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ABSTRACT OF THE DISSERTATION 

 

Clinical Translation of Cardiac Diffusion Magnetic Resonance Imaging: Motion Robust 

In Vivo Characterization of Myocardial Tissue Microstructure 

by 

Christopher Tam Nguyen 

Doctor of Philosophy in Biomedical Engineering 

University of California, Los Angeles, 2015 

Professor Debiao Li, Co-Chair  

Professor Daniel B. Ennis, Co-Chair 

“Every cell in our body is primarily water. But the water doesn’t just sit in the cell, it moves 
through it in a very organized way.”  Peter Agre 

 In 2011, cardiovascular disease (CVD) is the number one killer in the United 

States accounting for 31.3% or about 1 in 3 deaths (786,000 of 2.51 million). Heart 

failure represented 36.1% of the total number of CVD deaths or 1 in 9 total US deaths. 

A key prognostic indicator of heart failure is the presence and extent of myocardial 

fibrosis, which is found in all three main CVD etiologies including systolic dysfunction, 

non-ischemic cardiomyopathy, and valvular disease. Non-invasive myocardial tissue 

characterization to detect and characterize MF is highly sought after clinical tool 

because of its prognostic value. Current technologies include both contrast-based and 

contrast-free cardiovascular magnetic resonance (CMR) imaging approaches. Although 

contrast-based CMR methods are clinically in routine use, a significant portion of CVD 

patients (about 1 in 3) also have renal insufficiency requiring a contrast-free approach. 
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 One promising contrast-free CMR approach is diffusion CMR, which is capable of 

unique tissue characterization by being sensitivity to the microscopic motion of water 

molecules in tissue. Specific to myocardial tissue characterization of fibrosis, it 

potentially offers the highest contrast (>50% signal change) between myocardial fibrosis 

compared to normal myocardium. More importantly, it has the potential to map myofiber 

architecture, which holds the promise of evaluation of novel myocardial therapy such as 

regenerative-based treatments. Despite the strong biological connection between 

diffusion CMR and myocardial fibrosis, in vivo diffusion CMR currently is not widely 

used in a clinical setting because of the major technical limitations of the technique 

which includes (i) bulk motion artifacts, (ii) distortion/susceptibility artifacts, (iii) limited 

spatial resolution (58mm3), (iv) limited spatial coverage, (v) long scan times (>20min), 

and (vi) low signal-to-noise ratio. Among the major technical challenges listed above for 

diffusion CMR, the greatest challenge is overcoming bulk motion because it is 

fundamentally tied to diffusion encoding. This dissertation aims to address some of 

these technical challenges to ultimately yield a clinically translatable in vivo diffusion 

CMR technique. 

 To address challenges (i), (ii), (iii), and (v), a novel diffusion encoding strategy 

(M2 gradient moment nulling) was developed in conjunction with a unique diffusion 

acquisition approach (diffusion preparation) allowing for 3D multi-shot readouts. The two 

developed technologies were initially demonstrated in healthy subjects to reproducibly 

yield diffusion-weighted images (DWI) free of motion artifacts and comparable estimates 

of apparent diffusion coefficients (ADC) when compared to conventional diffusion 

sequences. 
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The novel diffusion CMR sequence was then applied in a pre-clinical setting 

testing its ability to detect and characterize myocardial fibrosis in a chronic MI porcine 

animal model. The chronic MI porcine model acted as an excellent test scenario since 

myocardial fibrotic tissue in this model also has reduced bulk motion, which goes 

counter to the expected increase in estimated ADC. The novel diffusion CMR sequence 

able to detect myocardial fibrosis and yield an expected increased in ADC of fibrotic 

tissue. This lends credence to the new sequence’s robustness against bulk motion in 

the detection of myocardial fibrosis.  

Lastly, the novel diffusion CMR sequence was applied in a pilot clinical setting to 

detect myocardial fibrosis in hypertrophic cardiomyopathy patients. Compared to the 

gold-standard sequence, it was able to yield high sensitivity, specificity, and accuracy in 

detecting myocardial fibrosis. Additionally, a simple threshold was only necessary to 

yield comparable characterization of the diffuse presentations of myocardial fibrosis. 
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CHAPTER 1  INTRODUCTION 

“Every great idea in history has the fat red stamp of rejection on its face. It’s hard to see 
because, once ideas gain acceptance, we gloss over the hard paths they took to get there. If 

you scratch any innovation’s surface, you’ll find the scars: they’ve been roughed up and 
thrashed around by both the masses and the leading minds before they made it in to your life.” 

Paul C. Lauterbur 

1.1 Significance  

In 2011, cardiovascular disease (CVD) is the number one killer in the United 

States accounting for 31.3% or about 1 in 3 deaths (786,000 of 2.51 million) (5). Heart 

failure represented 36.1% of the total number of CVD deaths or 1 in 9 total US deaths. 

A key prognostic indicator of heart failure is the presence and extent of myocardial 

fibrosis (MF), which is found in all three main CVD etiologies including systolic 

dysfunction (ischemia and sudden cardiac death) (6), non-ischemic cardiomyopathy (7), 

and valvular disease (8). Furthermore, chronic heart failure progresses with increasing 

amount of MF and also reflects higher risk for adverse CVD-related outcome (9). Non-

invasive myocardial tissue characterization to detect and characterize MF is highly 

sought after clinical tool because of its prognostic value. Current technologies include 

both contrast-based (late gadolinium enhanced and extracellular volume) and contrast-

free (native T1 and diffusion) cardiovascular magnetic resonance (CMR) imaging 

approaches. Although contrast-based CMR methods are clinically in routine use, a 

significant portion of CVD patients (about 1 in 3 CVD patients (10)) also have renal 

insufficiency requiring a contrast-free approach. 

1.2 Current Technologies to Characterize Myocardial Tissue Microstructure 

1.2.1 Late Gadolinium Enhancement, Extracellular Volume, and Native T1 CMR 

Late gadolinium enhancement (LGE) CMR is the clinical workhorse for 

myocardial tissue characterization with its main use as a technique to detect myocardial 
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fibrosis (11,12). After injecting a contrast agent (chelated Gadolinium) and waiting 

approximately 15 min, serial T1w CMR images are performed to reveal the Gd contrast 

that is late to wash out of the fibrotic region. LGE CMR is a powerful robust qualitative 

tool but has the obvious limitation of not being able to quantify the degree of myocardial 

fibrosis. This is an issue for diffuse presentations of MF, in which qualitatively detecting 

patchy or globally diffuse MF may be challenging. 

In response to LGE CMR’s quantification limitation, extracellular volume (ECV) 

CMR provides a quantitative tissue parameter that relies on CMR measurements before 

and after the administration of Gd (13-15). It is similar to LGE in that it relies on the 

administration of contrast, but the calculation of the ECV value requires additional 

measurements to map the myocardial T1 value before and after contrast. With a 

correction factor dependent on hematocrit, the T1 values of the blood and myocardium 

from pre and post administration of the Gd contrast can be used to calculate the ECV 

value. Although fairly new, ECV CMR has the promise to supplant LGE CMR as the 

standard tool for detecting MF because of its additional sensitivity to diffuse 

presentations of MF. However, ECV CMR still relies on Gd contrast administration, 

which is contraindicative for the aforementioned CVD patients with renal insufficiency. 

For the CVD patients who have compromised renal systems, a whole gambit (16) 

of potential contrast-free CMR techniques is still being developed and validated in 

detecting and characterizing MF. A short list of these CMR techniques include native T1 

(15,17,18), T1roh (19,20), creatine kinase (21), and diffusion (2,22-25). All of these 

techniques rely on endogenous contrasts that estimate with several measurements 

tissue properties that serve as a surrogate biomarker for MF. The leading clinically 
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translated approach is native T1 CMR because of its ease of use for a clinical setting. 

However, its sensitivity to MF is low resulting in a 20% signal change for dense MF and 

a overall low conspicuity (18). For diffuse presentations of MF, native T1 CMR has an 

even lower signal change and though MF is detectable, it still remains challenging for 

robust tissue characterization (26). A more sensitive technique is desired for an 

equivalent performance found in LGE CMR.  

1.2.2 Diffusion CMR 

Diffusion CMR is a promising technique capable of being very sensitivity to 

myocardial fibrosis capable of yielding a large signal difference (> 50%). It has been 

performed ex vivo in various previous myocardial tissue studies to map myofiber 

orientations and quantify myocardial diffusion tissue parameters such as apparent 

diffusion coefficient (ADC) (24,25,27-32). Two recent chronic myocardial infraction (MI) 

porcine study demonstrated the ability of ex vivo diffusion CMR to characterize the 

extent of myocardial fibrosis showing that tissue diffusion was elevated in regions where 

histology showed fibrotic infiltration of the interstitial spaces between myocytes (22,23). 

The presence of myocardial fibrosis was shown to disrupt the highly organized 

myofibers resulting in this measured elevated ADC (Figure 1). The findings of this study 

depicted excellent spatial correlation (r2 > 0.9) with histological staining of fibrosis 

(collagen marker Picrosirius Red) and a validated contrast-enhanced CMR method 

(LGE CMR). Also, the degree of fibrosis (% of interstitial collagen) identified by histology 

had strong correlation with the increase of ADC further establishing the quantitative 

potential of diffusion CMR.  This study establishes the fundamental biological basis of a 
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prior in vivo diffusion CMR study in chronic MI patients, which found a similar increase 

in ADC in focal scar regions (25). 

 

Figure 1 – Histological staining of normal myocardium (left) and fibrotic myocardium (right). 
Myocardial fibrosis is stained in blue showing the disruption of the highly organized myofibers. 

These disruptions in the microstructure result in less restriction of the diffusion of water 
molecules (affecting ADC) in the myocardium increasing the extracellular space (affecting ECV). 

For LGE, Gd is “trapped” in the myocardial fibrosis resulting in delayed wash-out.  Native T1 
values are elevated because the myocardial fibrosis consists of collagen which has a higher T1 

value than normal myocardium. 

1.3 Current state of In Vivo Diffusion CMR 

Current in vivo diffusion CMR techniques fall into two methods that deal with the 

inherent motion sensitivity of diffusion CMR. Both methods aim at greatly reducing the 

motion-sensitive diffusion encoding time by: (A) a stimulated echo (STE) single shot echo 

planar (SS EPI) approach that split the diffusion encoding over two consecutive heart 

beats (33-36) and (B) a spin echo SS EPI approach similar to the neuroimaging diffusion 

MRI sequence that used specialized research hardware capable of ultra-high gradient 

strength (29) or coupled with minimal gradient moment nulling (37). However both 

strategies are not currently clinically translatable because method A assumes a near 

perfect constant heart-rate (±30ms heart period difference or approximately ±1.5 beats-

per-minute), which does not hold in the presence of arrhythmia or varying heart-rate and 

method B uses ultrahigh gradient hardware currently not widely available on clinical 

scanners (2 to 10 times larger than clinical systems can offer). 
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1.4 Major Technical Challenges of In Vivo Cardiac Diffusion MRI 

Despite the strong biological connection between diffusion CMR and myocardial 

fibrosis, in vivo diffusion CMR currently is not widely used in a clinical setting because of 

the major technical limitations of the technique which includes (i) bulk motion artifacts, (ii) 

distortion/susceptibility artifacts, (iii) limited spatial resolution (58mm3), (iv) limited spatial 

coverage, (v) long scan times (>20min), and (vi) low signal-to-noise ratio. Among the 

major technical challenges listed above for diffusion CMR, the greatest challenge is 

overcoming bulk motion because conventional diffusion MRI techniques used for 

neuroimaging is inherently very sensitive to motion and results in severe signal fall out 

(38,39). The two aforementioned methods are not suitable for clinical translation, which 

establishes a strong need for a novel strategy that can address bulk motion widely 

available clinical systems.  

1.5 Aims 

The overall aim of this dissertation project is develop a novel motion robust DW 

CMR technique capable of immediate clinical translation. Validation in both pre-clinical 

and clinical settings in the form pilot studies is performed to further test the motion 

robustness of the tissue characterization yielded by this new technique. The overall aim 

is split into 3 parts specifically characterizing myocardial fibrosis because of its 

immediate high clinical impact (conceivably future studies could characterize other 

tissue types such as myocardial fat, amyloid, and ischemia).  

1.5.1 Aim 1: To develop a clinical translatable 3D diffusion-prepared DW CMR 
sequence capable of free-breathing acquisition on a widely-available clinical 
scanner within a clinically feasible scan time 
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Chapter 3 presents the novel 3D diffusion-prepared DW CMR that extends the 

spin echo approach B without using ultrahigh gradient strengths by inherently designing 

the diffusion encoding to compensate for bulk motions up to and including constant 

acceleration (M2) addressing technical challenge (i). Additional novelty present in this 

technique is the use of a diffusion preparation approach that allows for a 3D segmented 

readout, which addresses technical challenge (ii), (iii), and (v).  

1.5.2 Aim 2: To pre-clinically test and validate the hypothesis that the proposed 
diffusion-prepared DW CMR sequence is motion robust enough to detect and 
characterize myocardial fibrosis in an established ischemic porcine model 

 
Chapter 4 applies the novel technique described in 0in a pre-clinical setting to 

demonstrate that tissue characterization of myocardial fibrosis via diffusion CMR is 

unaffected by bulk motion. The animal model used to evaluate the motion robustness of 

the new DW CMR sequence is the classic ischemic non-reperfusion porcine model that 

is known to form dense replacement myocardial fibrosis. Established and validated 

conventional contrast-based techniques such as LGE will serve as an in vivo reference 

for the characterization of the myocardial fibrosis. 

1.5.3 Aim 3: To test in a real clinical setting that the proposed diffusion-prepared DW 
CMR sequence can detect and characterize myocardial fibrosis in hypertrophic 
cardiomyopathy patients 

 
Chapter 5 takes the application of the novel technique from 0one step further with a 

small pilot clinical study. In a small group of hypertrophic cardiomyopathy patients, the 

novel DW CMR technique was tested against established contrast based CMR 

techniques such as LGE and ECV to detect and characterize diffuse forms of 

myocardial fibrosis. This study serves as a stepping-stone for future multi-center clinical 

trials. 
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CHAPTER 2  BACKGROUND 

“If I have seen further it is by standing on the shoulders of Giants.” Isaac Newton 

2.1 Myocardial Anatomy 

The mammalian myocardium consists of two main levels of organization: 

macrostructure and microstructure. The myocardial macrostructure level includes 

left/right ventricles and left/right atria (Figure 2). Currently, the most studied chamber for 

cardiovascular-related disease is the left ventricle (LV) since it is tasked to supply the 

rest of the body with oxygenated blood consequently making it a common point of 

failure for the entire myocardium. The main focus of these studies including the 

presented work is the tissue characterization of the LV to eventually provide clinically 

prognostic parameters for clinical management and therapeutic monitoring of various 

cardiac-related disease. The myocardial microstructure level includes the myofiber 

architecture of the four chambers. Understanding of how the underlying myofiber 

architecture is perturbed in the presence of cardiovascular disease may give insight to 

macro functional response (e.g. cardiac output and ejection fraction). Again, the chief 

emphasis of many studies including the presented work is the myofiber architecture of 

the LV. 

2.1.1 Macrostructure: Left Ventricle 

The left ventricle has main two axes, which serve as the landmarks for cardiac 

imaging studies. The long axis is defined by two points with one at the center of the 

mitral valve and other at the apex of the heart (Figure 2). Orthogonal to the long axis is 

the short axis and defines the most common plane used for 2D cardiac imaging. In the 

short axis orientation, the LV is divided into three main sections: base, mid, and apex. 
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Further segmentation of the LV in the short axis plane has a radial and a circumferential 

organization. The radial or “transmural” segmentation includes three main sections 

starting from the innermost layer to the outermost layer: endocardium, mesocardium, 

and epicardium (Figure 3). The circumferential segmentation is based off a widely 

accepted standard from the American Heart Association, which defines 6 segments: 

anterior, anterolateral, inferolateral, inferior, inferolateral, and anterolateral. 

 
Figure 2 – Macrostructural Anatomy of the Heart. (left) Major valves and chambers of the human 
heart. (right top) Definitions of specific LV landmarks including the short axis plane, long axis, 

base, mid, and apex. (right bottom) Additional LV landmarks in the short axis plane defining the 
standard 6 American Heart Associate segmentation. 

2.1.2 Microstructure: LV Myofiber Architecture 

The LV is composed of a highly structured myofiber architecture, which can be 

found at different organizational stages of human development (40) and across various 
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mammalians (24,41-43). For the adult human, three main myofiber populations exist in 

the LV roughly representing the epicardium, mesocardium, and endocardium (44). 

Endocardial and epicardial myofiber populations exhibit two chiral helical structures with 

the former and latter displaying right handed (RHH) and left handed helices (LHH), 

respectively. The mesocardial myofiber population exhibits a circumferential structure 

that exists parallel to the short axis plane. To better quantify the helical nature of the 

myofiber architecture, the following coordinate system is used: 

 
Figure 3 – Microstructural Anatomy of the Heart. The three helical myofiber populations showing 

epicardial (blue), mesocardial (green), and endocardial (red) helices that are left handed, 
circumferential, and right handed, respectively. 

α is the helix angle (HA) and represents the angle of elevation (or de-elevation for α < 

0°) to the short axis plane. RHH, LHH, and mesocardial myofiber populations have HA 

> 0°, HA < 0°, and HA = 0°, respectively. It should be noted that for normal human 

myocardium including other mammalian organisms (43), there exists a transmural 

continuum in which the HA linearly decreases from endocardium to epicardium.   
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2.2 Fundamentals of Diffusion MRI 

Diffusion MRI is a unique MR modality that is sensitive to the microscopic 

mobility of water molecules permeated throughout a tissue. It has the unique ability to 

non-invasively characterize tissue microenvironment by interrogating the molecular 

diffusion of water molecules in tissue. The tissue microenvironment consisting of both 

microstructure and microphysiology can be perturbed with the presence of disease. This 

disease-based perturbation in tissue microenvironment affects the diffusion of water 

molecules and therefore, can be detected by diffusion MRI. The main confounder 

posing as the greatest technical challenge of diffusion MRI is the presence of bulk 

motion, which can mimic or completely destroy the sensitivity to the microscopic 

displacements of the water molecules. 

2.2.1 Diffusion Encoding and Weighting 

Diffusion encoding can be roughly broken down into three main steps: (i) 

encoding water molecules, (ii) allowing for the encoded water molecules to diffuse, and 

(iii) decoding the water molecules. The first step involves the use of a magnetic field 

gradient to impart a phase on the protons of the water molecules (spins) governed by 

the following equation assuming demodulation of the main magnetic field: 

���� = � � 	��
� ∙ ���
��
�
�

 

γ is the gyromagnetic ratio, G(t) is the time-dependent gradient waveform, and x(t) is the 

time-dependent spatial displacement function. From the start of encoding, the dephased 

spins diffuse passively during a period called the mixing time, Δ, until the decoding 
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period begins. After the mixing time, another magnetic field gradient is played to decode 

or rephrase the spins back to their initial state at time TE governed by:  
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t1 and t2 defines the end points of the encoding and decoding periods. In the classic 

Stejskal-Tanner diffusion MRI experiment (45) (Figure 4), the polarity of this second 

gradient is in the same direction of the first gradient since a refocusing RF pulse is 

played during the mixing time. Without the refocusing pulse, the polarity of the second 

gradient is opposite of the first gradient.  

 
Figure 4 – Pulse sequence diagram of the classic Stejskal-Tanner diffusion MRI experiment. The  
180° refocusing pulse mitigates unwanted signal loss from T2* decay. Because the refocusing 

spin echo reverses the sign of the phase, the rephasing diffusion gradient (2nd gradient) has the 
same polarity as the dephasing diffusion gradient. A single line of k-space (dotted box) is 

acquired at TE.  

 Because the spins are displaced on a microscopic level, the rephasing of the 

spins is incomplete resulting in an irreversible signal loss. Note during the encoding 

process, the spins are also actively undergoing diffusion adding to the irreversible signal 

loss. This signal loss is dependent on the endogenous apparent diffusion coefficient 

(ADC) of the tissue and another factor “b” that describes how much “diffusion weighting” 

(DW) was imparted during the entire diffusion experiment. The final DW signal is 

commonly expressed as a single exponential decay: 
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The DW signal can also be modeled as a multi-exponential decay given the range of b-

value measurements acquired with b < 200 um2/ms capturing more of a pseudo 

perfusion weighting and b > 200 um2/ms reflective of pure self-diffusion (46). This 

technique of separating perfusion and diffusion into two exponential decays is known as 

intra-voxel incoherent motion (IVIM). 

One key important relationship to note from the b-value equation is the quadratic 

dependency of b on maximum gradient strength. This holds true for spin echo (45), 

stimulated echo (47), intra-molecular quantum (48), and stead-state (49) diffusion 

encoding approaches. This relationship is exploited for reducing motion sensitivity and 

increasing SNR of diffusion MRI. Small increases in gradient strength can lead to 

substantial reduction in TE while still maintaining the desired b-value. 

2.3 In Vivo Diffusion MRI Acquisition 

A large variety of in vivo diffusion MRI acquisitions have been designed beyond 

the classical Stejskal-Tanner diffusion experiment with all of them aiming to mitigate the 

effects of the motion sensitivity of the large magnetic gradients used for diffusion 

encoding (50). The most successful of these acquisitions is the diffusion-weighted 

single shot echo planar imaging (DW SS EPI) that is capable of collecting an entire 2D 

image in less than 100ms, which is faster than most physiological motion (51). Another 

set of diffusion MRI sequences used extensively in this thesis is diffusion prepared 



 13

sequences that utilize a “tip-up” pulse to place the diffusion weighted transverse 

magnetization along the longitudinal axis. 

2.3.1 Diffusion Prepared (D-prep) Sequences 

Diffusion-prepared sequences have been proposed early on as an alternative 

diffusion MRI multi-shot solution to achieve high resolution, non-distorted diffusion-

weighted images of the brain (52,53). Diffusion-prepared sequences typically diffusion 

encodes a volume with a nonselective pulsed gradient spin echo preparation, but 

instead of immediately reading out the diffusion-weighted echo, the transverse 

magnetization is tipped back along the longitudinal axis (Figure 5). A spoiler is used to 

destroy any residual transverse magnetization and thus severing the detrimental effects 

of diffusion encoding before the imaging echo train is invoked. Following the diffusion 

preparation and spoiler, the prepared magnetization is readout with a steady-state free 

precession sequence that is catalyzed to rapidly reach steady state (54). Several 

steady-state free precession (SSFP) readouts including FLASH (52) and bSSFP (53) 

have been used in conjunction with diffusion preparation. 

 

Figure 5 – An example of pulse sequence diagram of diffusion-prepared bSSFP. All RF pulses in 
the preparation are non-selective. The use a tip-up pulse (90°-x) reciprocates the initial excitation 

pulse (90°x) tipping back the transverse magnetization onto the longitudinal axis. The spoiler 
destroys any residual transverse magnetization and then, a steady-state catalyst rapidly readies 

the volume for bSSFP readout. 
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D-prep sequences can inherently address the aforementioned limitations of 

single shot trajectories including severe magnetic susceptibility artifacts and limited 

spatial resolution. By destroying the residual transverse phase, a multi-shot acquisition 

can be performed, which has a short echo train length reducing the amount of distortion. 

The relatively short T2 of myocardium must be addressed with an equally short TE to 

ensure adequate SNR. The duration of the between the tip-down and tip-up RF pulses 

of the preparation (TEprep) is inherently shorter than the TE of traditional T2 weighted 

sequences because the duration of imaging gradients do not contribute to TEprep. 

Therefore, TEprep only depends on the duration of the diffusion gradients and the RF 

pulses allowing for the possibility of reduced T2 decay. This illustrates a unique 

advantage of diffusion-prepared sequences, in which changes to the diffusion 

preparation have no bearing on the image readout and vice versa. Optimization of either 

the diffusion preparation or the image readout can be made without making sacrifices 

for the other.  

In order to leverage the inherent improvement of image quality via multi-shot 

imaging, the steady-state catalyzation scheme must be effective in keeping shot-to-shot 

stability of the signal while being short enough to maintain diffusion weighting. In the 

first application of Diffusion-prep bSSFP in the brain, a simple α/2 catalyst was used to 

ensure desired diffusion preparation was maintained (53). However, thoracic 

magnetization prepared SSFP imaging suffers from poor image quality when a steady-

state catalyst does not sufficiently bring the imaging volume into a stable steady-state 

(54). The catalyst must consist of a sufficient number of pulses while maintaining a 
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minimum amount, so that the desired contrast from the magnetization preparation is 

retained (55). 

2.4 Bulk Motion Corruption of In Vivo Diffusion MRI and Diffusion Preparation 

Due to the strong magnetic field gradients used to achieve DW, in vivo diffusion 

MRI is highly sensitive to bulk motion.  Without the presence of bulk motion and 

assuming on-resonance conditions, a typical Stejskal-Tanner diffusion experiment (45) 

should result in a completely refocused transverse magnetization (e.g. no net residual 

phase, ϕ, in the transverse plane) weighted by the product of the ADC and the chosen 

b-value. In the presence of bulk motion, diffusion encoding gradients generates nonzero 

net residual phase in the transverse plane (ϕ ≠ 0). This phase generated by bulk 

motion, ϕ$, can be modeled with the following: 

 

ϕ$ = � �%	&���%��
�

+ �� � �%	&���%��
�

� ( + �12 � � � %	&���%��
�

� + + ⋯              
     ϕ$ = .� + ./( + . + + ⋯ 

 .�, ./, and .  are the zero, first, and second order gradient moments, respectively. 

	&��� is the diffusion gradient waveform and � is the gyromagnetic ratio. For image 

readouts that directly sample the transverse magnetization (e.g. EPI), nonzero ϕ$ will 

interfere with phase encoding resulting in possible ghosting and/or signal fall out.  

In the case of diffusion preparation, the spoiler following the tip-up pulse will 

destroy all residual transverse magnetization, thereby removing any residual net phase. 

Seemingly, this approach removes the influence of bulk motion, but innately the tip-up 

pulse assumes that the transverse magnetization is completely refocused (e.g. ϕ = 0) 
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before tipping it back to the longitudinal axis. When ϕ ≠ 0, the tip-up pulse will 

erroneously weight the magnetization by cosϕ in addition to diffusion weighting. An 

interesting consequence of the erroneous weighting is that a small amount of bulk 

motion can be tolerated whereas an amount of residual phase can greatly degrade the 

image quality for EPI. For example, if a small degree of bulk motion resulted in ϕ 

ranging from 0 to π/10, it will lead to approximately a 0-5% magnitude error. For EPI 

sequences, ϕ ranging from 0 to π/10 could possibly result in severe distortion or signal 

fall out for low resolution imaging (37). However for larger amounts of bulk motion, this 

erroneous weighting may confound the desired diffusion weighting since it is 

unaccounted for in the calculation of ADC. Additionally, a range of bulk motions at 

varying speeds will cause phase dispersion within a single voxel that may mimic 

magnetization decay; in which case, diffusion-prep sequences will have signal fall out 

similar to the intentional motion-induced intravoxel dephasing by black blood 

preparations (56-58). Essentially, the diffusion preparation strategy trades in the 

problem of severe degradation of image quality observed in EPI readouts for possible 

confounding magnitude error. Therefore, the effect of bulk motion on the diffusion 

preparation must be minimized in order to give accurate diffusion measurements. 

2.5 In Vivo Diffusion CMR 

Two main strategies address unwanted bulk motion by minimizing the duration of 

diffusion gradients while maintaining a high enough b-value to be classified as diffusion 

weighting (Figure 6). One set of techniques spread the diffusion-encoding period over 

two neighboring R-R intervals via stimulated echo (STE) SS EPI (33-35). The majority 

of the diffusion encoding is performed during the “mixing time” of a single R-R cycle 
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limiting the sensitivity to bulk motion. The main disadvantage of this strategy is the 

assumption that bulk motion is exactly periodic during two consecutive heart beats and 

is mostly valid in healthy controls for certain cardiac phases but may not hold in patients 

with arrhythmia or variable heart rates (33).  

The other set of techniques are spin echo (SE) based utilizing ultra high gradient 

strengths to keep the duration of diffusion gradients to a minimum (29,37). The 

conventional diffusion weighted spin echo sequence using current gradient strengths 

(~40 mT/m) is not suitable for cardiac applications because the diffusion-encoding 

period is too long relative to cardiac bulk motion (50). With the use of ultra high gradient 

strengths (>80 mT/m), this limitation can be overcome since the entire diffusion-

encoding period can be made short enough. The obvious drawback of this strategy is 

the lack of availability of ultra high gradient strengths in clinical settings, but the ability to 

diffusion-encode within a single heartbeat reduces the sensitivity to arrhythmia and 

variable heart rates. 

Both STE and ultra high gradient strength SS EPI approaches have 

disadvantages that limit the clinical application of diffusion CMR. The possibility of 

arrhythmia in patients with heart disease cannot be ruled out making the former strategy 

not ideal for a clinical setting. Furthermore, scanners capable of ultra high gradients 

strengths are not yet widely available. Therefore, a new technique is needed that can 

meet the requirement of single heart beat diffusion encoding with conventional gradient 

strengths.  
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Figure 6 – Pulse sequence diagram of cardiac (a) STE and (c) SE SS EPI. Periods of when bulk 
motion and diffusion encoding occur for (b) STE and (d) SE SS EPI. Notice the brevity in bulk 

motion encoding for both sequences. 
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CHAPTER 3  IN VIVO DW CMR: A DIFFUSION PREPARED 
MOTION COMPENSATION APPROACH 

“To raise new questions, new possibilities, to regard old problems from a new angle, requires 
creative imagination and marks real advance in science.” Albert Einstein 

3.1 Introduction 

Diffusion MRI has the unique ability to non-invasively characterize tissue 

microstructural environment by interrogating the molecular diffusion of water molecules 

in tissue.  The microstructure of the myocardium is highly anisotropic and organized in 

helical myofiber tracts (44). In vivo studies in humans demonstrated the ability of 

diffusion CMR to characterize the myocardial microstructure in healthy individuals by 

measuring the trace apparent diffusion coefficient (trADC), fractional anisotropy, and 

myofiber orientation (34-37). Additionally, diffusion CMR has the potential to detect 

changes in these measured diffusion parameters in cases where microstructural 

remodeling is suspected to occur in the setting of myocardial infarction cardiomyopathy 

(25,59,60). Recently, trADC (or mean diffusivity) has been shown to be sensitive to 

acute myocarditis (61), acute/chronic myocardial infarction (62), and myocardial fibrosis 

(23).  Despite the unique clinical insight that diffusion CMR can provide for myocardial 

tissue microstructure and pathophysiology (29,63-66), diffusion CMR has been 

sparingly used in the clinic.  

The reasons for the lack of clinical application of diffusion CMR consist of 

technical challenges of conventional diffusion MRI acquisition via single shot echo 

planar imaging (SS EPI) (33-35). This includes but is not limited to: (i) the severe 

magnetic susceptibility of the thoracic region, (ii) low signal-to-noise ratio (SNR) due to 

the relatively short T2 of myocardium, and (iii) bulk cardiac motion (“bulk motion”) 
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confounding diffusion encoding. Magnetic susceptibility is addressed with the use of 

parallel imaging with zonal excitation (33). Stimulated echo acquisition mode (STE) (33-

36) or ultra high gradient strength spin echo SS EPI (29,37) are used to greatly reduce 

TE and T2 decay. Cardiac bulk motion is addressed with either STE diffusion encoding 

or spin echo diffusion encoding using ultrahigh gradient strengths (>80 mT/m).  

To address these desired diffusion CMR requirements, we proposed a bulk 

motion compensated diffusion-prepared balanced steady-state free precession (bSSFP) 

pulse sequence. The diffusion preparation utilized a second order bulk motion 

compensated (M2) scheme that diffusion encoded within a single heartbeat to mitigate 

the sensitivity to arrhythmia (35,37). The imaging readout was a 3D segmented bSSFP 

acquisition optimized to address diffusion CMR technical challenges (i) and (ii) while 

maintaining diffusion weighting (55). By employing the diffusion-prepared bSSFP 

strategy, the detrimental effects of bulk motion during diffusion encoding can be 

minimized with no compromises to a multi-shot, prospective free-breathing, and SNR 

efficient imaging readout suitable for cardiac MR application. 

3.2 Methods 

3.2.1 Numerical Simulations 

For all simulations unless otherwise specified, the apparent diffusion coefficient 

(ADC) was assumed to be 1.50x10-3 mm2/s with b-value of 450 s/mm2. TR and TE were 

taken to be 3.4 ms and 1.3 ms, respectively, as used in the in vivo experiments. The T1 

and T2 values of myocardium were taken as 1000 ms and 40 ms, respectively (67). 

Because linear centric encoding was implemented, the first echo after the steady-state 

catalyst was used in calculating the ADC = 1/b * log(S0/S), where S0 is the first echo of T2 
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prep bSSFP (i.e. bSSFP prepared with the same Diffusion-prep with all diffusion gradients 

switched off.) and S is the first echo of Diffusion-prep bSSFP.  

To explore the effectiveness of a steady-state catalyst, the signal evolution of 

Diffusion-prep bSSFP can analytically be described with the following expressions:  

 

�3�4, 6, �, 7� = ��8 ℬ:���∁<�6, 7� =>Θ
8�6, ?, TR�BC/

DE� FΘ8�6, 4, TE�             �Eq. 1� 

where, 
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ℬ:��� = =0 0 00 0 00 0 PCWXF , Τ3��� =
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Z[PC �!� 0 00 PC �!� 00 0 PC �!�\]]

]̂  
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�3�4, 6, �, 7� denotes the magnetization at the Lth echo after N catalyst pulses with a 

diffusion weighting of b and flip angle of θ. The diffusion decay, ℬ:���, relaxation, Τ3, and 

recovery, ℛV , operators act on the initial magnetization, ��8 , during the steady-state 

catalyst, ∁<, and throughout the rest of the imaging acquisition. K�?� represents the 

envelope function of the steady-state catalyst that ramps up to the desired θ flip angle.  

We numerically simulated Eq. 1 to find a candidate range of minimum number of 

catalyst pulses. The linear catalyst envelope was tested, while simulating the effect of 

using a range of different flip angles for the imaging α pulses. Image quality was assessed 

for ghosting or signal aberration in the phase encoding direction in the T2 prep bSSFP (b 



 22

= 0 s/mm2) image, where the candidate range of minimum number of catalyst pulses from 

the numerical simulation was tested. 

3.2.2 Gradient Moment Nulling 

In order to address the third diffusion CMR technical challenge, the influence of 

bulk motion on diffusion preparation must be considered.  Without the presence of bulk 

motion and assuming on-resonance conditions, a typical Stejskal-Tanner diffusion 

experiment (45) should result in a refocused net transverse magnetization (e.g. no net 

residual phase, ϕ, in the transverse plane) weighted by the product of the apparent 

diffusion coefficient (ADC) and the chosen b-value. In the presence of bulk motion, 

diffusion encoding gradients generates nonzero net residual phase in the transverse 

plane (ϕ ≠ 0). This phase generated by bulk motion, ϕ$, can be modeled with the 

following: 

 

ϕ$ = � �%	&���%��
�

+ �� � �%	&���%��
�

� ( + �12 � � � %	&���%��
�

� + + ⋯       ��b. 1�       
     ϕ$ = .� + ./( + . + + ⋯ 

 .�, ./, and .  are the zero, first, and second order gradient moments, respectively. 

	&��� is the diffusion gradient waveform and � is the gyromagnetic ratio. 

Minimizing the magnitude error caused by bulk motion can be achieved via 

motion compensation in which the diffusion gradient moments, (.�, ./, . …), are 

nulled to minimize ϕ$. In human myocardium, bulk motion is present with nonzero 

velocity and acceleration (68) leading to a nonzero ϕ$ Therefore, nulling ./ and .  

may be effective in minimizing the erroneous weighting of cosϕ$. Nulling high order 



 23

diffusion gradient moment severely reduces the efficiency of achieving a high b-value 

for a given gradient duration, thus greatly increasing TEprep and decreasing SNR (37). 

For a b-value of 450 s/mm2, a M2 diffusion preparation would result in a TEprep = 115ms 

compared with a standard Stejskal-Tanner diffusion scheme that yields TE = 43ms. 

Optimization of the trade off between motion compensation and SNR must be 

considered. 

 The sufficiency of which order of diffusion gradient moment must be nulled to 

minimize the impact of bulk motion and its impact on SNR is explored via numerical 

simulation. The highest achievable b-value for three diffusion gradient schemes was 

found for a given velocity and acceleration—uncompensated, ./ (M1) compensated, 

and ./, .  (M2) compensated. ϕ$ was calculated using Eq. 1 and assuming no 

contribution of higher order motions beyond acceleration. Stepwise increments of 0.1 

ms to the duration of diffusion gradients were made to increase the b-value until either 

the error from inadequate bulk motion compensation (1 � cosϕ$) exceeded a tolerable 

noise level or the diffusion weighted signal resulted in a SNR < 10. The noise level was 

set so that d = 0.0015 and the initial SNR = 670. The noise level was estimated from 

the average SNR = 52 found in our measured T2 prepared bSSFP 3D images at 115ms 

TEprep.  The range of velocities and accelerations explored were 0-15cm/s and 0-

200cm/s2, which represents a range of bulk motion in healthy and acutely infarcted 

myocardium (68-71) . The simulation was repeated for non-ideal B1 conditions for the 

refocusing pulses that may deviate from 180° while the excitation and tip-up pulses 

maintained reciprocity with each other. 
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3.2.3 Pulse Sequence Design 

The diffusion preparation is executed at the start of the diastolic quiescent period, 

which is estimated from CINE imaging (Figure 7). This minimizes the presence of bulk 

motion and greatly increases the chances of M2 to suppress the magnitude error induced 

by bulk motion. In cases when the quiescent period is not long enough to encompass 

both the diffusion-preparation and readout, then the diffusion preparation was placed at 

the center of the quiescent period and the readout segments were reduced to avoid 

blurring. The diffusion preparation comprises of an excitation pulse (90°x) followed by two 

refocusing pulses (180°x, 180°-x) and terminates with a tip-up pulse (90°-x). The two 

refocusing pulses consisted of MLEV composite hard pulses (90°x -180°y -90°x to ensure 

fast and robust refocusing (72). All RF pulses were non-selective to minimize both RF 

and preparation duration.  

Diffusion gradients were placed throughout the entirety of the preparation and 

formulated in bipolar pairs when possible to reduce eddy currents (73). For the motion 

uncompensated (./ > 0, . > 0) diffusion preparation, the twice refocused pulse spin 

echo (TRSE) was used. M2 was achieved by utilizing a quadra-bipolar pulse, where a set 

of bipolar gradients flanked the refocusing pulses while a pair of bipolar gradients were 

placed in between them totaling four sets of bipolar gradients. Following the tip-up pulse, 

a strong spoiler gradient was used in all three directions to destroy any residual transverse 

magnetization. Data acquisition immediately followed the spoiler gradient, where a 

steady-state catalyst preceded the bSSFP readout.  

A 3D segmented bSSFP readout with centric encoding used for conventional 

cardiac magnetization prepared sequences was used (74). The optimized steady-state 
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catalyst consisted of 5 RF pulses following a linear ramp-up envelop to the α pulse of 

the bSSFP readout.  

 
Figure 7 – The proposed pulse sequence diagram of the optimized diffusion-prepared bSSFP 
sequence suited for diffusion CMR. (a) The diastolic quiescent period of the myocardium is 

identified by CINE imaging. (b,c) The ECG trigger delay is set so that the diffusion preparation and 
the image readout executes during the quiescent period. The multi-shot image readout is adjusted 

so that the number of segments is small enough to fit within the quiescent period. Note that the 
trigger delay will always prioritize the placement of the diffusion preparation in the quiescent 

period over image readout. (d) The four sets of bipolar diffusion encoding gradients yield second 
order bulk motion compensation (M2) nulling the m1 and m2 gradient moments. (e) For 

uncompensated diffusion encoding, the TRSE diffusion preparation is used. For both diffusion 
preparations, the maximum gradient strength (40 mT/m) allowed is used to minimize TEprep. The 
use of bipolar gradients in both M2 and TRSE diffusion preparations provide resilience to eddy 

current induced distortion due to the alternating signs in gradient strength. All RF pulses used in 
the diffusion preparations are non-selective composite hard pulses. 

3.2.4 MR Imaging Protocol and Data Processing 

In vivo human experiments were performed at 1.5T (MAGNETOM Avanto, 

Siemens Healthcare, Erlangen, Germany) with M2 diffusion-prepared bSSFP 

(TR/TE=3.4/1.3ms, FOV=256x256mm2, α = 110°, 160x160 matrix, 10mm slice thickness, 
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4 slices of a single 40mm 3D slab, 5 linear ramp up pulses, 3 orthogonal diffusion 

directions, Gdiff=40 mT/m, TEprep = 115 ms) and standard TRSE diffusion-prepared 

bSSFP (same bSSFP imaging parameters, 3 orthogonal diffusion directions, 

Gdiff=40mT/m, TEprep = 45ms). All subjects were conducted within the approval of Cedars-

Sinai Medical Center Institutional Review Board (IRB) and informed consent was 

collected before the imaging session. 

For the calf diffusion MRI study, a single healthy volunteer was imaged in the right 

calf 2.5 cm below the kneecap. M2 diffusion-prepared bSSFP (above protocol with 20 

segments) and DW SS EPI (TR/TE=4000ms/115ms, FOV=256x256, FOV=256x256mm2, 

160x160 matrix, 10mm slice thickness, 4 slices, parallel imaging factor = 2, 8 averages) 

were repeated 5 times. Scan times between the two sequences were matched. Diffusion 

encoding was prescribed in three orthogonal diffusion directions using 5 b-values (b = 0, 

50, 150, 350, 450 s/mm2). ADC maps were calculated offline assuming a 

monoexponential fit in MATLAB (Mathworks, Natick, MA) for each diffusion direction 

using all 5 b-values. Trace ADC map was calculated by averaging the 3 orthogonal ADC 

maps. Another set of ADC and trADC maps were calculated using only 2 b-values (b = 0 

and 450 s/mm2). A ROI was drawn in a location in the calf muscle where DW SS EPI had 

no visible artifacts. Mean trADC values were calculated from the ROI in the 5 b-value and 

2 b-value trADC maps for comparison.  

For cardiac studies, healthy volunteers (n=10) were imaged during the quiescent 

cardiac phase of diastole with navigator-based free breathing.  Diffusion encoding was 

prescribed along three orthogonal diffusion directions for all experiments. Following both 

M2 and TRSE diffusion preparations was the same 3D segmented centric encoded 
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bSSFP readout utilizing parallel imaging acceleration (R = 2). The multi-shot readout was 

tailored to fit as many segments into the quiescent period as possible which typically 

consisted of  8 to 20 segments. For two cases with heart rate (HR) > 80 beats per minute 

(BPM), the diffusion preparation was centered on the quiescent period and the readout 

was reduced to 8 segments. To explore the affect of off-resonance, the M2 diffusion-

prepared bSSFP measurement for a single diffusion direction was repeated with 7 

frequency offsets ranging from -300Hz to 300Hz at intervals of 100Hz. The M2 diffusion-

prepared bSSFP measurement with three orthogonal diffusion directions was repeated 

at the end of the study for reproducibility analysis. Finally, an additional M2 diffusion-

prepared bSSFP measurement was made with a steady-state catalyst consisting of 10 

ramp-up pulses. Expected scan time for a four-slice M2 diffusion-prepared bSSFP with 

three orthogonal diffusion directions was 7 minutes for a navigator efficiency of 33%. The 

HR was recorded throughout the imaging session. 

Trace ADC maps were generated in the same manner as in the calf using the 2 b-value 

fit.  Manual segmentation of the left ventricle (LV) was used for each slice and the mean 

was taken across all slices to yield a single LV trADC value for each volunteer. The 

standard deviation across subjects (SDpopulation) and within a single subject for all slices 

(SDsubject) was calculated to see the impact of the expected negative bias of trADC 

found in simulation.  Two tailed paired t-test statistics were performed to derive 

statistical significance when comparing the LV trADC value between two scans. We 

performed a regional analysis by segmenting the LV into six AHA segment and tested 

statistical significance between the six segments with one-way analysis of variance 
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(ANOVA) across all subjects. Reproducibility analysis additionally included a Bland-

Altman test (75). 

3.3 Results 

3.3.1 Numerical Simulations 

Numerically simulating equation 2 demonstrates that the absolute error in 

calculated ADC increases drastically when later echoes are used as the center of k-space 

(Figure 8). Collecting the center of k-space at the first echo after the catalyst maintains 

the diffusion-prepared contrast and minimizes the error in calculated ADC. Additionally, 

the echo after the catalyst provides the largest signal in both the T2 and diffusion-

prepared signals.   

For larger values of α, the diffusion-prepared contrast is even better maintained 

throughout the echoes following the steady-state catalyst while also reducing the overall 

error in ADC (Figure 8). The less number of preparatory pulses used in the steady-state 

catalyst the better the diffusion-prepared contrast is preserved. The α/2 preparatory 

catalyst performs the best at minimizing the error in ADC (<3%), while a standard thoracic 

steady-state catalyst consisting of 10 linear preparatory pulses results in significant error 

(>10%). Halving the number of linear preparatory pulses to 5 reduces the error in ADC to 

a more tolerable amount (~6%).  
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Figure 8 – (Top) Plot of the signal evolution of the diffusion-prepared signal (red solid) and the T2 
prepared signal (blue dashed). The error in ADC (green dotted) was calculated at each echo to 
quantify the deviation that evolves after the steady-state catalyst. 5 linear steady-state ramp up 

was used with α = 110° and 35 echoes after the catalyst. Collecting the center of k-space at the 
echo immediately following the catalyst provided the lowest ADC error. (Bottom) Plot of the error 

in ADC vs. α (readout flip angle). The bolded black line signifies the special case of N=1 linear 
ramp up (α/2 preparatory pulse). A shorter steady-state catalyst the better preserved the desired 

contrast. Additionally, accuracy of ADC values increased with α. Since α usually ranges from 60°°°° 

to 110°°°° depending on the allowed SAR, then there is an expected 12-13% error in ADC for N=10 

(red dashed box). By halving the number of catalyst pulses, the error can roughly be halved to 6-
7% (red box). 
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3.3.2 Gradient Moment Nulling 

For motion typically found in quiescent periods of diastole and systole (velocity < 

1 cm/s and acceleration < 10 cm/s2), the uncompensated diffusion preparation was able 

to achieve higher b-values (~800 s/mm2) in comparison to M1 (~700 s/mm2) and M2 

(~500 s/mm2) compensated diffusion preparations. However, the range of tolerable bulk 

motion was greater in both motion compensated diffusion preparations. M1 compensation 

was able to attain an approximate b-value = 700 s/mm2 for all velocities with limited 

acceleration (< 10 cm/s2). In contrast, M2 compensation was able achieve an 

approximate b-value = 500 s/mm2 for all velocities and constant accelerations.  

However in the presence of incomplete B1 refocusing, these theoretical 

implications break down drastically. Uncompensated diffusion encoding with any amount 

of incomplete refocusing and minimal bulk motion (velocity = 0.5 cm/s and acceleration = 

5 cm/s2) resulted in a large magnitude error that immediately terminated the search for b-

values > 50 s/mm2. In the presence of mild incomplete refocusing (±5% B1 error), M1 

compensation was able to approximately attain b-value = 500s/mm^2 for a small range 

of bulk motion (velocity < 1 cm/s and acceleration < 10 cm/s2 ). For larger incomplete 

refocusing, M1 compensation yielded similar large magnitude errors as in the 

uncompensated case for minimal bulk motion (velocity > 0.5 cm/s and acceleration > 5 

cm/s2) yielding an approximate b-value = 70 s/mm2. For M2 compensation, the range of 

tolerable bulk motion shrunk considerably in comparison to the complete refocusing case. 

With modest incomplete refocusing (±20% B1 error), M2 compensation was able to 

achieve an approximate b-value = 500 s/mm2 for relatively large bulk motions (velocity < 

5 cm/s and acceleration < 20 cm/s2). For larger incomplete refocusing, M2 compensation 
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yielded similar large magnitude errors as in the uncompensated case for minimal bulk 

motion (velocity > 0.5 cm/s and acceleration > 5 cm/s2) yielding an approximate b-value 

= 80 s/mm2. 

3.3.3 In Vivo Calf Diffusion MRI 

There was reasonable agreement in mean trADC of the selected ROI between DW 

SS EPI (1.6 x 10-3mm2/s) and M2 diffusion-prepared bSSFP (1.5 x 10-3mm2/s) for both 

the 5 b-value fit. The 2 b-value fit also yielded comparable mean trADC values between 

the two sequences (SS EPI: 1.6 x 10-3mm2/s, bSSFP: 1.5 x 10-3mm2/s). The negative bias 

between the EPI and bSSFP trADC values for the 5 b-value fit (-7.0%) and 2 b-value fit 

(-8.4%) agrees with the expected negative bias of 6% found in numerical simulations. The 

trADC maps are qualitatively similar in homogeneity and quantitatively yield similar 

diffusion values (Figure 9). The image quality of the DW images of the SS EPI is worse 

than bSSFP exhibiting ghosting artifacts (white arrows) particularly in the b0 image.  
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Figure 9 – (Top Panel) Trace DWIs and trADC maps for the first measurement of the calf using DW 

SS EPI and M2 diffusion-prepared bSSFP. DW SS EPI showed susceptibility artifacts (white 
arrows) and distortion in DWIs. (Bottom Panel) Plot of normalized mean signal vs b-value for DW 
SS EPI (grey triangle) and M2 diffusion-prepared bSSFP (black square) for a ROI in the calf (Top 

Panel, red circle). The error bars represent the standard error of the five measurements.   The 5 b-
value fit is graphed on the plot for DW SS EPI (grey dashed line) and M2 diffusion-prepared bSSFP 

(black line). Table presents the calculated mean trADC value for the ROI for both diffusion 
sequences using the 2 and 5 b-value fit. Standard deviations represent the variability across the 5 

repeated measurements. 

3.3.4 In Vivo Cardiac Diffusion MRI 

Lower number of preparatory RF pulses in the steady-state catalyst resulted in 

signal aberration in the phase encode direction of the images acquired with b = 0 s/mm2 

(Figure 10, Top Panel). The α/2 catalyst (N = 1) consistently led to the largest signal 

aberration. For all subjects, a minimum of 5 linear ramp-up pulses was needed to give 

comparable image quality to the previously suggested 10 linear ramp-up pulses in which 

no signal aberration was qualitatively detectable. Additionally from simulation, there was 

an expected reduction in error of ADC, which is consistent in the negative bias found in 



 33

LV trADC values using 10 linear ramp-up pulses (1.4 ± 0.3 x 10-3 mm2/s). The exact error 

could not be approximated in vivo because of the poor image quality found in the α/2 

catalyzed images, which would have yielded the most accurately calculated ADC. 

 

Figure 10 – T2 prepared (b = 0 s/mm2) bSSFP images utilizing an (a) α/2, (b) 5 linear ramp-up, and 

(c) 10 linear ramp-up steady-state catalyzes. Using the α/2 steady-state catalyst resulted in severe 
signal aberration in the phase encode direction indicative of non steady-state artifacts. The 5 

linear ramp-up steady-state catalyst was able to remove most of these artifacts.  (Bottom Panel) 
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Typical T2 prep (b = 0 s/mm2), DWI (b = 450 s/mm2) of three orthogonal diffusion directions, and 
trace ADC map for 4 slice 3D data. The trADC map was relatively homogenous and LV 

myocardium trADC values were within a range found in previous studies for all slices. The 
myocardial wall thickness ranged from 3 to 6 pixels (4 to 9 mm). 

The M2 diffusion-prepared scans resulted in LV trADC values of 1.5 ± 0.4 x 10-3 

mm2/s for the 10 healthy volunteers (Table 1). The variability of LV trADC (SDpopulation) 

was comparable to the mean variability found within subjects (SDsubject). DW images 

showed no signs of signal fallout and trADC maps exhibited no apparent heterogeneity in 

LV of myocardium (Figure 10, Bottom Panel and Figure 12, Top Panel). For the off-

resonance measurements, expected banding appeared in both the T2 prep and DW 

images for certain frequency offsets drastically affecting the calculated ADC (Figure 13). 

The banding was always seen in both T2prep and DW images at the same frequency 

offset and never occurred more than twice of the seven measurements. The 

reproducibility of generating a global and regional LV trADC values from two separate 

measurements is summarized in a Bland-Altman plot and AHA wheel diagrams (Figure 

11). No statistical difference was found between the two measurements for the LV trADC 

values (p = 0.54). When comparing different regions of the LV between the six AHA 

segments for each measurement, there was no statistically significant difference found in 

mean trADC values across all the subjects (p < 0.05 not satisfied). Recorded scan time 

for a four-slice M2 diffusion-prepared bSSFP with three orthogonal diffusion directions 

was 5.8 ± 0.5 minutes with navigator efficiency of 42 ± 5%. The HR for the subjects was 

67 ± 13 BPM and the average standard deviation of HR during the entire imaging session 

was 10 BPM. 

 

Table 1 – LV trADC values for Healthy Volunteers 
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LV trADC M2 Meas #1 M2 Meas #2 TRSE 

Mean 1.5* 1.5+ 6.6 

SDpopulation 0.4 0.3 0.9 

Mean(SDsubject) 0.4** 0.4++ 1.1 

Units: 10-3 mm2/s 
M2 Meas #1 vs TRSE: * p < 0.0002 
M2 Meas #1 vs M2 Meas #2: + p = 0.54 
M2 Meas #1 vs TRSE: ** p < 0.02 
M2 Meas #1 vs M2 Meas #2: ++ p = 0.75 

 
 

 
Figure 11 – (Top) Reproducibility of the proposed M2 diffusion-prepared bSSFP. (Top Left), Line 

plot of the intrastudy reproducibility between measurement 1 and 2 of the LV trADC values 
displays consistency in measurements. (Top Right) Bland-Altman plot depicts no apparent bias 

and good agreement between the two measurements. No statistical differences were found 
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between the two measurements. (Bottom) AHA wheel diagrams for LV regional analysis depict 
fairly homogenous mean trADC values (units: 10-3 mm2/s) for both measurements 1 and 2. 

Additionally, the SDpopulation for each segment was reported. One-way ANOVA shows no 
statistically significant differences across all subjects for both measurements (p < 0.05 not 

satisfied). 

 

 
Figure 12 – Typical T2 prepared (b = 0 s/mm2) images, DWI (b = 450 s/mm2) in three orthogonal 
directions, and ADC maps for M2 (top) and TRSE (bottom) diffusion preparation. M2 diffusion-

prepared images clearly depict myocardium with minimal artifacts and yield reasonable 
myocardial trADC values. TRSE diffusion-prepared images present ghosting artifacts and signal 
drop out that are expected to arise in bulk motion corrupted diffusion-prepared sequences. LV 

trADC value derived from TRSE diffusion preparation are beyond diffusion of free water at 37°C 
(3.1 x 10-3 mm2/s). 

Using the TRSE diffusion preparation yielded signal fallout that either resulted in 

the entire LV being suppressed, severe ghosting, or an undulating striping pattern similar 

to the tag lines generated by SPAMM (76) (Figure 12). Despite the much shorter TEprep 

of the TRSE diffusion preparation (45ms vs 115ms), the calculated LV trADC values were 
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greater than the values of the M2 diffusion-prepared images (6.6 ± 0.9 x 10-3 mm2/s) 

(Table 1).  

 

 
Figure 13 – (Top Panel) Typical T2 prep (b = 0 s/mm2), DWI (b = 450 s/mm2) of a single readout 

diffusion direction, and ADC map for under varying off-resonance conditions. Expected bSSFP 
banding (red arrows) for certain frequency offsets appeared in the myocardium for both T2 prep 
and DW images that manifested in an aberrant ADC map. For all 10 subjects, myocardial bSSFP 

banding always affected both T2 prep and DW images for a given frequency offset. (Bottom Panel) 
Plot of the change in LV ADC value relative to the LV ADC value at 0Hz frequency offset vs varying 

frequency offsets. Largest changes in LV ADC value were seen in for frequency offsets where 
banding was present. 

3.4 Discussion 

In this work, we proposed to apply diffusion-prepared SSFP as a novel approach 

to in-vivo cardiac diffusion MRI. The main advantage of this approach is the flexibility of 

independently optimizing the diffusion encoding and the imaging readout to achieve a 

single heartbeat diffusion-encoding scheme on a clinical scanner with conventional 

gradient strengths. As demonstrated in Results, the proposed technique was able to yield 
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LV trADC values consistent with previous studies that used pulsed gradient spin echo 

(Table 1) (29,37). Additionally, obtaining these diffusion parameters using the proposed 

technique was found to be reproducible (Figure 11). Without using bulk motion 

compensation as in the case of standard TRSE, severe bulk motion-induced magnitude 

errors occurred even during diffusion encoding of the quiescent period with less than half 

the TEprep used in the M2 diffusion preparation (Figure 10).  

The separation of diffusion preparation and image readout addresses the technical 

challenges of cardiac diffusion MRI that include low SNR, severe thoracic magnetic 

susceptibility, and bulk motion corruption. Separating the diffusion encoding from the 

image readout inherently reduces the amount of T2 decay during diffusion encoding since 

the image gradients do not contribute to the TEprep thereby increasing SNR. Additionally, 

choosing a 3D segmented bSSFP image readout with centric encoding ensures high SNR 

efficiency. A 5 linear ramp-up stead-state catalyst was chosen to provide more resilience 

towards the severe thoracic magnetic susceptibility while maintaining the diffusion-

prepared contrast.  As an extension to the single heartbeat pulsed gradient spin echo 

encoding scheme, the diffusion preparation was configured and optimized for bulk motion 

compensation to null the first and second order gradient moments minimizing the residual 

phase that accrues from bulk motion. Bulk motion compensation was introduced to 

increase TEprep so that sufficiently high b-values can be achieved utilizing clinically 

accessible max gradient strengths of 40 mT/m without relying on ultra high gradient 

strengths found in previous spin echo applications (29,37).  

For the uncompensated diffusion preparation, the presence of ghosting artifacts, 

signal fall out, and large myocardial ADC values suggest that the TRSE diffusion 
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preparation was corrupted by cardiac bulk motion. A convenient consequence of such a 

dramatic presentation of motion-induced artifacts is the ease in identifying when bulk 

motion compensation fails at reducing the sensitivity to bulk motion corruption. This is 

analogous to the previous study that found bulk motion affects DWIs in an “all or nothing” 

fashion when using SS EPI (77). Furthermore, the LV trADC values derived from TRSE 

diffusion preparation were unreasonably large since they were well above the diffusion of 

free water (3.1 x 10-3 mm2/s) at 37°C (78). 

For future studies, one clear potential advantage the segmented bSSFP readout 

has over SS EPI readouts is the ability of 3D acquisition. This can potentially yield better 

SNR and isotropic spatial resolution given a long enough scan time.  Although in a clinical 

setting, the scan time of the proposed sequence (~1.5 min / slice at ~40% navigator 

efficiency) can potentially be long when full LV coverage is desired (projected to ~10 

minutes for 7 cm coverage). The potentially long scan time could be dealt with using 

techniques previously developed for coronary MRA that use a segmented bSSFP readout 

such as the 100% respiratory gating efficiency self-navigating technique that can reduce 

the projected scan time of the proposed sequence to 5 minutes (79).  This may open new 

applications of cardiac diffusion to characterize global myofiber orientations across the 

LV and perhaps reveal subtle complex microstructure differences in patients with 

hypertrophic cardiomyopathy (80). Additionally, biomechanical mathematical models that 

rely on accurate myofiber orientations as inputs to finite element modeling may benefit 

from whole heart coverage with isotropic resolution datasets (81,82). 

Lastly, the greatest advantage of diffusion-prepared techniques is the multitude of 

combinations of various diffusion-encoding schemes (e.g. PGSE or STE) that can be 
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coupled with different image readouts (e.g. bSSFP, GRE, TSE). As a result, clinical 

application can dictate the choice in diffusion preparation and image readout.  

3.4.1 Study Limitations 

A notable limitation of the present study is the reliance on a sufficiently long 

quiescent period that can at minimum include the motion compensated diffusion 

preparation. In subjects with particularly short quiescent periods, simulations in this study 

demonstrate that the proposed methodology is expected to perform suboptimally when 

the refocusing pulses perturb greatly from 180° (>15%). Furthermore, this limits the 

proposed technique to acquire at end diastole when the myocardium is at its thinnest. For 

the proposed sequence, this resulted in an average myocardium wall thickness of 4.4 ± 

0.8 pixels across all subjects when measuring the width at four locations across all slices: 

inferior/superior RV insertions to the LV and opposite of these landmarks. 

Pharmacological agents that can reduce high heart rates and prolong quiescent periods 

such as beta blockers are routinely used in clinical CT angiography scans (83) and have 

shown great potential to improve coronary MR angiography (84). Using such agents prior 

to imaging subjects with short quiescent periods can help ensure the success of the 

proposed technique and perhaps allow for imaging of other cardiac phases. However, 

comprehensive clinical cardiac MR protocols that rely on stress perfusion to identify 

myocardial ischemia will not be compatible with the use of beta-blockers. In this case, the 

application of the proposed technique in patients with high HR, who clinically require 

stress perfusion, may be limited. 

B1 integrity of the refocusing pulses is another technical challenge of applying this 

technique at higher fields. The magnitude error that arises from residual phase resulting 
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from incomplete refocusing will exceed the noise error for a given tolerable SNR. The use 

of adiabatic pulses for the refocusing pulse should result in more complete refocusing 

with its relative B1-insensitivity but at the cost of higher SAR and longer duration (85). 

This increase in duration will lengthen the diffusion preparation decreasing SNR and 

possibly compromising the ability to completely fit the diffusion preparation in the 

quiescent period. Another solution would be to generate a B1 map of the refocusing pulse 

used in the diffusion preparation and adjust the trailing bipolar gradients to reestablish 

nulling of the gradient moments (86). 

3.5 Conclusion 

We developed a new cardiac diffusion-prepared technique that allows for 

myocardial diffusion weighted imaging on conventional clinical MR scanner by applying 

second order motion compensation that diffusion encodes in a single heartbeat. 

Diffusion encoding in a single heartbeat alleviates the sensitivity to variable HR and 

arrhythmia that is common in a clinical setting. The application of a motion 

compensated diffusion preparation removes the dependency of ultra high gradient 

strengths to achieve adequate diffusion weighting. Furthermore, we applied 3D 

segmented bSSFP to enhance SNR and reduce the effects of severe magnetic 

susceptibility. Further clinical studies are needed to validate the potential clinical value 

of this work. 
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CHAPTER 4  IN VIVO CHRONIC MYOCARDIAL INFARCTION 
CHARACTERIZATION IN A PORCINE MODEL USING DW 

CMR  

“I have all my life been a strong advocate for humanity to animals, and have done what I could 
in my writings to enforce this duty… On the other hand, I know that physiology cannot possibly 
progress except by means of experiments on living animals, and I feel the deepest conviction 

that he who retards the progress of physiology commits a crime against mankind.”           
Charles Darwin 

4.1 Introduction 

Measuring the size, location, and extent of myocardial infarction (MI) with cardiac 

MRI  (CMR) has prognostic significance for the evaluation of left ventricular (LV) post-

infarction remodeling (87,88). Currently, the clinical gold standard to detect and 

characterize MI with cardiac MRI is late gadolinium enhanced (LGE) imaging, which 

requires the injection of an exogenous contrast agent, gadolinium. After a set delayed 

amount of time, gadolinium remains in infarcted tissue and shortens its T1 relaxation 

resulting in a large signal increase in T1-weighted images (12). Despite its high clinical 

value, LGE is contraindicative for patients with severe renal disease, which constitutes a 

significant portion of MI patients (89-91). CMR with endogenous contrasts such as T1ρ 

(19), creatine chemical exchange (CrEST) (21), native T1 (18,92), and water molecular 

diffusion (23,24), have recently demonstrated the potential to detect and characterize MI 

with strong correlation to LGE and histology.  

Recent diffusion CMR techniques have addressed inherent challenges related to 

bulk motion artifacts with stimulated echo acquisition mode (STE) encoding (7,33), 

diffusion gradient moment nulling of spin echo encoding (1,37), ultrahigh gradient 

strength diffusion spin echo encoding (29), or continuous acquisition with temporal 

maximum projection filtered by principal component analysis (93). Validation of the 
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effectiveness of these techniques has largely been dependent on in vivo negative 

control comparisons, mechanical motion phantom experiments, and qualitative myofiber 

orientation comparisons. Although concordant results from these comparisons yield 

encouraging confidence in diffusion CMR techniques, there still exists some doubt in the 

performance of these techniques in detecting diseased tissue microstructure in the 

presence of complex cardiac bulk motion. Specifically, diffusion CMR could possibly still 

yield residual “bulk-motion weighting,” which could consequently confound any 

underlying tissue microstructure changes detected by diffusion CMR.  

Previous ex vivo diffusion CMR studies in chronic MI porcine models have shown 

an increase in apparent diffusion coefficient (ADC) of infarcted regions and attributed 

this increase to a change in underlying tissue microstructure (23,24). The origin of this 

tissue microstructure disarray was attributed to the presence of interstitial and 

replacement (infarct) myocardial fibrosis delineated by histology (23). Furthermore, 

because the imaging studies were carried out ex vivo eight weeks post MI, the increase 

in ADC cannot be ascribed to edema and/or bulk motion. However for in vivo 

measurements, this significant increase in ADC due to the presence of myocardial 

fibrosis could either be diminished or completely absent if significant bulk-motion 

weighting is present. Consequently, the ability of detecting and characterizing infarction 

may be compromised. 

The aim of this study was to determine if a recently developed in vivo diffusion CMR 

technique (1) could yield concordant infarct characterization with LGE in a chronic MI 

porcine model. This novel technique uses a second order motion compensation 

diffusion spin echo encoding with clinically available gradient strengths (~40 mT/m), 
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which is distinctly different than conventional in vivo diffusion CMR STE methods that 

do not need motion compensation but instead rely on the periodicity between 

neighboring heartbeats. Additionally, regional wall motion was measured to verify that 

residual bulk-motion weighting did not significantly influence the ADC-based infarct 

characterization. 

4.2 Methods 

4.2.1 Animal Preparation 

Myocardial infarction was created in eleven Yucatan minipigs with the same 

preparation protocol as the control subjects of a previous study that validated LGE for in 

vivo infarct characterization (94). Surgical cut-down to the left carotid artery and left 

jugular vein was performed. Anticoagulants with intravenous heparin were given to 

prevent blood clots forming on the catheters. Continuous administration of 2% lidocaine 

at 2mg/kg and a single intravenous dose of amodarone were administered. Prophylactic 

antibiotics were also administered intravenously. Coronary X-ray angiography was 

performed to visualize the coronary arteries and identify the site for coronary occlusion. 

A balloon dilation catheter (TREK®, Abbott Vascular) was inserted into the left anterior 

descending (LAD) coronary artery just below the first diagonal and inflated to achieve 

100% occlusion of coronary blood flow for 150 minutes followed by reperfusion. Finally, 

the animal was taken to the post-op recovery room. All imaging was performed eight 

weeks post infarction. 

4.2.2 MRI Protocol 

To assess bulk motion and establish a reference percent infarct, CINE bSSFP 

(TR/TE=3.4/1.6, α=50°, 35 cardiac phases, 1.4x1.4x6mm3) and LGE using phase 
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sensitive inversion recovery FLASH (TR/TE/TI=326/1.47/300ms, α=20°, 1.3x1.3x6mm3) 

imaging were performed on a 3T system (MAGNETOM Verio, Siemens Healthcare, 

Erlangen, Germany) with a 12-channel phase array coil. All imaging was performed in 

the short axis plane at three slice locations (base, mid, and apex) of the LV. The CINE 

imaging was performed prior to diffusion CMR using a single breath hold controlled by a 

ventilator for each slice. LGE imaging was completed 15 minutes after a dose (0.2 

mmol/kg, gadoverstamide, Optimark, Mallinckrodt Inc, St. Louis, MO) of gadolinium was 

injected following diffusion CMR.  

A diffusion CMR sequence based off a recently developed diffusion-prepared 

sequence that utilizes both first and second order gradient moment nulling to 

compensate for bulk motion (M2) was performed (Figure 14) (1). The M2 diffusion 

preparation (TEprep = 105ms) was achieved using a quadra-bipolar gradient scheme and 

BIR-4 adiabatic refocusing pulses to address B1-inhomogeneity (85). Three orthogonal 

diffusion-weighted directions were respectively acquired at a b-value of 400 s/mm2 with 

a maximum gradient strength of 43 mT/m. The M2 diffusion preparation preceded a 

segmented turbo-spin echo (TSE) readout (TR/TE=6RR/8.4ms, α=180°, echo spacing = 

5.3ms, 6 shots, 2.1x2.1x6mm3) with matching slice thickness, number of slices, and 

FOV as CINE and LGE imaging. Additionally, navigator-gating and ECG-triggering was 

performed. The diffusion preparation was applied at the beginning of the most quiescent 

period identified by CINE imaging. In the case that TEprep was greater than the 

quiescent period, then the number of TSE shots was doubled to avoid TSE-related 

cardiac motion artifacts. Scan time for each slice was approximately 3 minutes with 

about 50% navigator efficiency. 
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Figure 14 – Pulse sequence diagram of the navigator gated free breathing cardiac M2 

compensated diffusion-prepared TSE technique. The diffusion-prepared module and the 
segmented TSE readout (b) were placed in the quiescent period identified by CINE (a). The 

diffusion-prepared module (c) utilized non-selective BIR-4 adiabatic refocusing pulses to address 
expected 3T B1-inhomogeneity and a second order gradient moment nulling scheme (quadra-

bipolar). 

4.2.3 Image Analysis 

ADC maps were calculated for each of the three diffusion directions (ADCx, 

ADCy, ADCz) using a 2-point fit to solve a monoexponential diffusion decay in Matlab 

(Mathworks, Natick, MA). A final trace apparent diffusion coefficient (ADC) map was 

calculated (ADC = [ADCx + ADCy + ADCz] / 3). The mean ADC was calculated for each 

delineated infarct volume and a remote region defined as the lateral wall of the most 

basal short axis slice, which is furthest from the expected infarct that originates from the 

anteroseptal apex.  
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To assess bulk motion, the LV endocardium and epicardium were manually 

segmented for each cardiac phase image and for each phase, 100 evenly spaced 

chords were virtually defined. Regional wall motion (RWM) was calculated for each slice 

using commercially available software (Circle Cardiovascular Imaging Inc., Calgary, 

Canada) that determined the displacement of the myocardium along the defined chords. 

Wall motion was averaged over the chords that contained the ADC-derived infarct 

volume and the previously defined remote region. 

To calculate infarct volume, two standard semi-automated approaches were 

explored to estimate the infarct volume, which was reported as a percentage normalized 

to the LV volume of the three acquired short-axis slices (95). The first approach applied 

a simple threshold to identify infarct-containing voxels that have a signal intensity six 

standard deviations above the mean signal of a manually selected remote region-of-

interest (ROI) (88). The remote ROI was chosen to be same previously described basal 

lateral region. The second approach identified infarct-containing voxels by applying a 

region-growing algorithm that observes the full-width half maximum (FWHM) criterion. 

The FWHM criterion defines a “seed region” from a manually placed seed voxel that 

includes surrounding voxels ≥ 50% than the signal intensity of the seed point.  It then 

determines the maximum intensity of that seed region and the final infarct region 

includes voxels that have signal intensity ≥ 50% of that maximum. The FWHM approach 

has demonstrated to have lower inter-observer bias, superior accuracy of infarct 

volume, and more immunity to variable post contrast delay time than the threshold 

approach (96).  



 48

The two infarct volume estimation approaches were applied to LGE images and 

ADC maps. LGE images and ADC maps were co-registered to correct for cardiac phase 

mismatch before infarct volume was calculated (Figure 15). The co-registration was 

performed in a two-step process. First, the CINE images were visually screened to 

identify the cardiac phase that closely resembled when the ADC map was acquired. 

This was repeated for the LGE image to find which cardiac phase it was acquired.  

Second, the two cardiac phases identified in the CINE images were co-registered using 

non-rigid B-spline point-based registration (97). The transform of that registration was 

applied to the LGE image. This ensured that co-registration did not affect the possible 

differences in infarct delineation if the LGE image was directly co-registered to the ADC 

map. The two infarct volume estimation approaches and the co-registration were 

implemented in Matlab. 

 

Figure 15 – Image co-registration scheme for infarct volume estimation. CINE images were 
visually inspected to identify the two phases that matched the LGE and the least diffusion 

weighted image (b0), respectively. Non-rigid co-registration was performed on the CINE images to 
calculate the transform (xfm) from CINELGE (red box) to CINEb0 space (orange box). The calculated 
transform was then applied to the LGE image and the co-registered image (LGEb0) was used as an 

input for the two infarct volume estimation methods. 
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For spatial location comparisons, each short axis slice was segmented into six 

standard American Heart Association (AHA) segments for the basal and mid short axis 

slices and four AHA segments for the apical slice. Segments positively identified to have 

infarct and/or akinetic wall motion were recorded in a binary manner. For ADC maps 

and LGE images, segments positive for infarct were defined as segments that contained 

any voxels that met the criteria defined by the threshold or FWHM methods. For RWM 

maps, akinetic segments were defined as segments with absolute wall displacement ≤ 

3mm (98). Significance was tested for all segments as opposed to a per-segment basis 

and multiple comparisons where made between ADC and LGE. Sensitivity, specificity, 

positive predictive value (PPV), and negative predictive value (NPV) were calculated 

assuming LGE was the gold standard.  

In addition, transmurality was qualitatively assessed for each found infarct by 

either threshold or FWHM criteria. Infarcts were characterized as being either 

completely transmural or not. ADC infarcts were visually matched to corresponding LGE 

infarcts if they were located within ±1 AHA segment of the ADC infarct. Subsequently, 

the binary infarct transmurality scoring was compared pairwise. 

4.2.4 Statistical Analysis 

All differences between means were statistically tested for significance using a 

Wilcoxon signed-rank test. To test for correspondence and agreement, Bland-Altman 

(75) and intraclass correlation (ICC) (99) analyses were performed. Although only telling 

of agreement, Pearson correlations (R2) were also reported. In the case of spatial 

location agreement that relied on a binary scoring, a Kappa test (100) was performed 

instead of Bland-Altman and intraclass correlation. Additionally to avoid potentially a 
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Type 1 error a Bonferroni correction was performed manually to the significant 

difference testing of spatial location scores by lowering the significance limit to p < 

0.0045. For all statistical tests, significance was denoted as p < 0.05 and the 

calculations were performed in Matlab. Finally, inter-observer reproducibility was tested 

in estimating infarct volume and location with two blinded reviewers defining the ROIs 

for remote myocardium for the threshold method and seed kernel for FWHM method. 

Intra-observer reproducibility was also tested in one of the blinded reviewers. 

4.3 Results 

Using the threshold and FWHM criteria, infarct ADC was significantly increased 

(threshold: 2.4 ± 0.3 μm2/ms, FWHM: 2.4 ± 0.2 μm2/ms) compared to the ADC found in 

remote myocardium (1.4 ± 0.3 μm2/ms) (Table 2). RWM was significantly reduced 

(threshold: 1.0 ± 0.4 mm, FWHM: 0.9 ± 0.4 mm) in infarcted regions delineated by ADC 

compared to remote myocardium (8.3 ± 0.1 mm). Qualitatively, regions containing 

infarct defined by hyperintense LGE signal had isointense T2 weighting (b0), 

hypointense diffusion weighting (b400), hyperintense ADC, and decreased RWM 

(Figure 16).  
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Figure 16 – Typical examples of DWI, ADC Map, LGE image, and RWM Map. (a) Full field of view 

images of mean DWI (b0 and b400), ADC overlaid onto b0, and LGE shown to illustrate 
representative image quality. (b) Manual LV segmentation of two representative slices from 
another animal is shown containing infarct (top row) and no infarct (bottom row). Regions 
containing infarct defined by hyperintense LGE signal had isointense T2 weighting (b0), 

hypointense diffusion weighting (b400), hyperintense ADC, and decreased RWM. 

 

Table 2 – ADC and RWM of Infarct and Remote Volumes 

 
Remote 

Infarct 

 FWHM Threshold 

ADC (μm2/ms) 1.4 ± 0.3 2.4** ± 0.2 2.4** ± 0.3 

RWM (mm) 8.3 ± 0.1 0.9** ± 0.4 1.0** ± 0.4 

**p < 0.001 Infarct vs Remote 

 

ADC-derived infarct volume had excellent agreement with LGE-derived infarct 

volume (Figure 17 and Table 3). Bland-Altman plots (Figure 18) revealed minimal 

biases (<1.5%) for both threshold and FWHM criteria across both reviewers and 
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repeated analyses. Additionally, the plots qualitatively presented systematic error with 

no indication of proportional or magnitude-related errors. ICC and R2 between ADC and 

LGE-derived infarct volumes were significantly high for both criteria (FWHM: all ICC > 

0.95, threshold: all ICC > 0.93). This was reproducible between both blinded reviewers 

(ADC: ICC > 0.91, LGE: ICC > 0.94) and the repeated analysis of a single reviewer 

(ADC: ICC > 0.92, LGE: ICC > 0.94). 

 
Figure 17 – Representative example of semi-automatic infarct volume estimation using threshold 
and FWHM criteria in LGE and ADC. FWHM revealed better qualitative correspondence in infarct 

volume between LGE and ADC. 
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Figure 18 – Representative Bland-Altman and correlation plots of infarct volume comparison 

between LGE and ADC. The Bland-Altman and correlation plots demonstrated excellent 
agreement between LGE and ADC using the two infarct volume estimations. Systemic biases were 

only qualitatively observed in the Bland-Altman plots. The Pearson correlations (R2) of the 
correlation plots were 0.97 and 0.99 for threshold and FWHM criteria, respectively. 

 

Table 3 – Infarct Volume Comparison of ADC and LGE 

 Reviewer 1 Reviewer 1 Repeat Reviewer 2 

 FWHM Thresh FWHM Thresh FWHM Thresh 

LGE Infarct Volume (%) 11 ± 4 13 ± 4 11 ± 4 12 ± 5 10 ± 5 14 ± 4 

ADC Infarct Volume (%) 11++ ± 4 12++ ± 4 11++ ± 3 13++ ± 4 9++ ± 4 13++ ± 4 

ADC vs LGE 

ICC 0.99** 0.98** 0.97** 0.95** 0.96** 0.93** 

R2 0.99 0.97 0.96 0.90 0.92 0.87 

bias (%) 0.2 0.2 0.2 -0.2 1.3 0.2 

ADC  ICC -- -- -- -- 0.91** 0.94** 
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R1 vs R2 R2 -- -- -- -- 0.85 0.90 

bias (%) -- -- -- -- -1.9 0.8 

LGE  

R1 vs R2 

ICC -- -- -- -- 0.94** 0.97** 

R2 -- -- -- -- 0.92 0.94 

bias (%) -- -- -- -- -1.1 0.3 

ADC  

R1 vs R1-re 

ICC -- -- 0.96** 0.92** -- -- 

R2 -- -- 0.92 0.86 -- -- 

bias (%) -- -- -0.6 1.2 -- -- 

LGE  

R1 vs R1-re 

ICC -- -- 0.96** 0.94** -- -- 

R2 -- -- 0.91 0.88 -- -- 

bias (%) -- -- 0.3 -0.2 -- -- 

++not significant ADC vs LGE, **p < 0.01, thresh: threshold, R1: reviewer 1, R2: reviewer 2, R1-re: reviewer 1 repeat 

 

Infarct location comparisons of the AHA segmentation revealed substantial 

agreement (threshold: κ > 0.80, FWHM: all κ > 0.93, for all p < 0.01) between LGE and 

ADC for both reviewers (Figure 19 and Table 4) The percentage of segments in 

agreement was ≥ 90% and no significant difference was observed for both infarct 

volume criteria. ADC was able to detect LGE-delineated infarcts with high sensitivity, 

specificity, PPV, and NPV (Reviewer #1 threshold: 0.88, 0.93, 0.87, and 0.94, FWHM: 

0.98, 0.97, 0.93, and 0.99; Reviewer #2 threshold: 0.89, 0.92, 0.85, and 0.95, FWHM: 

0.96, 0.98, 0.96, and 0.98, respectively). The number of segments with abnormal RWM 

(n = 81) was significantly (p < 0.001) greater than the number of infarcted segments for 

ADC (Reviewer #1: threshold: n = 60, FWHM: n = 55, Reviewer #2: threshold: n = 62, 

FWHM: n = 47) and LGE (Reviewer #1: threshold: n = 59, FWHM: n = 52; Reviewer #2: 

threshold: n = 59, FWHM: n = 47). Segments with abnormal RWM encapsulate the 
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locations identified for infarct by both ADC and LGE for all infarct volume criteria. These 

results were highly reproducible with no difference in infarct location between repeated 

analysis and substantial agreement (ADC: threshold: κ = 0.90, FWHM: κ = 0.94; LGE: 

threshold: κ = 0.95, FWHM: κ = 0.97) between the two reviewers. 

 
Figure 19 – Representative example of infarct location comparison of ADC, LGE, and RWM. The 
binary scoring (red: positive, green: negative) of the 16 segment AHA wheels between ADC and 

LGE depicted substantial agreement using the FWHM (100% segments match) and threshold 
criteria (94% segments match). The region with abnormal wall motion (8 segments) was greater 
than the infarct region delineated by ADC (threshold: 6 segments, FWHM: 7 segments) and LGE 

(threshold: 7 segments, FWHM: 7 segments). 

 

Table 4 – Infarct Location Comparison of ADC and LGE 

 Reviewer #1 Reviewer #2 

  LGE LGE 

  FWHM Threshold FWHM Threshold 
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  + - + - + - + - 

ADC + 51 1 52 7 45 2 53 6 

 - 4 120 8 109 2 127 9 108 

# segs in agreement  171 (97%) 161 (92%) 172 (98%) 161 (91%) 

Cohen’s Kappa (κ) 0.93** 0.81** 0.94** 0.81** 

Wilcoxon test (p) NS NS NS NS 

# LGE infarct segs 55 (31%) 60 (34%) 47 (27%) 62 (35%) 

# ADC infarct segs 52 (30%) 59 (34%) 47 (27%) 59 (34%) 

Sensitivity++ 0.98 0.88 0.96 0.89 

Specificity++ 0.97 0.93 0.98 0.92 

PPV++ 0.93 0.87 0.96 0.85 

NPV++ 0.99 0.94 0.98 0.95 

**p < 0.0001, NS: not significant, ++LGE was gold standard, segs: segments 

 

Transmural infarcts were observed in all eleven animals. Both LGE and ADC 

were in complete agreement under threshold and FWHM criteria in identifying the 

infarcts as having a fully transmural characteristic. 

4.4 Discussion 

Using a recently developed in vivo diffusion CMR technique, we have 

demonstrated in a large animal model of chronic MI that ADC was significantly 

increased in infarcted regions compared to remote myocardium. A chronic MI porcine 

model was chosen because previous ex vivo diffusion CMR studies established that the 

ADC increase found in chronic infarcts was due to the underlying tissue microstructural 

presence of myocardial fibrosis. Additionally, the presence of edema would be absent 

leaving only bulk motion as the major confounding source of an observed in vivo ADC 

increase. Infarct quantification utilized two common semi-automatic approaches, 
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threshold and FWHM, to avoid potential inter-observer bias and provide a more 

quantitative infarct characterization. RWM analysis was performed and compared to 

ADC maps to determine if any observed ADC change was significantly influenced by 

bulk motion.  

ADC estimation of infarct volume and location demonstrated substantial 

agreement and correspondence with LGE. These findings were highly reproducible 

between two blinded reviewers and repeated analysis of a single reviewer. In yielding 

the best agreement between ADC and LGE, FWHM outperformed the threshold method 

and yielded better of inter- and intra-observer reproducibility. In the infarcted regions 

identified by LGE, ADC was significantly increased while RWM was significantly 

decreased when compared with remote myocardium. In the regions with elevated ADC, 

the tissue’s bulk motion assessed by CINE imaging was significantly reduced compared 

with remote regions. Consequently, if residual bulk-motion weighting were to exist and 

dominated the overall change in ADC, then the expected ADC would have instead been 

decreased relative to remote regions as opposed to the observed increase. 

Furthermore, high intraclass correlation and agreement in estimating infarct volume 

when compared to LGE suggests that bulk motion has little effect on the observed 

increase in ADC. A more rigorous follow-up experiment that includes applying diffusion 

CMR immediately before and after the myocardium is arrested will be needed to 

conclusively demonstrate that an in vivo diffusion CMR technique is completely free of 

bulk motion. Such an experiment at the time of our study was logistically infeasible. 

Additionally, T2 weighting visualized by the least diffusion-weighted measurement (b0) 

depicted isointensity between the infarct and remote regions. Therefore, the results 
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strongly suggest that the observed increase in ADC found in infarct regions was a 

reflection of underlying tissue microstructure change as opposed to the presence of bulk 

motion or edema (101).  

The significant increase in ADC (~70%) found in the study is consistent with the 

significant increases found in previous ex vivo studies that used similar large animal 

models (50-80%) (23,24). However, the absolute infarct (2.3 μm2/ms) and remote (1.4 

μm2/ms) myocardial ADC values are larger than what was presented ex vivo (Pop, et al: 

1.1 μm2/ms infarct vs 0.62 μm2/ms remote, Wu, et al: 1.0 μm2/ms infarct vs 0.67 μm2/ms 

remote). This disparity could be attributed to the use of formalin, dehydration, and 

differences in temperature, which are known to perturb absolute ADC values in ex vivo 

conditions (102). In a recent in vivo chronic MI patient study (60), infarct ADC was also 

significantly increased, but did not exhibit the same large relative increase (~10%) as 

the work presented. This is most likely due to the variety in presentation of chronic 

infarction in the patients recruited, in which some did not receive any percutaneous 

intervention while others did. This is in comparison to the 150 min LAD occlusion and 

reperfusion of the animal model used in this study.  A follow-up study using the 

diffusion-prepared TSE technique in a similar patient demographic needs to be 

conducted to confirm that the large relative increase in ADC found in this study is 

present in chronic MI patients as well.  

Despite the potential for ADC to quantify the degree of fibrosis shown by Pop, et 

al, the in vivo quantification of ADC in this study cannot precisely predict the severity of 

fibrosis because the degree of bulk motion weighting was not fully quantified. CINE 

imaging used in this study can only qualitatively yield the radial displacement of the 



 59

myocardium as opposed to more sophisticated myocardial strain or phase contrast 

tissue mapping (103), which can quantitatively measure bulk motion entirely. Therefore, 

the observed elevated ADC can currently only detect the presence of fibrosis similar to 

LGE imaging. A future study using myocardial strain or phase contrast tissue mapping 

to discern the exact amount of bulk motion weighting affecting the proposed in vivo 

DIFFUSION CMR technique should be conducted in combination with the 

aforementioned arrested myocardium experiment.  

Limitations of the diffusion-prepared TSE technique used in this study include 

potentially long scan times and low spatial coverage. Although the TSE readout 

generally yields less image artifacts than balanced steady-state free precession at 3T, it 

unfortunately has longer echo spacing leading to an overall two to three times increase 

in scan time. Therefore to keep the imaging time to a manageable 10 minutes, the 

spatial coverage was reduced to three slices. Consequently, the infarct volume 

estimated in this study was not calculated from the whole LV potentially yielding a 

deficient estimate of the true infarct volume. However, the focus of this study was on the 

comparison of ADC with LGE and despite the limited spatial coverage, the two yielded 

comparable estimates in infarct volume. Furthermore since the diffusion-preparation 

approach is inherently multi-shot, both scan time and spatial coverage limitations could 

be overcome with a 3D whole-heart radial acquisition with parallel imaging and iterative 

reconstruction (79). Potentially, this technique could markedly reduce the scan time 

while providing whole-heart coverage. 

Another limitation of this study was that the animal model used only yielded 

transmural infarcts at the LAD territory. Consequently, the ability to detect 
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subendocardial infarction with diffusion CMR was not tested, which is often of clinical 

importance in viability imaging of chronic MI. Non-transmural infarcts are generally 

much smaller in size, which could be more difficult to detect with the lower spatial 

resolution of diffusion CMR. Additionally, infarction was only induced in the LAD 

territory, which limits the study in testing the performance of the new technique to locate 

infarction in other arterial territories. Further studies will be needed to specifically 

investigate diffusion CMR’s ability to detect non-transmural infarction at different arterial 

territories. 

4.5 Conclusion 

The concordance between ADC and LGE combined with presence of abnormal 

RWM strongly suggests that the observed increased ADC reflects changes in 

underlying myocardial tissue microstructure. Consequently, in vivo diffusion CMR has 

the potential to serve as a contrast free alternative for LGE in characterizing chronic MI. 
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CHAPTER 5  IN VIVO MYOCARDIAL FIBROSIS DETECTION 
IN HYPERTROPHIC CARDIOMYOPATHY PATIENTS USING 

DW CMR: A CONTRAST-FREE ALTERNATIVE  

“While it is quite reasonable for scientists to be skeptical of new ideas that do not fit within the 
accepted realm of scientific knowledge, the best science often emerges from situations where 

results carefully obtained do not fit within the accepted paradigms.” Stanley B. Prusiner 

5.1 Introduction 

Detecting and characterizing interstitial diffuse myocardial fibrosis has significant 

prognostic value for cardiovascular disease patients (8,104-106). Current CMR methods 

to characterize diffuse myocardial fibrosis include LGE (106-108), post T1 (15,109,110), 

and extracellular volume (ECV) (13-15). The latter two techniques provide quantitative 

measures (T1 and ECV values) that can further characterize the degree of fibrosis. 

However, these conventional techniques require the use of contrast and are 

contraindicative in patients with renal insufficiency. Contrast-free quantitative CMR 

techniques such as native T1 (17), diffusion imaging (2,23-25), T1ρ imaging (19), and 

Creatine chemical-exchange imaging (21) have shown promise in detecting replacement 

myocardial fibrosis (i.e. scar) in chronic myocardial infarction (MI). Of these techniques, 

native T1 (26) and diffusion imaging (22,23,59,80,111) have demonstrated additional 

sensitivity to diffuse myocardial fibrosis. 

Currently, in vivo diffusion tensor CMR (DT-CMR) has been shown to be sensitive 

to the presence of diffuse myocardial fibrosis in hypertrophic cardiomyopathy (HCM) 

patients by measuring the structural myofiber disarray (111). However, simple in vivo DW 

CMR, which requires less than half the measurements of DT-CMR, may also have 

potential in identifying diffuse myocardial fibrosis in HCM. Pop, et al and Abdullah, et al 

demonstrated with histological validation that ex vivo DW CMR has the ability to 
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characterize the border-zone fibrosis region of chronic MI scar (23) and diffuse myocardial 

fibrosis in failing hearts (22), respectively. DW CMR was able to not only detect diffuse 

interstitial fibrosis, but also quantify the degree of fibrosis showing strong correlation 

between apparent diffusion coefficient (ADC) and the percent fibrosis. In both studies, the 

minimum amount of fibrosis to cause a significant change in ADC was 20% of fibrosis.  

Therefore, it is expected that in vivo estimates of ADC should also be sensitive to 

both diffuse and replacement myocardial fibrosis if a sufficient amount of fibrosis is 

present (≥20%). We propose the application of a recently developed DW CMR 

technique (1) to detect myocardial fibrosis in HCM patients and compare its 

performance with histologically validated in-vivo contrast-enhanced CMR techniques 

such as ECV and LGE. 

5.2 Methods 

5.2.1 Patient Recruitment 

All patients (N=23) gave informed consent to the protocol, which was approved by 

Institutional Review Board of the Fuwai Hospital. The HCM was diagnosed (or 

confirmed) by the presence of a non-dilated and hypertrophied LV on echocardiography 

or CMR (maximal wall thickness ≥15 mm in adult index patients or ≥13 mm in adult 

relatives of HCM patients) in the absence of another disease that could account for the 

hypertrophy (112). Patients who were known to have coronary artery disease, aortic 

stenosis, amyloidosis, systemic hypertension, or contraindications to CMR imaging 

were not included. Patients with previous septal ablation or myectomy were excluded. 

Patient characteristics are displayed in (Table 5). 

Table 5 – HCM Patient Characteristics 
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 Patients (n=23) 

Ages（years, mean±SD） 50.0±17.5(29,59) 

Gender (male/female) 14/9 

Body mass index (kg/m2) 22.3±2.8 

Systolic Blood pressure (mmHg) 114±12 

Systolic Blood pressure (mmHg) 78±9 

Family History of HCM (n，%) 8(34.8) 

Data presented are n(%) for categorical variables and 

median±standard deviation for continuous variables 

5.2.2 MRI Protocol 

All patients were scanned on at 1.5T clinical scanner (MAGNETOM Avanto, 

Siemens Healthcare, Erlangen, Germany) with the following protocol: standard 

morphological localizers, CINE, DW-CMR (one b0 image, three orthogonal diffusion 

directions, b = 350 s/mm^2, second order motion compensation diffusion-prepared 

bSSFP) (1), ECV CMR (pre/post contrast T1 mapping modified look locker imaging) 

(13,14), and LGE CMR (Table 6). Diffusion encoding of the DW CMR was played out 

during the most quiescent period of the cardiac cycle identified by standard CINE 

imaging (typically end systole or end diastole) and the exhalation respiratory phase to 

match ECV CMR and LGE CMR breath-hold positions. ECV CMR and LGE CMR were 

always acquired during end diastole. DW CMR was acquired at four contiguous short-

axis slices centered about the mid LV due to its 3D acquisition. For ECV CMR and LGE 

CMR with 2D acquisition, three short-axis slices (base, mid, and apex) were acquired. 

Because of the large LV mass of HCM patients (typically 10 cm long-axis length), only 

the mid short axis slice was consistently matched across all scans. 
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Table 6 – CMR Parameters 

 Diffusion CMR ECV CMR LGE CMR 

Spatial Resolution 1.6x1.6x8 mm3 2.1x1.9x6 mm3 1.5x1.5x6 mm3 

TR 4.1 ms 2.4 ms 3.3 ms 

TE 2.0 ms 1.1 ms 1.4 ms 

Flip Angle 110° 35° 25° 

Shots 4 1 6 

Magnetization 

Prep Timing 
TEprep = 80ms 

TImin = 110 ms 

TIincrement= 80ms 
TI = 300ms 

Respiratory Mode Free Breathing Breath Hold Breath Hold 

Scan Time 5 to 7 minutes 6 minutes 6 minutes 

 

5.2.3 Image Analysis 

ADC maps were calculated for each of the three diffusion directions (ADCx, ADCy, 

ADCz) using a 2-point fit to solve a monoexponential diffusion decay in Matlab 

(Mathworks, Natick, MA). A final trace apparent diffusion coefficient (ADC) map was 

calculated (ADC = [ADCx + ADCy + ADCz] / 3). ECV maps were calculated online using 

pre/post T1 maps derived from a standard motion-corrected T1 fitting technique (13,14) 

and collected hematocrit. 

For quantitative regional detection and estimation of fibrosis burden, ADC and ECV 

maps were segmented into 6 American Heart Association (AHA) segments. Positive 

regions for myocardial fibrosis were defined as: mean ADC > 2.0 μm2/ms (2) and mean 

ECV > 30% (14). Fibrosis burden was defined as the number of positive segments over 

the total number of segments.  
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Two-sample t-tests were performed to test for significance between mean values 

of fibrotic and non-fibrotic regions for ADC and ECV. Significance was denoted as p < 

0.05 and the calculations were performed in Matlab. To statistically test for agreement in 

regional detection, Cohen’s Kappa tests were performed along with calculating 

sensitivity, specificity, positive predictive value (PPV), and negative predictive value 

(NPV) using ECV as the gold-standard reference. A Bonferroni correction was 

performed manually to the significant difference testing of regional detection scores by 

lowering the significance limit to p < 0.002. For fibrosis burden, Bland-Altman analysis 

(75) and intra-class correlation (ICC) (99) was performed to test for correspondence and 

agreement. 

5.3 Results 

Qualitatively, all three ADC, ECV, and LGE were concordant in displaying patch-

like presentation of myocardial fibrosis (Figure 20). Patch-like presentation of myocardial 

fibrosis accounted for about 50% (33/60) of the total number of positive fibrosis segments 

found on ECV. For diffuse presentations of myocardial fibrosis, ADC and ECV maps 

demonstrated qualitatively closer visual agreement. LGE required appropriate window-

leveling to determine the presence of diffuse myocardial fibrosis, in which remote slices 

without hyperintensity must be identified (e.g. basal short-axis slices far from apical 

presentations of diffuse myocardial fibrosis).  
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Figure 20 – Representative examples of patch-like and diffuse representations of myocardial 
fibrosis in ADC, ECV, and LGE images. Although not used for quantitative analysis, LGE is 

provided for visual context. Regional patches of myocardial fibrosis (white arrow) are visualized 
as a hyperintense region in ADC, ECV, and LGE images. Diffuse presentation of myocardial 
fibrosis is qualitatively more conspicuous for both ADC and ECV image with “pepper-like” 

hyperintensity texture. Note that for the LGE image, appropriate window-leveling is required to 
properly visualize the same “pepper-like” hyperintensity. 

 

 
Figure 21 – Representative example of processed ADC and ECV maps with associated AHA 

wheels including manual LV segmentation (top row) and AHA wheels (bottom row). Qualitatively, 
the ADC and ECV are in agreement with matching endocardial presentation of fibrosis in the 
anterior and anteriolateral AHA segments. This is further substantiated quantitatively with 

excellent agreement in the AHA wheels. 
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Quantitatively, ADC (2.4 ± 0.2 μm2/ms) of fibrotic regions (ADC > 2.0 μm2/ms) was 

significantly (p<0.01) higher than ADC (1.5 ± 0.2 μm2/ms) of non-fibrotic regions (Figure 

21 and Figure 22). Similarly, ECV (35 ± 4%) of fibrotic regions (ECV > 30%) was 

significantly (p<0.01) higher than ECV (26 ± 2%) of non-fibrotic regions. In fibrotic regions 

defined by ECV, ADC (2.2 ± 0.3 μm2/ms) was again significantly (p< 0.05) higher than 

ADC (1.6 ± 0.3 μm2/ms) of non-fibrotic regions. In fibrotic regions defined by ADC 

criterion, ECV (34 ± 5%) was significantly (p < 0.01) higher than ECV (28 ± 3%) in non-

fibrotic regions. Excellent inter-class (Pearson) correlation (R2 = 0.72) between ECV and 

ADC was observed (Figure 23). ADC-derived and ECV-derived fibrosis burdens were in 

substantial agreement (ICC = 0.83) and qualitatively did not yield any systematic biases 

(mean bias = 1.4%) (Figure 23). 

 
Figure 22 – ADC and ECV in fibrosis and non-fibrosis regions defined by either ADC > 2 μm2/ms or 
ECV > 30% were compared. Both ADC and ECV were significantly (p < 0.01) higher in fibrosis than 

non-fibrosis regions for both criteria. 
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Figure 23 – (Left) Correlation between mean ADC and ECV of the 138 AHA segments was 

substantial (R2 = 0.72). ADC and ECV ranged from 0.7 to 2.9 μm2/ms and 16% to 46%, respectively. 
(Right) Bland-Altman plot of ADC-derived fibrosis burden compared with ECV-derived fibrosis 
burden. Qualitatively, no systematic bias errors were observed. The ICC demonstrated strong 

agreement (0.85) and mean bias was minimal (1.4%). 

Regional detection (Table 7) between ADC and ECV of diffuse fibrosis yielded 

substantial agreement (κ = 0.66) with high sensitivity, specificity, PPV, NPV, and 

accuracy (0.80, 0.85, 0.81, 0.85, and 0.83, respectively). About 83% (115/138) of the 

number of segments was in agreement. A vast majority (18/23 = 78%) of the discordant 

segments included detection of large fibrotic regions that straddled the border between 

two segmental zones (e.g. anterolateral and anterior segments). The other 5 discordant 

segments (Figure 24) demonstrated unique differences between ECV and ADC with 

hyperenhanced regions being present in one and completely absent in the other. 

Table 7 – Fibrosis Detection ADC vs ECV 

 ECV 

  + - 

ADC 

+ 49 12 

- 11 66 

# of segments in agreement  115 (83%) 

Cohen’s Kappa (κ) 0.66** 

Paired t-test test (p) NS 



 69

# of ADC fibrosis segments 60 (44%) 

# of ECV fibrosis segments 61 (44%) 

Sensitivity++ 0.80 

Specificity++ 0.85 

PPV++ 0.81 

NPV++ 0.85 

**p < 0.001, NS: not significant, ++ECV was gold standard 

 

 
Figure 24 – Representative example of a discordant segment (anteroseptal) between ADC and 
ECV. Note that the ADC map was acquired in systole, while ECV was acquired during diastole. 

Concordant segments (white arrows) are found in the anterior and posterior regions 
demonstrating hyperintense regions in both ADC and ECV. The hyperintense region (pink arrow) 

detected in the anteroseptal segment of the ECV map is absent in the ADC map resulting in a 
discordant AHA segment. 

5.4 Discussion 

ADC was capable of detecting both patch-like and diffuse presentation of myocardial 

fibrosis agreeing closely with ECV. ADC was significantly higher in fibrotic defined by ECV 

(ECV >30%) with ECV also being significantly higher in fibrotic regions defined by ADC 

(ADC > 2.0 μm2/ms). ADC was also strongly correlated (R2 = 0.72) with ECV yielding the 

possibility of quantifying the degree of fibrosis. Fibrosis burdens derived from ECV and 

ADC were substantially in agreement with minimal mean bias. Regional detection 
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analysis demonstrated that ADC yielded substantial agreement with ECV with high 

sensitivity, specificity, PPV, NPV, and accuracy.  

The vast majority (18/23 = 78%) of differences between ECV and ADC in the 

regional fibrosis detection analysis were most likely due to cardiac phase mis-match since 

these discordant segments encompassed large (≥ 2 segments) fibrotic regions that were 

on the border of two or more segments. ECV and ADC maps acquired for these cases 

were in completely different cardiac phases (end diastole vs end systole). Although 

infrequent (5/138 = 4%) in regard to the total number of segments analyzed, the other 

discordant segments (5/23 = 22%) suggest an inherent difference between ECV and 

ADC. Several possibilities could account for these few differences including the presence 

of unaccounted non-fibrotic tissue that could affect ECV but not ADC such as amyloid 

(15) or the presence of higher order motion that cannot be fully compensated affecting 

ADC but not ECV (2). Further investigation is needed to pinpoint the exact source of these 

potentially inherent differences between ADC and ECV. 

A major technical limitation of the DW CMR approach used in this study was the 

low spatial coverage (4 slices at 8mm thickness = 32 mm coverage) given the limited 5 

minute clinical scan time. In principle, this DW CMR approach could achieve whole LV 

coverage (~80 mm) but would require at least 12.5 minutes of scan time. Specifically for 

HCM patients with larger LV masses, the minimum required scan time would need to be 

closer to 15 minutes to sufficiently cover the whole LV (~100 mm). As a result, this 

technical limitation restricted the overall study design, in which estimation of whole LV 

fibrosis burden could not be assessed. One possible future technical solution is the 
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potential coupling of the motion compensated diffusion preparation with a time-efficient 

hybrid radial-Cartesian segmented 3D readout (113). 

5.5 Conclusion 

DW CMR is a contrast-free non-invasive quantitative technique that is sensitive to 

diffuse presentations of myocardial fibrosis in HCM patients. When compared to the 

established contrast-enhanced ECV CMR, DW CMR is able to yield comparable detection 

and characterization of myocardial fibrosis. 
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CHAPTER 6  TRANSLATION OF PROPOSED DW CMR 
TECHNIQUE TO OTHER EXTRA-CRANIAL APPLICATIONS  

“The hardest problems of pure and applied science can only be solved by the open 
collaboration of the world-wide scientific community.” Kenneth G. Wilson 

Mitigating bulk motion corruption due to cardiac motion allows for the opportunity 

to apply the proposed DW CMR technique to other organ systems. Diffusion MRI has 

demonstrated high clinical value for vessel wall and cancer applications. Translating the 

novel DW CMR technique for these other clinical applications provided unique 

opportunities to yield distortion-free, high spatial resolution imaging of organ systems 

that conventional DW SS EPI had struggled to acquire. The main technology that 

provided this new opportunity was the diffusion preparation approach, which allowed for 

3D multi-shot acquisition that addressed the weaknesses of single shot k-space 

trajectories such as geometric distortion, magnetic susceptibility, limited spatial 

resolution, and 2D acquisition (38,39). The cost of providing distortion-free, high spatial 

resolution 3D imaging is a significant increase in scan time. However, the increase in 

scan time is clinically justified since it will provide an opportunity to answer an unmet 

clinical need. The following sections are extended abstracts of two studies applying the 

diffusion preparation approach to prostate cancer imaging and carotid vessel wall 

imaging.  
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6.1 3D High Resolution Diffusion-Weighted MRI of the Prostate: A Preliminary 
Application Towards Prostate Cancer Screening of Patients Undergoing 
Active Surveillance 

 

6.1.1 Purpose 

To improve spatial resolution and image quality of diffusion-weighted (DW) MRI 

in detecting low-risk prostate cancer (lrPC) in patients undergoing active surveillance 

protocol (AS-PC), we propose the application of a diffusion-prepared balanced steady-

state free precession (bSSFP) technique capable of multi-shot acquisition. 

6.1.2 Methods 

Diffusion-prepared bSSFP was compared with single-shot DW echo planar 

imaging (SS-DW-EPI) at two prescribed resolutions (2.1x2.1x3.5mm3, 0.9x0.9x3.5mm3) 

in 9 healthy subjects and 9 AS-PC patients. Geometric distortion and susceptibility 

artifacts were quantitatively assessed in all subjects. In AS-PC patients, lesion detection 

via blinded multi-parametric MRI including T1-weighted, T2-weighted, dynamic contrast 

enhanced imaging, and along with either of two DW methods were evaluated against 

12-point biopsy. 

Table 8 – Specific MR Protocol Parameters 

 

T1w  T2w  DCE 

SS DW EPI Diffusion-Prep bSSFP 

 LR HR LR HR 

Acquisition Readout 2D 2D 2D 2D 2D 2D 3D 

TR or TRg [ms] 692 5850 3.0 4700 10000 2000 1200 

TE or TEprep [ms] 10 125 1.1 80 80 80 80 

Echo Spacing [ms] -- -- 3.0 -- -- 3.0 3.5 

Echo Time [ms] -- -- 1.1 -- -- 1.4 1.7 

FOV [mm2] 150 x 150 150 x 150  250 x 250  220 x 220  180 x 180  220 x 220  180 x 180  
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Image Matrix 250 x 160 320 x 208 192 x 192 104 x 104 208 x 208 104 x 104 208 x 208 

Slice Thickness 

[mm] 
3.5 3.5 3.5 3.5 3.5 3.5 3.5 

Parallel Imaging [R] 2 2 2 2 2 2 2 

Temporal Res [s] -- -- 9.7 -- -- -- -- 

b-value  [s/mm2] -- -- -- 
0, 300, 

600 

0, 300, 

600 

0, 300, 

600 

0, 300, 

600 

Diffusion Directions -- -- -- 3 3 3 3 

Averages 2 2 1 13 7 1 1 

Bandwidth 

[Hz/pixel] 
320 279 698 1502 762 781 801 

Scan Time  3:06 5:16 9:00 7:32 7:35 7:28 7:32 

 

 
Figure 25 – Pulse sequence diagram of the proposed technique outlines the basic structure of a 
diffusion-prepared approach. The diffusion prep module precedes a bSSFP readout that can be 

either a 2D or 3D acquisition. The diffusion prep module consists of non-selective RF pulses with 
a twice-refocused spin echo diffusion gradient configuration to reduce eddy currents. The bSSFP 
readout is quickly put into a transient steady-state with negligible signal oscillation by a series of 

linearly increasing RF catalyst pulses (N=5). 
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6.1.3 Results 

Geometric distortion and susceptibility artifacts were significantly less for 

diffusion-prepared bSSFP at both prescribed spatial resolutions than SS-DW-EPI. 

Apparent diffusion coefficients of healthy prostate tissue were concordant between the 

two DW methods at both spatial resolutions. In AS-PC patients, multi-parametric MRI 

with diffusion-prepared bSSFP had greater sensitivity (94%, 63%), accuracy (76%, 

67%), positive-predictive-value (54%, 48%), negative-predictive-value (97%, 82%), and 

area-under-the-curve (0.80, 0.67) than with SS-DW-EPI. 

 
Figure 26 – Representative case of a healthy subject’s prostate acquired using SS DW EPI and the 

proposed diffusion-prepared bSSFP techniques at two prescribed resolutions. The lack of 
geometric distortion and susceptibility artifacts between the reference T2w and the diffusion-

prepared bSSFP is apparent in the b0 scans. SNR is also better for the diffusion-prepared bSSFP 
scan at higher resolution compared with SS DW EPI despite the fixed scan times. 
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Table 9 – Geometric Distortion and Susceptibility Artifact Comparisons for All Subjects 

  

T2w repeat 

SS DW EPI Diffusion-Prep bSSFP 

  LR HR LR HR 

Geometric 

Distortion 

〈|?|〉  [mm] 1 ± 1 3** ± 2 7## ± 9 2 ± 1 2 ± 1 

Susceptibility 

Artifact 

Number of Artifacts 6 ± 2 8## ± 3 0 ± 0 0 ± 0 

Percentage of Slices [%] 50 ± 18 70## ± 25 0 ± 0 0 ± 0 

**p<0.05: DW SS-EPI vs Diffusion-Prep bSSFP  
##p<0.01: LR vs HR 
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Figure 27– Representative examples of geometric distortion (top) and susceptibility artifact 

(bottom) comparisons. Geometric distortion was quantified by |j| (black dots in polar graph), 
which measured the radial distance between the reference T2w boundary (red outline) and the 

target b0 boundary (blue outline). The high-resolution SS DW EPI scan had severe distortion near 

the PZ/rectum interface (red arrows) reflected in the large deviations in |j| displayed in the polar 
graph. The low-resolution SS DW EPI had slightly yet significantly more distortion than diffusion-

prepared bSSFP at both resolutions. The distortion of the two diffusion-prepared bSSFP scans 
was greater than the repeated T2w segmentation boundary but was found not to be significant. 
Severe “signal pile up” susceptibility artifacts are found on both the low and high-resolution SS 

DW EPI scans (red arrows). Though susceptibility artifacts were found on both low and high-
resolution SS DW EPI scans, the severity of the artifact is more apparent on the high-resolution 

scan. In contrast, the diffusion-prepared bSSFP scans did not display any signs of susceptibility-
related artifacts such as off-resonance banding. For reference, the measured SNR for DW EPI for 
the PZ of the top panel at low and high resolution was 36 and 18. For diffusion-prep bSSFP, the 

measured SNR was 37 and 22. 

 

Table 10 – SNR, Healthy ADC, Lesion Volume, Lesion CRADC, and Lesion ADC 

 SS DW EPI Diffusion-Prep bSSFP 

 LR HR LR HR 

 PZ TZ PZ TZ PZ TZ PZ TZ 

SNR 40 ± 9 17 ± 5 19** ± 3 14** ± 2 38 ± 7 18 ± 6 25 ± 2 18 ± 3 

Healthy ADC 

[μm2/ms] 
1.7 ± 0.1 1.3 ± 0.2 1.7 ± 0.4 1.3 ± 0.3 1.7 ± 0.3 1.3 ± 0.3 1.7 ± 0.2 1.2 ± 0.3 

ICC of 

Healthy ADC 

(EPI vs 

bSSFP) 

0.75 

p<0.01 

0.64 

p<0.05 

0.62 

p<0.05 

0.78 

p<0.01 
N/A N/A N/A N/A 

Lesion 

Volume [cc] 
0.4 ± 0.3 0.3** ± 0.2 0.4 ± 0.3 0.2## ± 0.2 

Lesion 

Volume / 

T2w lesion 

volume [%] 

230 ± 190 150** ± 135 220 ± 190 130 ± 130 

Lesion 

CRADC 
0.2 ± 0.1 0.3** ± 0.2 0.3 ± 0.1 0.5 ± 0.1 
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Lesion ADC 

[μm2/ms] 
1.4 ± 0.1 1.1## ± 0.3 1.3 ± 0.2 1.0## ± 0.3 

**p<0.05: DW SS-EPI vs Diffusion-Prep bSSFP 
##p<0.01: LR vs HR 
 

 

 
Figure 28 – Two representative cases of lesion detection differences between the proposed 3D 
high-resolution diffusion-prepared bSSFP and the conventional 2D SS DW EPI. (a) A suspicious 
lesion found to be hypointense on T2w, hyperintense on DCE early wash-in, and hypointense on 

diffusion-prepared bSSFP ADC map (red arrows). The lesion volume was the smallest out all 
suspicious lesions found by the proposed technique at 0.07 cc (~5mm across). On the 

conventional SS DW EPI, the ADC map yielded a less focal hypointensity due to partial voluming 
(yellow arrow). This suspicious lesion found on multi-parametric MRI for the proposed sequence 

was not concordant with biopsy yielding the only additional false positive that the proposed 
technique yielded over conventional SS DW EPI. (b) A biopsy-concordant suspicious lesion found 

to be hypointense on T2w, hyperintense on DCE early wash-in, and hypointense on diffusion-
prepared bSSFP ADC map (red arrows). The conventional SS DW EPI ADC map did not display 

hypointensity mainly due to the presence of the susceptibility artifact in the PZ/rectum boundary 
(yellow arrows). The two images below the ADC maps were the b0 and trace b600 that reveal the 
extent of the “signal pile up” artifact. This is an example of one of the seven false negatives that 

conventional SS DW EPI had over the proposed technique. 
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6.1.4 Conclusion 

The proposed diffusion-prepared technique with higher spatial resolution and 

improved image quality over SS-DW-EPI resulted in better multi-parametric MRI 

detection of lrPC in AS-PC patients. 
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6.2 3D High Resolution Diffusion-Weighted MRI of the Carotid Vessel Wall: 
Detection of Calcified Vulnerable Plaque 

 

6.2.1 Background 

Without the need of contrast media, diffusion-weighted imaging (DWI) has shown 

great promise for accurate detection of lipid-rich necrotic core (LRNC), a well-known 

feature of vulnerable plaques. However, limited resolution and poor image quality in vivo 

with conventional single-shot diffusion-weighted echo planar imaging (SS-DWEPI) has 

hindered its clinical application. The aim of this work is to develop a diffusion-prepared 

turbo-spin-echo (DP-TSE) technique for carotid plaque characterization with 3D high 

resolution and improved image quality. 

6.2.2 Methods 

Unlike SS-DWEPI where the diffusion encoding is integrated in the EPI 

framework, DP-TSE uses a diffusion encoding module separated from the TSE 

framework, allowing for segmented acquisition without the sensitivity to phase errors. 

The interleaved, motion-compensated sequence is designed to enable 3D black-blood 

DWI of carotid arteries with sub-millimeter resolution. The sequence is tested on 12 

healthy subjects and compared with SS-DWEPI for image quality, vessel wall visibility, 

and vessel wall thickness measurements. A pilot study is performed on 6 patients with 

carotid plaques using this sequence and compared with conventional contrast-

enhanced multi-contrast 2D TSE as the reference. 
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Figure 29  – Imaging sequence design of black-blood DP-TSE with rFOV. (A) The pulse-triggered 
data acquisition scheme consists of a black-blood (DIR) preparation module, a diffusion-

preparation module, and a segmented 3D TSE kernel with reduced field-of-view. Two diffusion-
weighted images were acquired in an interleaved fashion to minimize the mismatch between them. 
(B) Diffusion preparation module. A pair of bipolar gradients was used for diffusion encoding with 

complete compensation for first-order motion. Adiabatic refocussing pulse was used for its 
insensitivity to b1-inhomogeneity.  In order to suppress residual arterial blood, additional flow-
dephasing gradients were incorporated into the module with moderate first gradient moment of 
1000 mTms2/m at both diffusion weightings. (C) Illustration of the reduced field-of-view scheme. 
Excitation slab is perpendicular to the slice direction whereas the refocussing slab was oriented 
to be perpendicular to the phase direction, limiting the imaging volume to the overlapping region 
between the two slabs (brown region). Because of the reduced imaging volume, phase encoding 

steps could be greatly reduced to shorten scan time. 

6.2.3 Results 

DP-TSE demonstrated advantages over SS-DWEPI for resolution and image 

quality. In the healthy subjects, vessel wall visibility was significantly higher with 

diffusion-prepared TSE (p<0.001). Vessel wall thicknesses measured from diffusion-

prepared TSE are on average 35% thinner than those from the EPI images due to less 

distortion and partial volume effect (p<0.001). ADC measurements of healthy carotid 

vessel wall are 1.53±0.23×10-3 mm2/s. In patients the mean ADC measurements in the 
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LRNC area are significantly lower (0.60±0.16×10-3 mm2/s) than those of the fibrous 

plaque tissue (1.27±0.29×10-3 mm2/s, p<0.01). 

 

Figure 30 – Representative image quality of 3D DP-TSE compared with that of conventional 2D SS-
DWEPI from a healthy subject.  (A to C) DWI of b = 30 mm2/s, DWI of b = 300 mm2/s and ADC map, 

respectively, acquired using DP-TSE with resolution of 0.6x0.6x2.0 mm3. (D to F) DWI of b = 50 
mm2/s, DWI of b = 300 mm2/s and ADC map, respectively, acquired using SS-DWEPI with 

resolution of 1.2x1.2x2.0 mm3. Note that blurring, distortion and artifacts were present in the SS-
DWEPI images compared with their counterparts from DP-TSE. Also note that SS-DWEPI images 

had higher T2 decay due to the longer required TE than that of the proposed DP-TSE. 

 

Figure 31 – Effectiveness of motion compensation in diffusion preparation. At the same b-value, 
motion compensated preparation preserved the vessel wall signal well whereas the 
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uncompensated preparation resulted in major loss of signal in the vessel wall due to the large first 
order gradient moment. A pulse wave-gated cine of the carotid vessel wall is presented to 

demonstrate the pulsatile motion in the carotid artery. 

 

 

Figure 32 – (A) The mean ADC measured from DP-TSE images in LRNC areas was significantly 
lower (0.60±0.16×10-3 mm2/s) than that of the fibrous plaque tissue (1.27±0.29×10-3 mm2/s) and 

normal wall tissue (1.42±0.38×10-3 mm2/s) with p<0.01. (B) The mean ADC of LRNC measured from 
DP-TSE images in this study compared with results from previous in vivo (Kim, Young) and ex 

vivo (Qiao, Toussaint) studies. 

6.2.4 Conclusion 

Diffusion-prepared MRI allows, for the first time, 3D DWI of the carotid arterial 

wall in vivo with high spatial resolution and improved image quality over SS-DWEPI. It 

can potentially detect LRNC without the use of contrast agents, allowing plaque 

characterization in patients with renal insufficiency. 
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CHAPTER 7  CONCLUSIONS AND FUTURE INNOVATION 

“What is your conclusion? What is your next step?” Debiao Li 

 
Diffusion CMR has strong clinical potential in its ability to identify and 

characterize defects in myocardial microstructure, which offers insight to various cardiac 

diseases. More interestingly, the future promise of in vivo diffusion CMR to map out 

patient-specific myofiber architecture would give clinicians seeking novel regenerative 

therapy a way to monitor and evaluate the efficacy of future treatments. However, 

performing in vivo diffusion CMR in a clinical setting is incredibly challenging due to its 

inherent susceptibility to bulk motion and requires novel technical solutions in pulse 

sequence design for the possibility of clinical translation. The presented dissertation 

aimed at tackling these technical challenges with the introduction of M2 GMN motion 

compensation and the diffusion preparation approach to develop a clinically translatable 

diffusion CMR technique. This novel diffusion CMR technique was developed and 

tested in a healthy normal study, pre-clinical animal study, and pilot clinical study 

demonstrating its ability to detect and characterize myocardial fibrosis – one of the most 

clinically significant indicators for heart failure. These two technologies provided a 

foundation for other groups to build upon not only for cardiovascular imaging but also for 

other extra-cranial applications. 

7.1 Summary of Technological Developments 

7.1.1 Addresses Cardiac Motion with M2 GMN Diffusion Encoding  

Higher order GMN diffusion encoding explored in 0offers a novel strategy to 

mitigate the detrimental effects of cardiac motion on diffusion CMR. M2 diffusion 

encoding with the diffusion preparation approach was found through simulation and in 
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vivo imaging of healthy volunteers to be the best compromise in providing cardiac 

motion robust DW CMR with acceptable penalties in SNR. No severe motion-related 

artifacts could be reproducibly detected and quantification of ADC was comparable to 

previous literature values. In addition, the pre-clinical study carried out in Chapter 4 

demonstrated that residual bulk motion weighting arising from higher bulk motion 

beyond M2 does not affect the detectability of myocardial fibrosis in chronic MI.  

The M2 diffusion encoding is currently being explored by other groups (114-118) 

and has expanded upon in conjunction with the introduction of improved gradient 

hardware, in which maximum gradient strengths are doubled to 80 mT/m. Preliminary 

results from these studies suggest that M2 diffusion encoding combined with these 

ultrahigh gradient strengths is sufficient to resist motion corruption during 90% of the 

cardiac cycle. The ultrahigh gradient strengths allow M2 diffusion encoding to be 

achieved in less 30ms (about the duration of a single cardiac phase) compared to the 

~100ms used in Chapters 3-5. These results are consistent with the simulations 

presented in 0which showed that bulk motion beyond what M2 can compensate rarely 

exists for period longer than 30ms.   

Clinically, Chapters 4 and 5 demonstrate a more imminent clinical use of in vivo 

diffusion CMR with the contrast-free detection and characterization of myocardial 

fibrosis. Currently, a typical standard clinical protocol for a CMR exam includes CINE for 

function, perfusion for ischemic detection, and LGE for viability assessment. Perfusion 

CMR and LGE both require the use of Gadolinium contrast agent. Perfusion CMR 

rapidly captures the first pass wash-in of the contrast agent and detects the presence of 

ischemia by observing the lack of wash-in (i.e. perfusion deficit). Subsequently, LGE is 
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acquired after 15 minutes of wait time for the contrast agent to wash out. In regions of 

myocardial scar, the contrast agent is slower to wash out while healthy myocardium has 

almost complete clearance of the agent. Together perfusion CMR and LGE guide 

clinical management of CVD patients by providing prognostic information.  

Despite the clinical effectiveness of perfusion CMR and LGE, about 1 in 3 CVD 

patients are renal insufficient barring them from contrast-based CMR examination. 

Diffusion CMR with its ability to detect myocardial fibrosis could be used in lieu of LGE 

allowing clinicians to evaluate the viability of renal insufficient CVD patients. This opens 

up a new frontier for clinicians to explore this subset of CVD patients with renal 

insufficiency, which have been identified to have 5 times more risk for adverse CVD-

related events and significantly higher mortality (10,90). Using diffusion CMR for viability 

imaging in these patients could have significant impact on clinical management, which 

can ultimately improve clinical outcome. It should be noted that in comparison to LGE, 

current diffusion CMR sequences including the novel approach presented in this work 

have lower spatial resolution and SNR (about twice as less for both). Therefore for CVD 

patient without renal insufficiency, LGE would currently be preferred over diffusion 

CMR. However with the novel diffusion preparation scheme presented in this work, 

these current limitations in spatial resolution and SNR can be feasibly overcome. 

7.1.2 Translation of the Diffusion Preparation Approach for Other Organ Systems 

Another technology of the presented work is using the diffusion preparation 

approach to yield 3D high spatial resolution DWI without geometric distortion and limited 

susceptibility-related artifacts in other extra-cranial organ systems. Beyond the bulk 

motion-related technical challenge of in vivo DW CMR, another key challenge of in vivo 
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DW CMR is the necessity of a readout capable of fast and robust imaging of a highly 

mobile and magnetic susceptible organ system (i.e. thoracic region). To address this 

challenge, Chapter 3 presented a possible solution with the diffusion preparation 

approach that allowed for fast multi-shot acquisition (e.g. FLASH, bSSFP, TSE) 

conventionally used by other CMR applications. Unlike DW SS-EPI, these types of 

readouts have been proven to be effective in imaging the thoracic region and can easily 

exploit the partial periodicity of respiratory and cardiac motion. 

For current clinical routine use, DW SS-EPI dominates as the leading diffusion 

acquisition because of its robustness against most physiological motion. However, the 

single-shot acquisition is subject to severe T2* decay limiting both overall SNR and 

spatial resolution (38,39,119). In addition, magnetic susceptibility differences and field 

inhomogeneity can cause k-space trajectory errors that can distort the image and cause 

susceptibility-related artifacts (e.g. ghosting). To address these technical limitations, 

diffusion preparation can leverage its ability to acquire the k-space data with multiple 

shots (multi-shot) reducing the adverse effects of T2* decay, magnetic susceptibility, 

and main field inhomogeneity (52,53,120,121). With the diffusion preparation approach, 

increased scan time can be used as resource to increase spatial resolution, which is not 

an option for DW SS-EPI. Chapter 6 presents a couple clinical applications of the 

diffusion preparation approach using the multi-shot acquisition for high spatial resolution 

imaging to detect low-risk, low-volume prostate cancer lesions (6.1) and calcified 

vulnerable plaque in the carotid arteries (6.2). In these two applications, sub-millimeter 

spatial resolution is a clinically driven necessity for reliable and accurate detection of 

these two diseases justifying the increased scan time to achieve the desired spatial 
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resolution. These two studies represent the beginning of a new era of extra-cranial 

diffusion MRI applications, where motion compensation with GMN and multi-shot 

acquisition can address unmet clinical needs. 

7.2 Potential of Future Technological Advancements 

7.2.1 Diffusion Tensor CMR 

Ultimately, diffusion CMR’s realized potential is the ability to map the myofiber 

architecture as oppose to yielding ADC values that reflect one characteristic of the 

overall tissue microstructure. To map the myofiber architecture, the spatial information 

of the diffusion encoding gradients are used to model the spatial random distribution of 

the diffusing water molecules permeating throughout the myocardial tissue 

(29,43,63,122). For the myocardium, the most common model to describe the spatial 

random distribution of water molecules is the second order rank tensor or an ellipsoid 

(diffusion tensor imaging or DTI) (123-126). The current workhorse in performing in vivo 

DT CMR is the conventional DW STE SS-EPI and has shown promise in yielding robust 

myofiber orientation mapping (33,80,111), especially in subjects with stable (< ± 5 BPM) 

high HR (>90 BPM) and when standard clinical gradients are limited (< 40 mT/m). 

Performing in vivo DT CMR is a natural extension to the presented DW CMR 

work and would require at least twice as much data to acquire 6 diffusion 

measurements including a non-diffusion measurement. However more commonly, 12 

diffusion measurements with 8 averages (33,37,127) are acquired to achieve sufficient 

SNR in deriving robust estimations of DT CMR parameters such as helix angle (HA) 

(See 2.1.2). In comparison to the 3 diffusion directions acquired found in diffusion CMR 

protocols of Chapters 3-5, in vivo DT CMR acquisition would require a factor of 36 
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increase in scan time, which clinically cannot be afforded when each measurement 

takes ~2 min for free breathing multi-shot acquisition (total scan time of 72 min). 

Nonetheless, preliminary application of DT CMR using the novel M2 diffusion prepared 

approach shows promise when reducing each single diffusion measurement time to 30 

seconds by minimizing number of shots in the readout (3 shots), shortening the M2 

diffusion scheme from 100ms to 67ms with a single refocusing pulse and slewed 

gradients (60 mT/m), and using a crusher gradient scheme to minimize B1 

inhomogeneity effects and T1 contamination (Figure 33). The protocol is aimed at 

reducing the total scan time from 72 min to about 20 min. This is achieved by reducing 

the number of shots per readout, using the minimum number of diffusion encoding 

directions (6 non-collinear directions), increasing SNR with a shorter diffusion prep 

period (reducing the number of averages), and decreasing contamination of the 

diffusion sensitivity for better CNR (further reducing the number of averages). Even with 

these improvements, the total scan time of 20 minutes is difficult for a subject to remain 

motionless in the scanner and would require additional motion correction to potentially 

account for respiratory drift and subject movement.  
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Figure 33 – Pulse sequence design of the M2 diffusion prep for DT CMR utilizes a crusher (yellow) 
to suppress T1 contamination and B1 error and a single adiabatic BIR-4 refocusing pulse for a 
shorter TEprep. The crusher is played out with opposite polarity during each TR of the readout. 

 

From a single subject testing this DT CMR protocol with M2 diffusion preparation 

encoding, preliminary results indicate that M2 encoding was sufficient enough to yield 

no major signal void drop outs in comparison to M0 and M1 encoding (Figure 34).  

 

Figure 34 – Preliminary DT CMR data using M0, M1, and the optimized M2 diffusion preparation 
scheme. (Left) M0 and M1 show severe signal loss (arrow) in the trace b400 (average of all b400 

DWI), while M2 has no indication of severe signal loss. This is also reflected in the MD maps that 
yield non-physiological MD values (MD > 3.0 um2/ms) for M0 and M1 scans. For the M2 scan, no 

qualitative signal loss in the trace b400 or quantitative abnormality in the MD is detected. A 
representative set of the 8 averages from the M2 scan reveals no qualitative signal loss for each 

single diffusion measurement.    

Mean LV MD and FA values of the M2 were consistent with literature (1.2 um2/ms and 

0.4, respectively). Despite the 8 averages acquired for the 20 min DT CMR scan, there 
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was insufficient SNR to calculate meaningful HA maps that were completely dominated 

by noise. The two reasons behind the noise domination are the poor conditioning of the 

initial inversion of the primary myofiber orientation and the relatively long M2 diffusion 

preparation time with a TE that is 3 times longer than the TE of conventional DW STE 

SS-EPI (67 ms vs 20 ms).  

This preliminary work suggests that improved hardware is mostly likely needed to 

perform DT CMR with M2 diffusion preparation. This is consistent with recent 

aforementioned work (115-117) that combines M2 diffusion encoding with higher 

maximum gradient strengths offered on research scanners to achieve DT CMR. In 

these studies, M2 diffusion encoding was able to achieve HA maps that were 

acceptable in regard to SNR and were robust against bulk motion. Motion robustness 

was validated by a unique comparison between in vivo and in situ application of M2 

diffusion encoding by Stoeck, et al (116) (Figure 35). The likelihood that increased 

maximum gradient strengths will be offered on clinical systems in the future is probable 

if one looks at the past 20 year trend of clinically offered maximum gradient strengths 

from 10 mT/m in 1994 (34) to 43 mT/m in 2014 (1). Especially, if one considers that the 

Food and Drug Administration gave approval for current 80 mT/m research systems 

perform in patients. Even most increases to 60 mT/m would make a substantial 

difference due to the quadratic dependence of b-value on maximum gradient strength 

(2.2.1). 
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Figure 35 – Comparison of in vivo versus in situ application of M2 diffusion encoding with an EPI 
readout. In a normal porcine animal model, M2 diffusion CMR was performed in vivo and then 

immediately the subject was euthanized. With the myocardium still in situ, M2 diffusion CMR was 
performed again with the same exact parameters as the in vivo scan. HA maps were consistent 

between the in vivo and in situ scans validating that M2 diffusion CMR was motion robust. 

7.2.2 4D Whole Heart Diffusion CMR 

The introduction of the diffusion preparation scheme allows for the integration of 

novel k-space trajectories previously developed for fast and efficient clinical imaging 

(e.g. radial sampling with iterative reconstruction for fast whole heart 100% respiratory 

navigation gating acquisition (79,128)). Coupled with the presented M2 diffusion 

encoding and the improved gradient strengths offered on research scanners, whole 

heart 4D free-breathing diffusion CMR with isotropic resolution is feasible. The 

motivation to map multi-phase fiber architecture is not completely clear, but ex vivo 

studies of reperfused hearts and in vivo studies in humans (44,129,130) indicate that 

myofiber orientation significantly change throughout the cardiac cycle. Resolving these 

differences may reveal unique insights to the adverse remodeling of the myofiber 

architecture.   
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7.3 Final Thoughts 

After 20 years of the initial diffusion measurements by Dr. Edelman in the human 

heart (34), diffusion CMR has progressed to an exciting point where routine clinical use 

may finally be in reach. With new hardware allowing increased maximum gradient 

strengths and the M2 technology presented in this dissertation, it is clear that this field is 

burgeoning into a new era with diffusion CMR being a staple of any routine cardiac 

CMR exam similar to neurological and oncological applications. Many technical 

challenges still remain before diffusion CMR is “push button” ready such as limited 

coverage, low SNR, and long scan times with DT CMR. However, at least the diffusion 

CMR challenge of bulk motion sensitivity has another class of promising solutions (M2-

based GMN (1)) to be further optimized (114,117,118) and translated for clinical 

application. With the future of diffusion CMR looking bright, clinicians can look forward 

to using a new disruptive technology with the potential to change clinical management 

and ultimately improve patient outcome.  



 94

REFERENCES 

1. Nguyen C, Fan Z, Sharif B, He Y, Dharmakumar R, Berman DS, Li D. In vivo 
three-dimensional high resolution cardiac diffusion-weighted MRI: a motion 
compensated diffusion-prepared balanced steady-state free precession 
approach. Magn. Reson. Med. 2014 Nov;72(5):1257–67.  

2. Nguyen C, Fan Z, Xie Y, Dawkins J, Tseliou E, Bi X, Sharif B, Dharmakumar R, 
Marbán E, Li D. In vivo contrast free chronic myocardial infarction 
characterization using diffusion-weighted cardiovascular magnetic resonance. 
Journal of Cardiovascular Magnetic Resonance. 2014 Sep 17;16(1):1770.  

3. Nguyen C, Sharif-Afshar A-R, Fan Z, Xie Y, Wilson S, Bi X, Payor L, Saouaf R, 
Kim H, Li D. 3D high-resolution diffusion-weighted MRI at 3T: Preliminary 
application in prostate cancer patients undergoing active surveillance protocol 
for low-risk prostate cancer. Magn. Reson. Med. 2015 Mar 11.  

4. Xie Y, Yu W, Fan Z, Nguyen C, Bi X, An J, Zhang T, Zhang Z, Li D. High 
resolution 3D diffusion cardiovascular magnetic resonance of carotid vessel wall 
to detect lipid core without contrast media. Journal of Cardiovascular Magnetic 
Resonance. 2014;16(1):67.  

5. Mozaffarian D, Benjamin EJ, Go AS, Arnett DK, Blaha MJ, Cushman M, de 
Ferranti S, Després J-P, Fullerton HJ, Howard VJ, Huffman MD, Judd SE, 
Kissela BM, Lackland DT, Lichtman JH, Lisabeth LD, Liu S, Mackey RH, 
Matchar DB, McGuire DK, Mohler ER III, Moy CS, Muntner P, Mussolino ME, 
Nasir K, Neumar RW, Nichol G, Palaniappan L, Pandey DK, Reeves MJ, 
Rodriguez CJ, Sorlie PD, Stein J, Towfighi A, Turan TN, Virani SS, Willey JZ, 
Woo D, Yeh RW, Turner MB. Executive Summary: Heart Disease and Stroke 
Statistics—2015 Update A Report From the American Heart Association. 
Circulation. Lippincott Williams & Wilkins; 2015 Jan 27;131(4):434–41.  

6. Almehmadi F, Joncas SX, Nevis I, Zahrani M, Bokhari M, Stirrat J, Fine NM, Yee 
R, White JA. Prevalence of myocardial fibrosis patterns in patients with systolic 
dysfunction: prognostic significance for the prediction of sudden cardiac arrest or 
appropriate implantable cardiac defibrillator therapy. Circulation: Cardiovascular 
Imaging. Lippincott Williams & Wilkins; 2014 Jul;7(4):593–600.  

7. Assomull RG, Prasad SK, Lyne J, Smith G, Burman ED, Khan M, Sheppard MN, 
Poole-Wilson PA, Pennell DJ. Cardiovascular magnetic resonance, fibrosis, and 
prognosis in dilated cardiomyopathy. Journal of the American College of 
Cardiology. 2006 Nov 21;48(10):1977–85.  

8. Azevedo CF, Nigri M, Higuchi ML, Pomerantzeff PM, Spina GS, Sampaio RO, 
Tarasoutchi F, Grinberg M, Rochitte CE. Prognostic Significance of Myocardial 
Fibrosis Quantification by Histopathology and Magnetic Resonance Imaging in 
Patients With Severe Aortic Valve Disease. Journal of the American College of 



 95

Cardiology. 2010 Jul;56(4):278–87.  

9. Lok DJA, Van Der Meer P, la Porte de PWB-A, Lipsic E, Van Wijngaarden J, 
Hillege HL, van Veldhuisen DJ. Prognostic value of galectin-3, a novel marker of 
fibrosis, in patients with chronic heart failure: data from the DEAL-HF study. Clin 
Res Cardiol. Springer-Verlag; 2010 May;99(5):323–8. PMCID: PMC2858799 

10. Foley RN. Clinical epidemiology of cardiovascular disease in chronic kidney 
disease. J Ren Care. 2010 May;36 Suppl 1:4–8.  

11. Kim RJ, Fieno DS, Parrish TB, Harris K, Chen E-L, Simonetti O, Bundy J, Finn 
JP, Klocke FJ, Judd RM. Relationship of MRI Delayed Contrast Enhancement to 
Irreversible Injury, Infarct Age, and Contractile Function. Circulation. Lippincott 
Williams & Wilkins; 1999 Nov 9;100(19):1992–2002.  

12. Kim HW, Farzaneh-Far A, Kim RJ. Cardiovascular Magnetic Resonance in 
Patients With Myocardial Infarction. Journal of the American College of 
Cardiology. 2009 Dec;55(1):1–16.  

13. Kellman P, Wilson JR, Xue H, Ugander M, Arai AE. Extracellular volume fraction 
mapping in the myocardium, part 1: evaluation of an automated method. Journal 
of Cardiovascular Magnetic Resonance. 2012;14(1):63.  

14. Kellman P, Wilson JR, Xue H, Bandettini W, Shanbhag SM, Druey KM, Ugander 
M, Arai AE. Extracellular volume fraction mapping in the myocardium, part 2: 
initial clinical experience. Journal of Cardiovascular Magnetic Resonance. 
2012;14(1):64.  

15. Moon JC, Messroghli DR, Kellman P, Piechnik SK, Robson MD, Ugander M, 
Gatehouse PD, Arai AE, Friedrich MG, Neubauer S, Schulz-Menger J, Schelbert 
EB. Myocardial T1 mapping and extracellular volume quantification: a Society 
for Cardiovascular Magnetic Resonance (SCMR) and CMR Working Group of 
the European Society of Cardiology consensus statement. Journal of 
Cardiovascular Magnetic Resonance. 2013;15(1):92.  

16. van Oorschot JW, Aidi El H, Jansen of Lorkeers SJ, Gho JM, Froeling M, Visser 
F, Chamuleau SA, Doevendans PA, Luijten PR, Leiner T, Zwanenburg JJ. 
Endogenous assessment of chronic myocardial infarction with T1ρ-mapping in 
patients. Journal of Cardiovascular Magnetic Resonance. 2014 Dec 
20;16(1):1445. PMCID: PMC4272542 

17. Kali A, Cokic I, Tang R, Yang H-J, Sharif B, Marbán E, Li D, Berman DS, 
Dharmakumar R. Contrast-free T1 mapping at 3T can characterize chronic 
myocardial infarctions with high diagnostic accuracy. Journal of Cardiovascular 
Magnetic Resonance. 2014;16(Suppl 1):P205.  

18. Kali A, Cokic I, Tang RLQ, Yang HJ, Sharif B, Marban E, Li D, Berman DS, 
Dharmakumar R. Determination of Location, Size, and Transmurality of Chronic 



 96

Myocardial Infarction Without Exogenous Contrast Media by Using Cardiac 
Magnetic Resonance Imaging at 3 T. Circulation: Cardiovascular Imaging. 2014 
May 20;7(3):471–81.  

19. Witschey WR, Zsido GA, Koomalsingh K, Kondo N, Minakawa M, Shuto T, 
McGarvey JR, Levack MM, Contijoch F, Pilla JJ, Gorman JH, Gorman RC. In 
vivo chronic myocardial infarction characterization by spin locked cardiovascular 
magnetic resonance. Journal of Cardiovascular Magnetic Resonance. 
2012;14(1):37.  

20. Spiewak M, Malek LA, Misko J, Chojnowska L, Milosz B, Klopotowski M, 
Petryka J, Dabrowski M, Kepka C, Ruzyllo W. Comparison of different 
quantification methods of late gadolinium enhancement in patients with 
hypertrophic cardiomyopathy. European Journal of Radiology. 2010 
Jun;74(3):e149–53.  

21. Haris M, Singh A, Cai K, Kogan F, McGarvey J, Debrosse C, Zsido GA, 
Witschey WRT, Koomalsingh K, Pilla JJ, Chirinos JA, Ferrari VA, Gorman JH, 
Hariharan H, Gorman RC, Reddy R. A technique for in vivo mapping of 
myocardial creatine kinase metabolism. Nat Med. 2014 Feb;20(2):209–14. 
PMCID: PMC4127628 

22. Abdullah OM, Drakos SG, Diakos NA, Wever-Pinzon O, Kfoury AG, Stehlik J, 
Selzman CH, Reid BB, Brunisholz K, Verma DR, Myrick C, Sachse FB, Li DY, 
Hsu EW. Characterization of diffuse fibrosis in the failing human heart via 
diffusion tensor imaging and quantitative histological validation. NMR Biomed. 
2014 Sep 9;27(11):1378–86.  

23. Pop M, Ghugre NR, Ramanan V, Morikawa L, Stanisz G, Dick AJ, Wright GA. 
Quantification of fibrosis in infarcted swine hearts by ex vivolate gadolinium-
enhancement and diffusion-weighted MRI methods. Phys. Med. Biol. 2013 Jul 
8;58(15):5009–28.  

24. Wu EX, Wu Y, Nicholls JM, Wang J, Liao S, Zhu S, Lau C-P, Tse H-F. MR 
diffusion tensor imaging study of postinfarct myocardium structural remodeling in 
a porcine model. Magn. Reson. Med. 2007;58(4):687–95.  

25. Wu M-T, Tseng W-YI, Su M-YM, Liu C-P, Chiou K-R, Wedeen VJ, Reese TG, 
Yang C-F. Diffusion tensor magnetic resonance imaging mapping the fiber 
architecture remodeling in human myocardium after infarction: correlation with 
viability and wall motion. Circulation. 2006 Sep 5;114(10):1036–45.  

26. Puntmann VO, Voigt T, Chen Z, Mayr M, Karim R, Rhode K, Pastor A, Carr-
White G, Razavi R, Schaeffter T, Nagel E. Native T1 Mapping in Differentiation 
of Normal Myocardium From Diffuse Disease in Hypertrophic and Dilated 
Cardiomyopathy. JACC: Cardiovascular Imaging. 2013 Apr;6(4):475–84.  

27. Strijkers GJ, Bouts A, Blankesteijn WM, Peeters THJM, Vilanova A, van Prooijen 



 97

MC, Sanders HMHF, Heijman E, Nicolay K. Diffusion tensor imaging of left 
ventricular remodeling in response to myocardial infarction in the mouse. NMR 
Biomed. 2009 Feb;22(2):182–90.  

28. Wu Y, Wu EX. MR study of postnatal development of myocardial structure and 
left ventricular function. J. Magn. Reson. Imaging. 2009 Jul;30(1):47–53.  

29. Sosnovik DE, Wang R, Dai G, Reese TG, Wedeen VJ. Diffusion MR 
tractography of the heart. Journal of Cardiovascular Magnetic Resonance. 
2009;11(1):47.  

30. Scollan DF, Holmes A, Zhang J, Winslow RL. Reconstruction of Cardiac 
Ventricular Geometry and Fiber Orientation Using Magnetic Resonance 
Imaging. Annals of Biomedical Engineering. Kluwer Academic Publishers-
Plenum Publishers; 2000;28(8):934–44.  

31. Scollan DF, Holmes A, Winslow R, Forder J. Histological validation of 
myocardial microstructure obtained from diffusion tensor magnetic resonance 
imaging. Am. J. Physiol. 1998 Dec;275(6 Pt 2):H2308–18.  

32. Helm P, Beg MF, Miller MI, Winslow RL. Measuring and mapping cardiac fiber 
and laminar architecture using diffusion tensor MR imaging. Annals of the New 
York Academy of Sciences. 2005 Jun;1047(1):296–307.  

33. Nielles-Vallespin S, Mekkaoui C, Gatehouse P, Reese TG, Keegan J, Ferreira 
PF, Collins S, Speier P, Feiweier T, de Silva R, Jackowski MP, Pennell DJ, 
Sosnovik DE, Firmin D. In vivo diffusion tensor MRI of the human heart: 
Reproducibility of breath-hold and navigator-based approaches. Magn. Reson. 
Med. 2012 Sep 21;70(2):454–65.  

34. Edelman RR, Gaa J, Wedeen VJ, Loh E, Hare JM, Prasad P, Li W. In vivo 
measurement of water diffusion in the human heart. Magn. Reson. Med. 1994 
Sep;32(3):423–8.  

35. Dou J, Reese TG, Tseng W-YI, Wedeen VJ. Cardiac diffusion MRI without 
motion effects. Magn. Reson. Med. 2002 Jun 27;48(1):105–14.  

36. Tseng WY, Reese TG, Weisskoff RM, Wedeen VJ. Cardiac diffusion tensor MRI 
in vivo without strain correction. Magn. Reson. Med. John Wiley & Sons, Inc; 
1999 Aug;42(2):393–403.  

37. Gamper U, Boesiger P, Kozerke S. Diffusion imaging of the in vivo heart using 
spin echoes--considerations on bulk motion sensitivity. Magn. Reson. Med. 
Wiley Subscription Services, Inc., A Wiley Company; 2007 Feb;57(2):331–7.  

38. Bammer R. Basic principles of diffusion-weighted imaging. European Journal of 
Radiology. 2003 Mar;45(3):169–84.  



 98

39. Le Bihan D, Poupon C, Amadon A, Lethimonnier F. Artifacts and pitfalls in 
diffusion MRI. J. Magn. Reson. Imaging. 2006;24(3):478–88.  

40. Mekkaoui C, Porayette P, Jackowski MP, Kostis WJ, Dai G, Sanders S, 
Sosnovik DE. Diffusion MRI Tractography of the Developing Human Fetal Heart. 
PLoS ONE. 2013 Aug 26;8(8):e72795.  

41. Jiang Y, Guccione JM, Ratcliffe MB, Hsu EW. Transmural heterogeneity of 
diffusion anisotropy in the sheep myocardium characterized by MR diffusion 
tensor imaging. Am J Physiol Heart Circ Physiol. 2007 Jul 13;293(4):H2377–84.  

42. Angeli S, Befera N, Peyrat J-M, Calabrese E, Johnson GA, Constantinides C. A 
high-resolution cardiovascular magnetic resonance diffusion tensor map from 
ex-vivo C57BL/6 murine hearts. J Cardiovasc Magn Reson. 2014 Oct 
16;16(1):77. PMCID: PMC4198699 

43. Mekkaoui C, Huang S, Chen HH, Dai G, Reese TG, Kostis WJ, Thiagalingam A, 
Maurovich-Horvat P, Ruskin JN, Hoffmann U, Jackowski MP, Sosnovik DE. 
Fiber architecture in remodeled myocardium revealed with a quantitative 
diffusion CMR tractography framework and histological validation. Journal of 
Cardiovascular Magnetic Resonance. 2012;14(1):70.  

44. Streeter DD, Spotnitz HM, Patel DP, Ross J, Sonnenblick EH. Fiber orientation 
in the canine left ventricle during diastole and systole. Circulation Research. 
1969 Mar;24(3):339–47.  

45. Stejskal EO, Tanner JE. Spin Diffusion Measurements: Spin Echoes in the 
Presence of a Time-Dependent Field Gradient. The Journal of Chemical 
Physics. 1965;42(1):288.  

46. Le Bihan D, Breton E, Lallemand D, Aubin ML, Vignaud J, Laval-Jeantet M. 
Separation of diffusion and perfusion in intravoxel incoherent motion MR 
imaging. Radiology. 1988 Aug;168(2):497–505.  

47. Merboldt K-D, Hanicke W, Frahm J. Self-diffusion NMR imaging using 
stimulated echoes. Journal of Magnetic Resonance (1969). 1985 Oct;64(3):479–
86.  

48. Zhong J, Chen Z, Kwok E, Kennedy S. Enhanced sensitivity to molecular 
diffusion with intermolecular double-quantum coherences: implications and 
potential applications. Magnetic Resonance Imaging. 2001 Jan;19(1):33–9.  

49. McNab JA, Miller KL. Sensitivity of diffusion weighted steady state free 
precession to anisotropic diffusion. Magn. Reson. Med. 2008 Aug;60(2):405–13.  

50. Norris DG. Implications of bulk motion for diffusion-weighted imaging 
experiments: effects, mechanisms, and solutions. J. Magn. Reson. Imaging. 
John Wiley & Sons, Inc; 2001 Apr;13(4):486–95.  



 99

51. Turner R, Le Bihan D, Chesnick AS. Echo-planar imaging of diffusion and 
perfusion. Magn. Reson. Med. 1991 Jun;19(2):247–53.  

52. Thomas DL, Pell GS, Lythgoe MF, Gadian DG, Ordidge RJ. A quantitative 
method for fast diffusion imaging using magnetization-prepared turboFLASH. 
Magn. Reson. Med. 1998 Jun;39(6):950–60.  

53. Jeong E-K, Kim S-E, Parker DL. High-resolution diffusion-weighted 3D MRI, 
using diffusion-weighted driven-equilibrium (DW-DE) and multishot segmented 
3D-SSFP without navigator echoes. Magn. Reson. Med. 2003 Sep 
26;50(4):821–9.  

54. Hennig J, Speck O, Scheffler K. Optimization of signal behavior in the transition 
to driven equilibrium in steady-state free precession sequences. Magn. Reson. 
Med. 2002 Nov 4;48(5):801–9.  

55. Bi X, Park J, Deshpande V, Simonetti O, Laub G, Li D. Reduction of flow- and 
eddy-currents-induced image artifacts in coronary magnetic resonance 
angiography using a linear centric-encoding SSFP sequence. Magnetic 
Resonance Imaging. 2007 Oct;25(8):1138–47.  

56. Fan Z, Sheehan J, Bi X, Liu X, Carr J, Li D. 3D noncontrast MR angiography of 
the distal lower extremities using flow-sensitive dephasing (FSD)-prepared 
balanced SSFP. Magn. Reson. Med. 2009 Dec;62(6):1523–32.  

57. Lin K, Bi X, Liu Y, Taimen K, Lu B, Li D, Carr J. Black-blood steady-state free 
precession (SSFP) coronary wall MRI for cardiac allografts: A feasibility study. J. 
Magn. Reson. Imaging. 2012 Jan 26;35(5):1210–5.  

58. Nguyen TD, de Rochefort L, Spincemaille P, Cham MD, Weinsaft JW, Prince 
MR, Wang Y. Effective motion-sensitizing magnetization preparation for black 
blood magnetic resonance imaging of the heart. J. Magn. Reson. Imaging. 2008 
Nov;28(5):1092–100. PMCID: PMC2666444 

59. Tseng W-YI, Dou J, Reese TG, Wedeen VJ. Imaging myocardial fiber disarray 
and intramural strain hypokinesis in hypertrophic cardiomyopathy with MRI. J. 
Magn. Reson. Imaging. 2005;23(1):1–8.  

60. Wu MT, Su MYM, Huang YL, Chiou KR, Yang P, Pan HB, Reese TG, Wedeen 
VJ, Tseng WYI. Sequential Changes of Myocardial Microstructure in Patients 
Postmyocardial Infarction by Diffusion-Tensor Cardiac MR: Correlation With Left 
Ventricular Structure and Function. Circulation: Cardiovascular Imaging. 2009 
Jan 20;2(1):32–40.  

61. Potet J, Rahmouni A, Mayer J, Vignaud A, Lim P, Luciani A, Dubois-Randé J-L, 
Kobeiter H, Deux J-F. Detection of myocardial edema with low-b-value diffusion-
weighted echo-planar imaging sequence in patients with acute myocarditis. 
Radiology. 2013 Nov;269(2):362–9.  



 100

62. Laissy J-P, Gaxotte V, Ironde-Laissy E, Klein I, Ribet A, Bendriss A, Chillon S, 
Schouman-Claeys E, Steg PG, Serfaty J-M. Cardiac diffusion-weighted MR 
imaging in recent, subacute, and chronic myocardial infarction: A pilot study. J. 
Magn. Reson. Imaging. 2013 Apr 5;38(6):1377–87.  

63. Goergen CJ, Sosnovik DE. From Molecules to Myofibers: Multiscale Imaging of 
the Myocardium. J. of Cardiovasc. Trans. Res. 2011 Jun 4;4(4):493–503.  

64. Sosnovik DE, Wang R, Dai G, Wang T, Aikawa E, Novikov M, Rosenzweig A, 
Gilbert RJ, Wedeen VJ. Diffusion Spectrum MRI Tractography Reveals the 
Presence of a Complex Network of Residual Myofibers in Infarcted Myocardium. 
Circulation: Cardiovascular Imaging. 2009 May 19;2(3):206–12.  

65. Wu EX, Wu Y, Tang H, Wang J, Yang J, Ng MC, Yang ES, Chan CW, Zhu S, 
Lau C-P, Tse H-F. Study of myocardial fiber pathway using magnetic resonance 
diffusion tensor imaging. Magnetic Resonance Imaging. 2007 Sep;25(7):1048–
57.  

66. Hsu EW, Xue R, Holmes A, Forder JR. Delayed reduction of tissue water 
diffusion after myocardial ischemia. Am. J. Physiol. 1998 Aug;275(2 Pt 2):H697–
702.  

67. Stanisz GJ, Odrobina EE, Pun J, Escaravage M, Graham SJ, Bronskill MJ, 
Henkelman RM. T1, T2 relaxation and magnetization transfer in tissue at 3T. 
Magn. Reson. Med. 2005;54(3):507–12.  

68. Lyseggen E. Myocardial Acceleration During Isovolumic Contraction: 
Relationship to Contractility. Circulation. 2005 Mar 22;111(11):1362–9.  

69. Arai AE, Gaither CC, Epstein FH, Balaban RS, Wolff SD. Myocardial velocity 
gradient imaging by phase contrast MRI with application to regional function in 
myocardial ischemia. Magn. Reson. Med. John Wiley & Sons, Inc; 1999 Jul 
1;42(1):98–109.  

70. Kvitting JPE, Ebbers T, Engvall J, Sutherland G, Wranne B, Wigstr m L. 
Three?Directional Myocardial Motion Assessed Using 3D Phase Contrast MRI. 
Journal of Cardiovascular Magnetic Resonance. 2004 Jun 15;6(3):627–36.  

71. Gatehouse PD, Keegan J, Crowe LA, Masood S, Mohiaddin RH, Kreitner K-F, 
Firmin DN. Applications of phase-contrast flow and velocity imaging in 
cardiovascular MRI. Eur Radiol. 2005 Jul 8;15(10):2172–84.  

72. Shaka AJ, Rucker SP, Pines A. Iterative carr-purcell trains. Journal of Magnetic 
Resonance (1969). 1988 May;77(3):606–11.  

73. Reese TG, Heid O, Weisskoff RM, Wedeen VJ. Reduction of eddy-current-
induced distortion in diffusion MRI using a twice-refocused spin echo. Magn. 
Reson. Med. 2002 Dec 31;49(1):177–82.  



 101

74. Shea SM, Deshpande VS, Chung Y-C, Li D. Three-dimensional true-FISP 
imaging of the coronary arteries: Improved contrast with T2-preparation. J. 
Magn. Reson. Imaging. 2002 Apr 26;15(5):597–602.  

75. Bland JM, Altman DG. Statistical Methods for Assessing Agreement Between 
Two Methods of Clinical Measurement. The Lancet. 1986 Feb;327(8476):307–
10.  

76. Park J, Metaxas D, Axel L. Analysis of left ventricular wall motion based on 
volumetric deformable models and MRI-SPAMM. Medical Image Analysis. 1996 
Mar;1(1):53–71.  

77. Wedeen VJ, Weisskoff RM, Poncelet BP. MRI signal void due to in-plane motion 
is all-or-none. Magn. Reson. Med. 1994 Jul;32(1):116–20.  

78. Krynicki K, Green CD, Sawyer DW. Pressure and temperature dependence of 
self-diffusion in water. Faraday Discuss. Chem. Soc. The Royal Society of 
Chemistry; 1978 Jan 1;66(0):199–208.  

79. Pang J, Sharif B, Arsanjani R, Bi X, Fan Z, Yang Q, Li K, Berman DS, Li D. 
Accelerated whole-heart coronary MRA using motion-corrected sensitivity 
encoding with three-dimensional projection reconstruction. Magn. Reson. Med. 
2014 Jan 16;73(1):284–91.  

80. McGill L-A, Ismail TF, Nielles-Vallespin S, Ferreira P, Scott AD, Roughton M, 
Kilner PJ, Ho SY, McCarthy KP, Gatehouse PD, de Silva R, Speier P, Feiweier 
T, Mekkaoui C, Sosnovik DE, Prasad SK, Firmin DN, Pennell DJ. Reproducibility 
of in-vivo diffusion tensor cardiovascular magnetic resonance in hypertrophic 
cardiomyopathy. J Cardiovasc Magn Reson. 2012;14:86. PMCID: PMC3551746 

81. Walker JC, Guccione JM, Jiang Y, Zhang P, Wallace AW, Hsu EW, Ratcliffe 
MB. Helical myofiber orientation after myocardial infarction and left ventricular 
surgical restoration in sheep. The Journal of Thoracic and Cardiovascular 
Surgery. 2005 Feb;129(2):382–90.  

82. Walker JC, Ratcliffe MB, Zhang P, Wallace AW, Hsu EW, Saloner DA, Guccione 
JM. Magnetic resonance imaging-based finite element stress analysis after 
linear repair of left ventricular aneurysm. The Journal of Thoracic and 
Cardiovascular Surgery. 2008 May;135(5):1094–1102.e2.  

83. Leschka S, Wildermuth S, Boehm T, Desbiolles L, Husmann L, Plass A, Koepfli 
P, Schepis T, Marincek B, Kaufmann PA, Alkadhi H. Noninvasive coronary 
angiography with 64-section CT: effect of average heart rate and heart rate 
variability on image quality. Radiology. 2006 Nov;241(2):378–85.  

84. Jahnke C, Paetsch I, Achenbach S, Schnackenburg B, Gebker R, Fleck E, 
Nagel E. Coronary MR Imaging: Breath-hold Capability and Patterns, Coronary 
Artery Rest Periods, and β-Blocker Use 1. Radiology. 2006 Apr;239(1):71–8.  



 102

85. Garwood M, Ke Y. Symmetric pulses to induce arbitrary flip angles with 
compensation for rf inhomogeneity and resonance offsets. Journal of Magnetic 
Resonance (1969). 1991 Oct;94(3):511–25.  

86. Sung K, Nayak KS. Measurement and characterization of RF nonuniformity over 
the heart at 3T using body coil transmission. J. Magn. Reson. Imaging. 
2008;27(3):643–8.  

87. Kelle S, Roes SD, Klein C, Kokocinski T, de Roos A, Fleck E, Bax JJ, Nagel E. 
Prognostic Value of Myocardial Infarct Size and Contractile Reserve Using 
Magnetic Resonance Imaging. Journal of the American College of Cardiology. 
2009 Nov;54(19):1770–7.  

88. Kim RJ, Wu E, Rafael A, Chen EL, Parker MA, Simonetti O, Klocke FJ, Bonow 
RO, Judd RM. The use of contrast-enhanced magnetic resonance imaging to 
identify reversible myocardial dysfunction. N Engl J Med. 2000 Nov 
16;343(20):1445–53.  

89. Fox CS, Muntner P, Chen AY, Alexander KP, Roe MT, Cannon CP, Saucedo 
JF, Kontos MC, Wiviott SD. Use of Evidence-Based Therapies in Short-Term 
Outcomes of ST-Segment Elevation Myocardial Infarction and Non-ST-Segment 
Elevation Myocardial Infarction in Patients With Chronic Kidney Disease: A 
Report From the National Cardiovascular Data Acute Coronary Treatment and 
Intervention Outcomes Network Registry. Circulation. 2010 Jan 25;121(3):357–
65.  

90. Gansevoort RT, Correa-Rotter R, Hemmelgarn BR, Jafar TH, Heerspink HJL, 
Mann JF, Matsushita K, Wen CP. Chronic kidney disease and cardiovascular 
risk: epidemiology, mechanisms, and prevention. The Lancet. 2013 
Jul;382(9889):339–52.  

91. Sarnak MJ. Kidney Disease as a Risk Factor for Development of Cardiovascular 
Disease: A Statement From the American Heart Association Councils on Kidney 
in Cardiovascular Disease, High Blood Pressure Research, Clinical Cardiology, 
and Epidemiology and Prevention. Circulation. 2003 Oct 28;108(17):2154–69.  

92. Messroghli DR, Walters K, Plein S, Sparrow P, Friedrich MG, Ridgway JP, 
Sivananthan MU. MyocardialT1 mapping: Application to patients with acute and 
chronic myocardial infarction. Magn. Reson. Med. 2007;58(1):34–40.  

93. Rapacchi S, Wen H, Viallon M, Grenier D, Kellman P, Croisille P, Pai VM. Low 
b-Value Diffusion-Weighted Cardiac Magnetic Resonance Imaging. Investigative 
Radiology. 2011 Dec;46(12):751–8.  

94. Malliaras K, Smith RR, Kanazawa H, Yee K, Seinfeld J, Tseliou E, Dawkins JF, 
Kreke M, Cheng K, Luthringer D, Ho CS, Blusztajn A, Valle I, Chowdhury S, 
Makkar RR, Dharmakumar R, Li D, Marban L, Marban E. Validation of Contrast-
Enhanced Magnetic Resonance Imaging to Monitor Regenerative Efficacy After 



 103

Cell Therapy in a Porcine Model of Convalescent Myocardial Infarction. 
Circulation. 2013 Dec 23;128(25):2764–75.  

95. Turkbey EB, Nacif MS, Noureldin RA, Sibley CT, Liu S, Lima JAC, Bluemke DA. 
Differentiation of myocardial scar from potential pitfalls and artefacts in delayed 
enhancement MRI. BJR. 2012 Nov;85(1019):e1145–54. PMCID: PMC3500815 

96. Amado LC, Gerber BL, Gupta SN, Rettmann DW, Szarf G, Schock R, Nasir K, 
Kraitchman DL, Lima JAC. Accurate and objective infarct sizing by contrast-
enhanced magnetic resonance imaging in a canine myocardial infarction model. 
Journal of the American College of Cardiology. 2004 Dec;44(12):2383–9.  

97. Rueckert D, Sonoda LI, Hayes C, Hill DL, Leach MO, Hawkes DJ. Nonrigid 
registration using free-form deformations: application to breast MR images. 
IEEE Trans. Med. Imaging. IEEE; 1999 Aug;18(8):712–21.  

98. Kwong RY. Detecting Acute Coronary Syndrome in the Emergency Department 
With Cardiac Magnetic Resonance Imaging. Circulation. 2003 Jan 
6;107(4):531–7.  

99. Rousson V, Gasser T, Seifert B. Assessing intrarater, interrater and test-retest 
reliability of continuous measurements. Stat Med. 2002 Nov 30;21(22):3431–46.  

100. Cohen J. A Coefficient of Agreement for Nominal Scales. Educational and 
Psychological Measurement. 1960 Apr 1;20(1):37–46.  

101. Kellman P, Aletras AH, Mancini C, McVeigh ER, Arai AE. T2-prepared SSFP 
improves diagnostic confidence in edema imaging in acute myocardial infarction 
compared to turbo spin echo. Magn. Reson. Med. 2007;57(5):891–7.  

102. Shepherd TM, Thelwall PE, Stanisz GJ, Blackband SJ. Aldehyde fixative 
solutions alter the water relaxation and diffusion properties of nervous tissue. 
Magn. Reson. Med. 2009 Jul;62(1):26–34.  

103. Buckberg GD, Mahajan A, Jung B, Markl M, Hennig J, Ballester-Rodes M. MRI 
myocardial motion and fiber tracking: a confirmation of knowledge from different 
imaging modalities. European Journal of Cardio-Thoracic Surgery. 2006 
Apr;29:S165–77.  

104. Maron B. American College of Cardiology/European Society of Cardiology 
Clinical Expert Consensus Document on Hypertrophic Cardiomyopathy A report 
of the American College of Cardiology Foundation Task Force on Clinical Expert 
Consensus Documents and the European Society of Cardiology Committee for 
Practice Guidelines. European Heart Journal. 2003 Nov;24(21):1965–91.  

105. O'Hanlon R, Grasso A, Roughton M, Moon JC, Clark S, Wage R, Webb J, 
Kulkarni M, Dawson D, Sulaibeekh L, Chandrasekaran B, Bucciarelli-Ducci C, 
Pasquale F, Cowie MR, McKenna WJ, Sheppard MN, Elliott PM, Pennell DJ, 



 104

Prasad SK. Prognostic Significance of Myocardial Fibrosis in Hypertrophic 
Cardiomyopathy. Journal of the American College of Cardiology. 2010 
Sep;56(11):867–74.  

106. Green JJ, Berger JS, Kramer CM, Salerno M. Prognostic Value of Late 
Gadolinium Enhancement in Clinical Outcomes for Hypertrophic 
Cardiomyopathy. JACC: Cardiovascular Imaging. 2012 Apr;5(4):370–7.  

107. Moravsky G, Ofek E, Rakowski H, Butany J, Williams L, Ralph-Edwards A, 
Wintersperger BJ, Crean A. Myocardial Fibrosis in Hypertrophic 
Cardiomyopathy. JACC: Cardiovascular Imaging. 2013 May;6(5):587–96.  

108. Noureldin RA, Liu S, Nacif MS, Judge DP, Halushka MK, Abraham TP, Ho C, 
Bluemke DA. The diagnosis of hypertrophic cardiomyopathy by cardiovascular 
magnetic resonance. Journal of Cardiovascular Magnetic Resonance. 
2012;14(1):17.  

109. Broberg CS, Chugh SS, Conklin C, Sahn DJ, Jerosch-Herold M. Quantification 
of Diffuse Myocardial Fibrosis and Its Association With Myocardial Dysfunction 
in Congenital Heart Disease. Circulation: Cardiovascular Imaging. 2010 Nov 
16;3(6):727–34.  

110. Amano Y, Takayama M, Kumita S. Contrast-enhanced myocardial T1-weighted 
scout (Look-Locker) imaging for the detection of myocardial damages in 
hypertrophic cardiomyopathy. J. Magn. Reson. Imaging. 2009 Oct;30(4):778–84.  

111. Ferreira PF, Kilner PJ, McGill L-A, Nielles-Vallespin S, Scott AD, Ho SY, 
McCarthy KP, Haba MM, Ismail TF, Gatehouse PD, de Silva R, Lyon AR, 
Prasad SK, Firmin DN, Pennell DJ. In vivo cardiovascular magnetic resonance 
diffusion tensor imaging shows evidence of abnormal myocardial laminar 
orientations and mobility in hypertrophic cardiomyopathy. Journal of 
Cardiovascular Magnetic Resonance. 2014 Nov 12;16(1):445.  

112. Bos JM, Towbin JA, Ackerman MJ. Diagnostic, Prognostic, and Therapeutic 
Implications of Genetic Testing for Hypertrophic Cardiomyopathy. Journal of the 
American College of Cardiology. 2009 Jul;54(3):201–11.  

113. Yang H-J, Sharif B, Pang J, Kali A, Bi X, Cokic I, Li D, Dharmakumar R. Free-
breathing, motion-corrected, highly efficient whole heart T2 mapping at 3T with 
hybrid radial-cartesian trajectory. Magn. Reson. Med. 2015 Mar 6.  

114. Froeling M, Strijkers GJ, Nederveen AJ, Luijten PR. Whole heart DTI using 
asymmetric bipolar diffusion gradients. Journal of Cardiovascular Magnetic 
Resonance. BioMed Central; 2015;17(1):1–2.  

115. Froeling M, Strijkers GJ, Nederveen AJ, Chamuleau SA, Luijten PR. Feasibility 
of in vivo whole heart DTI and IVIM with a 15 minute acquisition protocol. 
Journal of Cardiovascular Magnetic Resonance. BioMed Central Ltd; 2014 Jan 



 105

16;16(Suppl 1):O15.  

116. Stoeck CT, Deuster von C, Cesarovic N, Genet M, Emmert MY, Kozerke S. 
Direct comparison of in-vivo and post-mortem spin-echo based diffusion tensor 
imaging in the porcine heart. Journal of Cardiovascular Magnetic Resonance. 
2015;17(Suppl 1):P76.  

117. Stoeck CT, Deuster von C, Genet M, Atkinson D, Kozerke S. Second order 
motion compensated spin-echo diffusion tensor imaging of the human heart. 
Journal of Cardiovascular Magnetic Resonance. BioMed Central Ltd; 2015 Feb 
3;17(Suppl 1):P81.  

118. Welsh C, Di Bella E, Hsu E. Higher-Order Motion-Compensation for In Vivo 
Cardiac Diffusion Tensor Imaging in Rats. IEEE Trans. Med. Imaging. 2015 Mar 
9.  

119. Jones DK, Cercignani M. Twenty-five pitfalls in the analysis of diffusion MRI 
data. NMR Biomed. 2010 Sep 29;23(7):803–20.  

120. Alsop DC. Phase insensitive preparation of single-shot RARE: Application to 
diffusion imaging in humans. Magn. Reson. Med. 1997 Oct;38(4):527–33.  

121. McNab JA, Miller KL. Steady-state diffusion-weighted imaging: theory, 
acquisition and analysis. NMR Biomed. 2010 May 31;23(7):781–93.  

122. Froeling M, Strijkers GJ, Nederveen AJ, Chamuleau SA, Luijten PR. Diffusion 
Tensor MRI of the Heart – In Vivo Imaging of Myocardial Fiber Architecture. 
2014 May 23;7(7):9276. Retrieved from: 
http://link.springer.com/10.1007/s12410-014-9276-y 

123. Basser PJ, Mattiello J, LeBihan D. Estimation of the effective self-diffusion 
tensor from the NMR spin echo. J Magn Reson B. 1994 Mar;103(3):247–54.  

124. Basser PJ, Pajevic S, Pierpaoli C, Duda J, Aldroubi A. In vivo fiber tractography 
using DT-MRI data. Magn. Reson. Med. John Wiley & Sons, Inc; 2000 
Oct;44(4):625–32.  

125. Basser PJ, Pierpaoli C. Microstructural and physiological features of tissues 
elucidated by quantitative-diffusion-tensor MRI. Journal of Magnetic Resonance. 
2011 Dec;213(2):560–70.  

126. Basser PJ, Jones DK. Diffusion-tensor MRI: theory, experimental design and 
data analysis - a technical review. NMR Biomed. 2002;15(7-8):456–67.  

127. Sosnovik DE, Mekkaoui C, Huang S, Chen HH, Dai G, Stoeck CT, Ngoy S, 
Guan J, Wang R, Kostis WJ, Jackowski MP, Wedeen VJ, Kozerke S, Liao R. 
Microstructural impact of ischemia and bone marrow-derived cell therapy 
revealed with diffusion tensor magnetic resonance imaging tractography of the 



 106

heart in vivo. Circulation. 2014 Apr 29;129(17):1731–41. PMCID: PMC4034455 

128. Pang J, Bhat H, Sharif B, Fan Z, Thomson LEJ, LaBounty T, Friedman JD, Min 
J, Berman DS, Li D. Whole-heart coronary MRA with 100% respiratory gating 
efficiency: Self-navigated three-dimensional retrospective image-based motion 
correction (TRIM). Magn. Reson. Med. 2013 Feb 7;71(1):67–74.  

129. Stoeck CT, Kalinowska A, Deuster von C, Harmer J, Chan RW, Niemann M, 
Manka R, Atkinson D, Sosnovik DE, Mekkaoui C, Kozerke S. Dual-phase 
cardiac diffusion tensor imaging with strain correction. Leemans A, editor. PLoS 
ONE [Internet]. 2014;9(9):e107159. Retrieved from: 
http://dx.plos.org/10.1371/journal.pone.0107159. PMCID: PMC4156436 

130. Lohezic M, Teh I, Bollensdorff C, Peyronnet R, Hales PW, Grau V, Kohl P, 
Schneider JE. Interrogation of living myocardium in multiple static deformation 
states with diffusion tensor and diffusion spectrum imaging. Progress in 
Biophysics and Molecular Biology. 2014 Aug;115(2-3):213–25.  

 




