient 5






OEBPS/images/12968_2020_691_Article_TeX_IEq7.png
VY., = ITpx, — Tp_1Xp-1ll;





OEBPS/images/12968_2020_691_Article_TeX_IEq8.png
E = A,FS





OEBPS/images/12968_2020_691_Article_TeX_IEq9.png





OEBPS/images/12968_2020_691_Article_TeX_IEq3.png





OEBPS/images/12968_2020_691_Article_TeX_IEq4.png





OEBPS/images/12968_2020_691_Article_TeX_IEq5.png





OEBPS/images/12968_2020_691_Article_TeX_IEq6.png
\Pt = ”Tbxb - Tb+1Xb+1||1





