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Congenital heart disease (CHD) is the most common congenital defect affecting about 

1% of live births. Cardiovascular MRI (CMR) is increasingly used in pediatric patients with 

CHD to complement echocardiography and invasive catheterization for anatomical and 

functional assessment of the heart and blood vessels. For children, the non-invasiveness, 

unrestricted field of view, absence of contrast nephrotoxicity and ionizing radiation make 

CMR an attractive imaging modality.  

Current pediatric CMR protocol includes, among others, 2D cardiac cine and 3D first-

pass contrast-enhanced MR angiography, both performed with breath-holding. However, 

reliable breath-holds are usually hard to achieve in these pediatric patients due to their 

limited cooperation. In addition, prolonged and repeated breath-holds are undesirable for 
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patients with unstable cardiopulmonary status. More importantly, the data acquisitions in 

current CMR protocols are limited by the breath-hold duration, the need to capture the first-

pass of the gadolinium bolus and relatively thick 2D slices in cardiac cine. Consequently, 

despite its exquisitely detailed definition of extra-cardiac vascular anatomy, conventional 

CMR methods fall short of providing a comparable definition of dynamic cardiac anatomy, 

although the status of these structures is often the basis for treatment and surgical planning. 

Moreover, a conventional pediatric CMR protocol requires a lot of clinical resources, 

including an average of 1-2 hours of scanner time and the need for physician’s presence to 

ensure appropriate geometric interrogation of the complex congenital cardiac anatomy. All 

the aforementioned issues have prevented pediatric CMR from reaching its full potential.  

The overall aim of this thesis is to propose an innovative, effective, and reliable CMR 

approach to address the aforementioned issues of conventional protocol. The proposed 

pediatric CMR approach includes the use of ferumoxytol as an intravascular contrast agent 

and the development of the 4D Multi-phase Steady-state Imaging with Contrast (4D 

MUSIC) pulse sequence using a ROtating Cartesian K-space (ROCK) sampling pattern, 

cardiac and respiratory motion self-gating and compressed sensing image reconstruction. 

The proposed approach potentially represents a new paradigm of CMR in pediatric CHD 

patients whereby comprehensive volumetric information about cardiovascular anatomy and 

function can be acquired non-invasively in 10 minutes, without ionizing radiation, without 

exposure to a Gadolinium-based contrast agent and without breath-holding. 

Chapter 1 introduces the conventional CMR protocol and discusses its utility in the 

clinical management of pediatric patients with CHD, which bring out the motivation of the 

technical development of this thesis.  In Chapter 2, a brief technical background of MRI is 
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provided. Chapter 3 introduces the concept of performing CMR with respiratory and 

cardiac motion compensation during the steady-state distribution of ferumoxytol. The 

prototype 4D MUSIC pulse sequence and preliminary clinical results from eight pediatric 

patients with CHD are presented in this chapter. In Chapter 4, several technical 

developments were made to optimize the 4D MUSIC sequence, including an efficient and 

flexible ROCK sampling pattern, a robust retrospective motion compensation strategy, and 

a compressed sensing image reconstruction algorithm. These technical developments 

further improve the clinical performance of 4D MUSIC in terms of image quality, scan 

efficiency, and reliability, and potentially eliminate the need for external physiological 

signal monitoring for motion gating. The optimized 4D MUSIC sequence was validated in 

a clinical study of ten pediatric patients with CHD. Chapter 5 exploits the potential of 4D 

MUSIC for cardiac functional evaluation where a motion-weighted image reconstruction 

strategy was evaluated to improve the temporal resolution of 4D MUSIC images. The 

results from a retrospective clinical study of sex pediatric patients with CHD showed that 

4D MUSIC could offer accurate cardiac functional measurements. 

Several techniques developed in Chapters 3-5 can be applied to other MRI applications. 

In Chapter 6, a segmented golden ratio radial reordering scheme is proposed in order to 

improve the k-space sampling efficiency in 2D cardiac CINE acquisitions and enable image 

reconstruction with retrospectively defined temporal resolution. A 4D respiratory resolved 

MRI technique is proposed in Chapter 7, utilizing the ROCK sampling pattern developed 

in Chapter 4. The proposed technique can be used to quantitatively evaluate the breathing 

pattern of individual patients and help to optimize the dose delivery in radiation therapy.  
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Chapter 1 Introduction 

1.1 Congenital heart disease 

Congenital heart disease (CHD), also known as congenital heart anomaly or congenital 

heart defect, is a problem with the structure of the heart and major blood vessels that is 

present at birth. It is the most common congenital defect with an incidence of 4 to 50 per 

1000 live births depending how they are diagnosed (1,2). Various types of CHD and their 

estimated distributions are listed in Table 1-1 (3). Most CHD patients require surgical or 

catheter-based interventions (4). Due to improvements in early diagnosis and the 

introduction of various interventional procedures, the survival rate of CHD patients has 

increased dramatically. In developed countries, more than 85% of infants with CHD now 

reach adulthood (5). 

Table 1-1. Distribution of types of CHD in live born children 

Ventricular septal defect 31% 

Secundum atrial spetal defect 7.5% 

Patent ductus arteriosus 7.1% 

Pulmonary valve stenosis 7.0% 

Coaractation of the aorta 5.6% 

Tetralogy of Fallot 5.5% 

Aortic valve stenosis 4.9% 

Transposition of the great arteries 4.5% 

Atrioventricular septal defect 4.4% 

Hypoplastic left heart 3.1% 

Hypoplastic right heart 2.4% 
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Imaging is fundamental to the diagnosis of CHD and is required at all stages of patient 

care. It outlines anatomy and characterizes physiology, assists treatment planning, 

evaluates the consequences of interventions and guides prognosis. Different imaging 

modalities, including echocardiography, cardiac catheterization, and cardiac magnetic 

resonance (CMR), have been actively used in the clinical management of CHD patients. 

However, no single imaging modality so far fulfills these needs for all patient populations. 

Therefore, assessment of CHD involves a variety of complementary imaging modalities to 

optimize accuracy, reproducibility, and cost effectiveness (6). 

The initial diagnosis of CHD is most often made with transthoracic echocardiography. 

It remains the first-line imaging modality for CHD patients as it is portable, non-invasive, 

low-cost and provides immediate anatomical and physiological information (7). Although 

echocardiography alone is usually sufficient for definitive diagnosis and treatment 

planning, imaging of certain structures, particularly the thoracic vasculatures, may 

occasionally be hampered by limited acoustic windows or intervening airway structures 

(7). In cases of complex CHD, the morphology and spatial relationships of these anatomical 

structures are crucial for clinical decision-making. Cardiac catheterization, the current 

reference standard, is traditionally used as the second-line imaging modality when 

echocardiography is inconclusive. However, it is not well suited for routine follow-up after 

correction because of its procedural complexity, invasiveness, and repeated radiation 

exposure.  

CMR is progressively fulfilling the role of cardiac catheterization for patients with 

complex CHD, because of its non-invasive nature, excellent soft tissue contrast, high 

spatial resolution, and freedom from exposure to ionizing radiation and iodinated contrast 
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agents (8). In addition, CMR provides a powerful tool, offering anatomical and 

physiological information that echocardiography and cardiac catheterization alone cannot 

provide. Major vessels, including arteries, systemic and pulmonary veins, can be delineated 

with high spatial resolution; blood flow and shunts can be quantified; and global ventricular 

function can be measured accurately with high reproducibility, regardless of ventricular 

morphology (9,10). In clinical practice, CMR could be justified for any patient whose 

echocardiographic data is insufficient for monitoring, decision-making, or treatment 

planning (6).  

1.2 Cardiovascular MRI for CHD patients 

Accurate determination of cardiovascular anatomy and function is the principal 

priority of CMR for patients with CHD. In conventional CMR protocols, these goals are 

achieved by a series of techniques, including Contrast-Enhanced MR Angiography (CE-

MRA), 2D cardiac CINE, black-blood imaging and Non-Contrast-Enhanced Balanced 

Steady-State Free Precession imaging (NCE-bSSFP) (11).  

CE-MRA acquires high spatial resolution 3D images during the first passage of a 

gadolinium based contrast agent (GBCA) bolus. Figure 1-1(a) shows an example of first-

pass CE-MRA on a pediatric patient with CHD. The GBCA shortens the blood-pool T1 

and, in conjunction with the T1-weighted gradient echo (GRE) imaging sequence, 

generates positive image contrast within the vascular anatomy relative to the surrounding 

tissues. Conventional CE-MRA is typically performed without cardiac gating in order to 

capture the first passage the GBCA within a single breath-hold. Although it is adequate for 

evaluation of extra-cardiac vascular anatomy, structures which undergo pulsatile motion, 

such as the cardiac chambers, valves, coronary arteries and ventricular outflow tracts are 
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generally not diagnostically evaluable with conventional CE-MRA due to cardiac motion 

blurring. A successful CE-MRA requires a highly experienced operator and a cooperative 

subject for executing the precise timing of contrast injection, data acquisition and the 

breath-hold. Furthermore, the acquisition is usually not repeatable due to the use of GBCA.  

 
Figure 1-1. Example of conventional CMR, including first-pass CE-MRA (a), 2D CINE in cardiac 

short axis (b, c), vertical long axis (d, e), diastolic phase (b, d) and systolic phase (c, e).  

2D CINE captures a “movie” of the beating heart to visualize its contractile function. 

Figure 1-1(b-d) shows examples of 2D cardiac CINE in different orientations and cardiac 

phases.  A segmented k-space data acquisition allows 2D images to be acquired during the 

same cardiac phase from multiple heartbeats in a breath-hold for increased temporal 

resolution (11,12). The use of a steady-state imaging sequence, including GRE and bSSFP, 
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and the continuous supply of “fresh”, unsaturated blood into the imaging plane generate 

excellent blood-tissue contrast for the delineation of blood vessels and myocardium. 

Typically, a stack of multiple closely spaced slices (5-8 mm thickness) in the cardiac short-

axis are acquired to cover the entire left and right ventricles for cardiac functional 

assessment. Because the image acquisition is synchronized with the electrocardiograph 

(ECG) signal and therefore has minimal cardiac motion blurring, 2D CINE is often used to 

supplement CE-MRA, for additional evaluation of intra-cardiac anatomical details that are 

subject to cardiac motion.  

 
Figure 1-2. Examples of dark-blood imaging (a) and coronary angiography using NCE-bSSFP 

technique (b). (Image courtesy of Jianing Pang, Cedars-Sinai Medical Center, Los Angeles)  
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Black-blood imaging uses turbo spin-echo sequence to acquire 2D images with 

negative blood contrast for anatomical assessment of the blood vessels (13). It is useful 

when turbulent flow and off-resonance banding artifacts substantially limit the diagnostic 

accuracy of bSSFP CINE images. It is also often used to elucidate the relationship between 

airway and blood vessels. The 2D nature of black-blood imaging means it has insufficient 

through-plane resolution and does not allow retrospective multi-planar reformatting.  

NCE-bSSFP acquires 2D or 3D images for anatomical evaluation of the heart and 

major blood vessels (14–16). Image contrast arises from the inherent T1 and T2 differences 

between blood and tissue combined with in-flow enhancement, and is sometimes further 

enhanced by specifically designed T2-weighted magnetization preparation and fat signal 

saturation sequence modules (17,18). With cardiac and respiratory motion compensation 

techniques, it has been widely used to provide 3D assessment of coronary arteries in adult 

patients (19,20). Although it is appealing because it does not require GBCA injection, a 

typical 3D NCE-bSSFP acquisition that covers the heart and major vessels may take up to 

10-20 minutes and the achievable resolution and image quality fall short of those of 

techniques with contrast media (14). 

All aforementioned techniques are used in a complementary fashion in conventional 

CMR protocols (6). Anatomical evaluation is performed primarily based on CE-MRA and 

supplemented by 2D CINE in customized slice orientation. Black-blood and NCE-bSSFP 

imaging is usually used for patient whom a GBCA injection is contraindicated. Cardiac 

function is evaluated by measuring left ventricle and right ventricle volume using stack of 

2D CINE in cardiac short axis orientations. The entire exam takes 30-60 minutes and 

requires prompt patients’ corporation and highly experienced MRI technicians.  
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1.3 Special considerations for pediatric CMR 

Many CHD patients are diagnosed shortly after birth and treated before reaching 

adulthood (2). Therefore, CMR is often performed on pediatric patients with CHD, 

although it is technologically challenging and requires several special considerations.  

First, the requirements for spatial resolution and motion compensation are more 

stringent due to the diminutive size and the complex congenital anatomy of the heart and 

blood vessels. Non-cardiac-gated CE-MRA is usually insufficient to evaluate the structures 

that are subject to cardiac motion. Supplemental cardiac gated 2D CINE has relative thick 

slices and are not amenable to multi-planner reformatting (21). In addition, accurate left 

ventricle (LV) and right ventricle (RV) volume measurements require images with high 

spatial resolution in all three dimensions, which is not achievable by conventional 2D 

CINE.      

Second, general anesthesia with mechanical ventilator support is recommended in 

most institutions to ensure patients’ corporation (22,23). Breath-holding, which is required 

in CE-MRA and 2D CINE, is performed by suspending the mechanical ventilator for 10-

25s (24). However, repeated breath-holds are undesirable for some pediatric CHD patients 

due to their unstable cardiopulmonary status. Generally, children less than seven years 

of age will have CMR performed under a general anesthetic. This practice varies 

in different centers, depending on local anesthetic and sedation policy. Some 

institutions use various degrees of sedation, with or without the need for an 

anesthetist to monitor the patient (6).  
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Third, the cost and logistical complexity of pediatric CMR is significant. As shown in 

Figure 1-3, in addition to the equipment and personnel required to perform general 

anesthesia, it is often preferred to have a specialized physician, usually a radiologist or 

pediatric cardiologist, attend the scan to ensure appropriate geometric interrogation of the 

complex anatomy using 2D CINE. A complete pediatric CMR exam may take up to 1-2 

hours of scanner and even more personnel time. In addition, its success requires effective 

patient sedation, reliable ECG signal monitoring and accurate synchronization among data 

acquisition, breath-hold and contrast injection, each of which requires close collaboration 

among staff from several specialties.  

 
Figure 1-3. The equipment and personnel requirements contribute to the overall high cost and 

logistic complexity of pediatric CMR  
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1.4 Thesis motivation 

The importance of CMR for the diagnosis, evaluation, and monitoring of pediatric 

CHD patients has been widely recognized. However, the aforementioned issues have 

prevented CMR from reaching its full potential. The overall aim of this thesis is to propose 

and validate an innovative, effective, and reliable CMR approach that can provide 

previously un-obtainable levels of detail for this challenging application. This potentially 

represents a new paradigm of CMR in pediatric CHD patients, as shown in Figure 1-4. 

 
Figure 1-4. The proposed pediatric CMR protocol uses a single 4D-MUSIC scan to replace the CE-

MRA, 2D-CINE and HASTE in conventional protocol, for reduced scan time, simplified protocol, 

improved clinical output and reproducibility.  

There are several notable innovations associated with the proposed approach. First, 

ferumoxytol, an FDA approved iron oxide nanoparticle for parenteral treatment of iron 

deficiency (25), was used as an intravascular contrast agent with imaging performed during 

its steady state distribution in the blood pool. The strong T1 relaxivity (26,27) and unique 
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pharmacokinetics of ferumoxytol (27,28) supports a prolonged, motion compensated 4D 

(i.e. 3D CINE) scan to address the major drawbacks of conventional 2D multi-slice CMR. 

Second, a 4D multi-phase steady-state imaging with contrast enhancement (MUSIC) 

sequence was developed (29). Technical innovations in k-space sampling, motion 

compensation, and image reconstruction enabled the acquisition of high quality volumetric 

images for diagnosis in an efficient and reliable manner. Third, a single 4D MUSIC dataset 

can be reconstructed into two sets of images using different strategies to meet, respectively, 

the temporal and spatial resolution requirement for optimal anatomical and functional 

evaluation.  

1.5 Organization of the thesis 

Chapter 2 first introduces the fundamental theory and technical background of MRI. 

The introduction is not meant to be thorough, but focuses on the aspects that are relevant 

to the subsequent chapters. 

The main technical developments and clinical studies are presented in the following 

three chapters. Chapter 3 introduces the concept of using ferumoxytol as an intravascular 

contrast agent and performing imaging during its steady-state distribution in the blood-

pool. The prototype 4D MUSIC pulse sequence and preliminary clinical results on eight 

pediatric patients with CHD are presented in this chapter (29). In Chapter 4, several 

technical developments were made to optimize the proposed 4D MUSIC sequence, 

including an efficient and flexible k-space sampling pattern, a robust retrospective motion 

compensation strategy and the use of compressed sensing algorithms to reduce the scan 

time and improve the quality of the reconstructed images. These technical developments 

further improve the clinical performance of 4D MUSIC in terms of image quality, scan 
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efficiency and reliability, and potentially open the possibility of performing pediatric CMR 

with light sedation instead of general anesthesia. The optimized 4D MUSIC technique was 

validated in a clinical study of ten pediatric CHD patients. Chapter 5 exploits the potential 

of 4D MUSIC in the evaluation of cardiac function where a motion-weighted image 

reconstruction strategy was validated to improve the temporal resolution of 4D MUSIC 

images. The results from a retrospective clinical study on 6 pediatric CHD patients showed 

that 4D MUSIC can provide accurate LV functional measurements when using 

conventional 2D CINE as gold standard. 

Several techniques developed in Chapter 3-5 can be applied to other MRI applications. 

Two such examples demonstrated in Chapter 6-7 include 2D cardiac CINE with variable 

temporal resolution using segmented golden ratio sampling (30); and 4D respiratory 

resolved MRI for personalized treatment planning in radiation therapy. Finally, Chapter 8 

concludes the dissertation and provides an outlook on related future works.  

1.6 Previous publications 

Parts of this dissertation have already been published in peer-reviewed literature. The 

work of 4D MUSIC in Chapter 3 was published as a full paper in Magnetic Resonance in 

Medicine, entitled “Four‐dimensional, multiphase, steady‐state imaging with contrast 

enhancement (MUSIC) in the heart: A feasibility study in children” (29). The work of self-

gated and accelerated 4D MUSIC in Chapter 4 was published as a full paper in Magnetic 

Resonance in Medicine, entitled “Self-gated 4D multiphase, steady-state imaging with 

contrast enhancement (MUSIC) using rotating Cartesian k-space (ROCK): Validation in 

children with congenital heart disease” (31). The work of cardiac CINE using segmented 

golden ratio radial sampling in Chapter 6 was also published in Magnetic Resonance in 

https://scholar.google.com/citations?view_op=view_citation&hl=en&user=S3HU_4wAAAAJ&citation_for_view=S3HU_4wAAAAJ:u5HHmVD_uO8C
https://scholar.google.com/citations?view_op=view_citation&hl=en&user=S3HU_4wAAAAJ&citation_for_view=S3HU_4wAAAAJ:u5HHmVD_uO8C
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Medicine as a full paper entitled as “Segmented golden ratio radial reordering with 

variable temporal resolution for dynamic cardiac MRI” (30).  

https://scholar.google.com/citations?view_op=view_citation&hl=en&user=S3HU_4wAAAAJ&citation_for_view=S3HU_4wAAAAJ:zA6iFVUQeVQC
https://scholar.google.com/citations?view_op=view_citation&hl=en&user=S3HU_4wAAAAJ&citation_for_view=S3HU_4wAAAAJ:zA6iFVUQeVQC
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Chapter 2 Background 

MRI is an imaging technique that produces images of internal physical and chemical 

characteristics of an object from an externally measured nuclear magnetic resonance (NMR) 

signal. The technology behind this imaging system is quite sophisticated, and its 

development has resulted in several Nobel prizes, including the 1952 Nobel prize in 

Physics to Felix Bloch and Edward M. Purcell for discovering the NMR phenomenon, the 

2003 Nobel Prize in Physiology and Medicine to Paul C. Lauterbur and Sir Peter Mansfield 

for the introduction of spatial encoding using magnetic gradients and the mathematical 

description of MR imaging process.   

 This chapter presents a brief overview of the basic principles of MRI, including NMR 

physics, basic methods and technical challenges of MR imaging, as well as contrast agents 

used in clinical diagnostic MRI applications. The introduction is not meant to be thorough, 

but focused on the aspects that are relevant to the subsequent chapters.   

2.1 NMR Physics 

A biological sample or any physical object can be broken down into its constituent 

molecules, atoms, and then to nuclei and their orbiting electrons. Nucleus with an odd 

atomic mass number processes a half-integer nuclear spin. MRI is primarily based on the 

proton, or the nucleus of hydrogen (1H), because of its abundance in the human body. 

The spin (proton) carries a positive electrical charge and therefore is associated with a 

non-zero magnetic moment. The magnetic moments of the spins have random orientations 

at thermal equilibrium, resulting in zero net magnetization in a macroscopic view. However, 
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when exposed to an external magnetic field 𝑩𝟎, they align along two possible orientations 

with a slight excess number of spins in the parallel direction relative to the anti-parallel 

direction (Figure 2-1). Another behavior of the spins is that they precess about the 𝑩𝟎 axis, 

with angular frequency  

𝜔0 = 𝛾𝑩𝟎              (2-1) 

where 𝛾 is the gyromagnetic ratio of proton (42.576Mhz/T) and 𝜔0 is known as the Larmor 

frequency. For example, in a field (𝐁𝟎) of 1.5T, the resonance (Larmor) frequency would 

be 63.87MHz. At 3.0T the resonance frequency would be twice as fast, or 127.74MHz 

 
Figure 2-1. The spins take random orientations at thermal equilibrium, but align along two possible 

orientations with a slight excess number of spins in the parallel direction relative to the anti-parallel 

direction of the external magnetic field B0.  

A macroscopic bulk magnetization vector 𝑴 = (𝑀𝑥, 𝑀𝑦, 𝑀𝑧)  is used to study the 

collective behavior of a group of spins. When exposed to an external magnetic field  𝑩𝟎, 

𝑴 has a measurable component along the longitudinal direction (z-axis). Although there is 

a microscopic transverse component (X-Y plane) for each spin, the transverse component 

of 𝑴 is zero because each processing spin has random phase.  
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The bulk magnetization can be perturbed from its thermal equilibrium state by an 

additional rotating magnetic field 𝑩𝟏(𝒕) perpendicular to the static 𝑩𝟎  field. The 𝑩𝟏(𝒕) 

field is generated by a radio-frequency (RF) pulse tuned to 𝜔0, and, with certain amplitudes 

and durations, will tip 𝑴 towards the transverse plane. This process is often referred as the 

“excitation” of the spin, which generates a transverse component of the bulk magnetization, 

as illustrated in Figure 2-2a. The RF pulse that tips the bulk magnetization by α degrees is 

called an α-pulse.  

After the perturbation of bulk magnetization 𝑴 from its equilibrium state by an RF 

pulse, it will, according to the laws of thermodynamics, return to its original state. This 

process is characterized by: 1) the precession of  𝑴 about the  𝑩𝟎 field; 2) the recovery of 

longitudinal magnetization 𝑴𝒛  to its equilibrium state  𝑴𝒛
𝟎 ; and 3) the relaxation of 

transverse magnetization 𝑴𝒙𝒚. The first process is called “free precession” and results in a 

time-varying transverse magnetization, which, by Farady’s Law, induces a measurable 

voltage in a nearby coil. The second and third process are together called “relaxation”, as 

shown in Figure 2-2b.  

The excitation, precession, and relaxation of the bulk magnetization are described 

phenomenologically by the Bloch equation, named after the Nobel Laureate, Felix Bloch.  

          d𝐌/dt = 𝐌 × γ𝐁 − (𝐌𝐳 − 𝐌𝐳
𝟎)/T1 − 𝐌𝐱𝐲/T2 ,    (2-2)  

where T1 and T2 are time constants characterizing the relaxation process. Different tissues 

have different T1 and T2 values and this is the fundamental mechanism of generating image 

contrasts in MRI. 
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Figure 2-2. The bulk magnetization can be excited by an RF pulse tuned to Larmor frequency, 

which is then recovered to the equilibrium state in both longitudinal and transversal directions, a 

process called “relaxation”. 

2.2 Basics of MR imaging 

The two fundamental issues that every imaging system has to address are: generation 

of contrast and signal localization. Taking the example of a digital camera, the image 

contrast is generated by the electrical property of CCD sensor when exposed to light with 

different wavelengths, and the signal localization is enabled by the aperture of the lens. 

This section first introduces how an MRI system addresses these two fundamental imaging 

issues, and then discusses several technical approaches to acquire and reconstruct the MR 

images.   

2.2.1 Contrast Generation 

One of the most attractive features of MRI is that it offers a variety of contrast 

mechanism that reveal different physical, chemical, and physiological information about 

the imaging object. Different MR image contrast is generated by a time series of precisely 
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programmed RF pulses (𝑩𝟏) and magnetic gradients (𝑮𝒙,𝒚,𝒛), collectively called the MRI 

pulse sequence.  

There are two types of basic MRI signals: free induction decays (FID) and spin echo. 

FID is generated by the free precession of 𝑴𝒙𝒚 excited by a single α-pulse, as demonstrated 

in Figure 2-3a. From the Bloch equation, the FID signal for on-resonance free precession 

spins in Rotation Frame is expressed as: 

𝑆(𝑡) = 𝑀𝑧
0 ∙ 𝑠𝑖𝑛𝛼 ∙ 𝑒−𝑡/𝑻𝟐

∗
,    𝑡 ≥ 0             (2-3) 

Therefore, the maximum amplitude of an FID signal depends on both the flip angle and the 

initial value of the bulk magnetization. The FID signal bears a characteristic 𝑇2 decay when 

both the sample and the  𝑩𝟎 is homogeneous. In practice, however, the 𝑩𝟎  field 

inhomogeneous, and the FID signal decays at a much faster rate characterized by a new 

time constant 𝑇2
∗ , which depends on both the 𝑇2  of the object and the degree of field 

inhomogeneity.  

 
Figure 2-3. The formation of a) free induced decay (FID), and b) spin echo (SE). 
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The spin echo is generated by using two or more RF pulses, typically a 90˚-pulse 

followed by a time 𝜏 and a 180˚-pulse, as demonstrated in Figure 2-3b. The first pulse 

generates a FID signal with 𝑇2
∗ decay. The second pulse will reverse the spin dephasing, 

generating an echo when the spins reach a new phase coherence after time 𝜏. Figure 2-3 

shows that spin echo consists of two “mirrored” FID signals. Although the envelop of each 

FID signal carries a 𝑇2
∗-decay, the amplitude of a spin echo is 𝑇2-weighted. 

FID and spin echo can be used to generate 𝑇2
∗- and 𝑇2-weighted contrast. However, 

imaging based on these two basic signals is inefficient because a single image acquisition 

normally requires multiple echoes/FIDs and a relatively long waiting time (in the order of 

seconds) is required between successive echoes/FIDs for the 𝑇1  recovery of the 

longitudinal magnetization. To circumvent this problem, the turbo spin echo (TSE) 

technique uses multiple 180˚ refocusing pulses to generate multiple echoes during each 

excitation (Figure 2-4a). Typically, 16-64 echoes are collected for each excitation, thereby 

reducing the time needed to collect a spin echo image by 16-64 times. This technique is 

very commonly used in neuro imaging to visualize the anatomy with 𝑇2-weighted contrast.  

The Fast Low Angle Shot (FLASH) technique is an acquisition strategy to improve 

the sampling efficiency of basic 𝑇2
∗-weighted FID sequence (Figure 2-4b). It is widely used 

in cardiovascular imaging applications and also referred as Spoiled Gradient Recalled 

(SPGR) or Gradient Recalled Echo (GRE). The excitation RF pulses in FLASH sequence 

has very flow flip angles. Instead of waiting for the full relaxation, a shorter repetition time 

(TR) is used after some longitudinal magnetization is recovered and a spoiler gradient is 

played before each excitation to destruct any remaining transversal magnetization. This 

acquisition scheme will generate a new “steady-state” of longitudinal magnetization 𝑴𝒔𝒔 
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and  0 < 𝑴𝒔𝒔 < 𝐌𝐳
𝟎 . Based on Bloch equation, the maximum signal at steady state is 

achieved using the Ernst angle, which is calculated as: 

𝛼𝑒𝑟𝑛𝑠𝑡 = 𝑐𝑜𝑠−1(𝑒−𝑇𝑅/ 𝑇1)         (2-4) 

The FLASH sequence utilizes FID signal, which has a 𝑇2
∗  decay. However, the actual 

amount of 𝑇2
∗ weighting is controlled by the echo time (𝑇𝐸). On the other hand, the steady-

state longitudinal magnetization, which is calculated by 

𝑴𝒔𝒔 =  
𝑠𝑖𝑛𝛼∙(1−𝑒−𝑇𝑅/𝑇1)

1−𝑐𝑜𝑠𝛼∙𝑒−𝑇𝑅/𝑇1
 ,          (2-5) 

gives the FLASH sequence a TR dependent T1 weighting. Therefore, the actual image 

contrast of the FLASH sequence can be manipulated by tuning sequence parameters 

including 𝛼, TE and TR, as summarized in Table 2-1. 

Table 2-1. Imaging contrast of FLASH using different parameters 

Imaging Contrast 

(Dominate) 
Sequence parameter Reason 

T1-weighting 
short TR (5-10ms) 

short TE (2-3ms) 

intermediate 𝛼 (30-50˚) 

Short TR maximize T1-weighting, 

short TE minimize T2-weighting, 

even higher 𝛼 could generate more 

T1-weighting, but overall signal 

would be weak because Ernst angle. 

Proton density 

weighting 

Long TR (300-400ms) 

Short TE(2-3ms) 

Small 𝛼 (5-20˚) 

Long TR and small 𝛼 minimize T1 

weighting; short TE minimizes 𝑻2
∗  

𝑻𝟐
∗ -weighting 

Long TR (200-800ms) 

Long TE (20-50ms) 

Small 𝛼 (5-20˚) 

Long TR and small 𝛼 minimizes T1 

weighting; long TE maximizes 𝑻𝟐
∗  

Directly related to the FLASH sequence is the balanced steady-state free-precession 

(bSSFP) method (Figure 2-4c). This very old technique (32,33) was recently revisited 
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because the availability of better scanner hardware (11,34). The bSSFP sequence uses a 

pulse sequence almost identical to that of GRE, except for two distinctions. First, all 

imaging gradients are balanced, resulting a transverse magnetization at the end of TR. 

Second, a much larger flip angle (e.g. 60˚) is used which mixes the transverse 

magnetization with the longitudinal magnetization for a more efficient use of the limited 

NMR signal. The bSSFP sequence has higher SNR and a unique 𝑇2
∗/𝑇1 contrast, making it 

very attractive in CMR applications at 1.5T to delineate the myocardium from the blood 

pool. However, it is challenging in a 3T environment, where off-resonance creates banding 

artifacts and RF heating concerns due to the need for large flip angle. 

 
Figure 2-4. Pulse sequence diagram and example cardiac images of T2-weighted Turbo Spin Echo 

(a), T1-weighted FLASH (b) and T2/T1 weighted bSSFP (c).  

The evolution from the basic MR signal (FID and SE), to the more practical TSE and 

FLASH sequence, to the even more efficient bSSFP approach, represents the pursuit of 

higher signal to noise ratio (SNR) efficiency in MRI technical development. This is driven 

by the fact that MR imaging is an inherently slow process and the intrinsic NMR signal 
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level is very low. Another important direction of the MRI technical developments is aimed 

at providing specific physical, chemical and physiological information of the imaging 

object. These techniques usually use specifically designed pulse sequence modules to 

manipulate the bulk magnetization and encode the desired information. Examples like T1-

weighted inversion and saturation preparation, T2-weighted preparation, and fat signal 

suppression modules encode information into the longitudinal magnetization and are then 

followed by one of the aforementioned imaging sequences. Other modules are executed 

between excitation and data acquisition to directly encode information into the transverse 

magnetization. These modules include diffusion weighted modules which provides 

quantitative information on the microscopic motion of water molecules, and flow-encoding 

module for blood-velocity measurement.  

2.2.2 Signal Localization 

Conventional MRI systems use two types of spatial localization methods: selective 

excitation and Fourier encoding, both enabled by the magnetic gradient system. The 

magnetic gradients used in modern MRI systems generate linear, 3D spatially variant, 

longitudinal magnetic fields that superimpose with the static 𝑩𝟎  field. It makes the 

amplitude of 𝑩𝟎, as well as the frequency of the spin precession, a linear function of the 

spatial location.   

Selective excitation is performed by a frequency selective RF pulse executed during 

an applied gradient field. Ideally, in the absence of a gradient field, all the spins in the 𝑩𝟎 

field have the same Larmor frequency and can be “non-selectively” excited by an “on-

resonance” RF pulse. However, the gradient field makes the Larmor frequency of spins 

dependent on their spatial location and therefore only “selected” spins with “on-resonance” 
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frequencies are excited into the transverse plane for further manipulation to create an image. 

Typically, a linear gradient field and a “SINC” shaped RF-pulse are used to selectively 

excite a slice of spins and forms the basics of 2D slice-selective imaging. The slice, 

although arbitrarily oriented in space, has a minimal thickness around 3-5mm and a non-

uniform excitation profile at the edge, due to physical limitations of the RF and gradient 

system.   

The other essential type of spatial localization method is spatial encoding, where the 

gradient fields are used to “encode” the spatial information into the excited spins during 

the free precession period. By applying additional gradients, the spatial information can be 

used to modulate either the precession frequency or the initial phase of the spins, which is 

termed “frequency encoding” and “phase encoding”. The popular k-space concept was 

introduced which helps to establish an important mathematical connection between spatial 

encoding and the Fourier transform. In the k-space interpretation, the NMR signal from the 

excited volume of spins are presented in their spatial-frequency domain, or k-space, and 

the gradients are used to navigate through k-space according to: 

(𝒌𝒙, 𝒌𝒚, 𝒌𝒛) = ( ∫ 𝑮𝒙(𝒕)𝒅𝒕
𝒕

𝒕𝟎
, ∫ 𝑮𝒚(𝒕)𝒅𝒕

𝒕

𝒕𝟎
, ∫ 𝑮𝒛(𝒕)𝒅𝒕

𝒕

𝒕𝟎
 ),     (2-6) 

where 𝒌𝒙, 𝒌𝒚, 𝒌𝒛  are coordinates in the k-space domain, 𝑮𝒙(𝒕), 𝑮𝒚(𝒕), 𝑮𝒛(𝒕)  are time 

varying magnetic gradients in three directions, 𝒕𝟎 is the time right after excitation and 𝒕 is 

the time of data acquisition. Using Eq. 2-6, the k-space of the excited spins can be 

sequentially sampled by applying properly calculated gradient fields.  

Conventional 2D MR imaging is performed by a slice-selective excitation followed by 

two-dimensional spatial encoding, where images are reconstructed using a 2D Fourier 
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transform. A stack of close and evenly spaced 2D slices can be used to cover a volumetric 

region-of-interest (ROI) with limited through-plane resolution. A real three-dimensional 

acquisition is performed by a slab-selective or non-selective excitation followed by spatial 

encoding in all three dimensions. Compared with 2D imaging, 3D imaging has higher 

achievable through-plane resolution and the SNR of 3D imaging is boosted by the increase 

number of excited spins. A 3D Fourier transform is required to reconstruct images from 

the 3D sampled k-space.    

2.2.3 Cartesian sampling 

The simplest and most intuitive way to sample k-space is using a Cartesian raster in 

which each line of k-space corresponds to a frequency-encoding readout at each value of 

the phase-encoding gradient, as shown in Figure 2-5. All lines in the raster and all samples 

in each line are equally spaced so that image can be reconstructed using Fast Fourier 

Transform (FFT), a very efficient implementation of the computational intensive Fourier 

Transform. Another advantage of Cartesian sampling is that imaging its imaging artifacts 

are less objectionable than those from other trajectories in the presence of resonance offset, 

eddy currents and other imperfections (35,36).  

 Since the image acquisition process actually takes place in the k-space domain, it is 

important to translate important imaging parameters, including image size and spatial 

resolution, into k-space parameters. In the case of Cartesian sampling, the imaging field-

of-view (FOV) is defined in the read-out (𝑘𝑥) and phase encoding (𝑘𝑦,𝑧) directions as, 

𝑭𝑶𝑽𝒙 = (∆𝒌𝒙)−𝟏 = (
𝜸

𝟐𝝅
𝑮𝒙∆𝒕)−𝟏;     𝑭𝑶𝑽𝒚,𝒛 = (∆𝒌𝒚,𝒛)−𝟏 = (

𝜸

𝟐𝝅
𝑮𝒚,𝒛𝝉𝒚,𝒛)−𝟏,    (2-7) 
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where 𝐺𝑥 is the readout gradient, ∆𝑡 is the sampling period of the A/D converters, 𝐺𝑦,𝑧 and 

 𝜏𝑦,𝑧  are the incremental gradient area and duration of the phase-coding (PE) gradient. 

Aliasing arises when the imaging field-of-view is insufficient to cover the entire imaging 

object and should be avoided in most imaging applications. The spatial resolution is 

defined in readout and PE directions as, 

𝛿𝑥 =
𝐹𝑂𝑉𝑥

𝑁𝑟𝑒𝑎𝑑
=

1

∆𝑘𝑥𝑁𝑟𝑒𝑎𝑑
;     𝛿𝑦,𝑧 =

𝐹𝑂𝑉𝑦,𝑧

𝑁𝑝𝑒
=

1

∆𝑘𝑦𝑧𝑁𝑝𝑒
,     (2-8) 

where 𝑁𝑟𝑒𝑎𝑑 and 𝑁𝑝𝑒 are the number of readout samples and phase encodes. It should be 

noted that extra scan times required for increasing FOV and spatial resolution in readout 

direction is much smaller than those in the PE directions. This is because increasing 𝑁𝑝𝑒 

requires extra excitations where an increase of 𝑁𝑟𝑒𝑎𝑑 can be achieved by modifying the 

sampling frequency of A/D converter (ADC). However, it should be noted that higher ADC 

sampling frequency will reduce the quality of the acquired signal (i.e. lower SNR), which 

will be discussed in detail in Section 2.3.1.  

 
Figure 2-5 In Cartesian sampling, each k-space line is sampled with a different phase encoding 

step. The distance in k-space samples determines the imaging field-of-view. The largest distance 

of the samples from the k-space original determines the spatial resolution of the images.   
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2.2.4 Non-Cartesian sampling 

K-space can be sampled using trajectories other than the Cartesian grid (Figure 2-6. 

One such example is the radial trajectory, or projection acquisition, which consists of 

spokes that radiate through the origin. Because of the non-uniform k-space sampling 

density, the radial trajectory is less efficient than a Cartesian raster if the Nyquist criterion 

is satisfied throughout the entirety of k-space. Artifacts from under-sampling in the 

azimuthal direction appear as streaks instead of the aliasing that results from under-

sampling in a Cartesian acquisition. If the streaks are not objectionable, this can result in 

shorter scans without sacrificing spatial resolution compared to a Cartesian raster. In 

addition, the radial trajectory is less sensitive to motion artifacts due to the absence of phase 

encoding and is therefore widely used in cardiovascular and abdominal imaging 

applications.  

Conventional Cartesian and radial trajectories acquire only one k-space line in each 

RF excitation. Echo planer imaging (EPI) and spiral trajectories were developed to 

decrease scan time by covering the entire k-space with a single or a few RF excitations. 

However, these methods are sensitive to off-resonance, which may result in geometric 

distortion or resolution loss (blurring) in the reconstructed images.  

Many other k-space trajectories have been developed that combine the features from 

those just discussed, as illustrated in Figure 2-6. For example, PROPELLER combines EPI 

and radial trajectories and is advantageous for motion compensation due to its repeatedly 

sampled center k-space region. Stack-of-stars combines radial and Cartesian trajectories 

and has the advantage of motion insensitivity as well as the flexibility of anisotropic field-

of-view in the slice/slab direction.   
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Figure 2-6 Examples of non-Cartesian k-space sampling, including radial, spiral, echo-planer 

imaging (EPI) and PROPELLER (i.e. BLADE) imaging.  

In addition to the imaging artifacts results from the sensitivity to imperfections, 

another major drawback of non-Cartesian trajectories is that the computational cost of 

image reconstruction is much higher than the Cartesian trajectory. This is because the FFT, 

which requires evenly spaced sampling, is no longer applicable in non-Cartesian 

trajectories. Although it is feasible to directly use a standard Fourier transform to 

reconstruct non-Cartesian sampled k-space, it is much faster to resample the data onto a 

uniform rectilinear grid to enable FFT reconstruction. This process is frequently referred 

to as gridding and can be time-consuming especially when advanced iterative 

reconstruction methods are used, where gridding is required in each iteration.  
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2.2.5 Image reconstruction for incomplete sampling 

MRI is a serial imaging modality where a series of sequential samples has to be 

acquired to cover the entire k-space for image reconstruction. It takes several seconds to 

sample an entire 2D k-space and several minutes for an entire 3D k-space. The most 

intuitive way to accelerate the imaging process is to take less samples. Luckily, there are 

several techniques that allows image reconstruction from incompletely but strategically 

sampled k-spaces, including parallel imaging using phased array coils and regularized 

image reconstruction, which is also referred as compressed sensing.  

The mathematical problem of reconstructing an image with M pixels using N (N<M) 

samples is ill-posed and there is no unique solution to this problem. Parallel imaging uses 

information provided by multiple phased array coils to fill this gap. Phased array coils were 

originally used to improve SNR. The signal acquired by each coil element is modulated by 

its unique spatial variant sensitivity map. Parallel imaging is usually applied in Cartesian 

sampling where certain phase-encoding lines are regularly skipped to reduce the total scan 

time. There are also parallel imaging techniques for non-Cartesian trajectories, although 

they require much greater computational complexity and are generally less practical. All 

parallel imaging methods can generally be categorized as either k-space methods such as 

SMASH (37) and GRAPPA (38), in which missing k-space samples are restored prior to 

the Fourier transform, or image space methods such as SENSE (39), in which under-

sampling artifacts are removed in image space after the Fourier transform. In all parallel-

imaging methods, SNR is always lower mainly due to reduced scan time, but there is an 

additional SNR penalty due to the noise magnification that occurs when aliasing is 
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unwrapped. Therefore, it is most useful for applications that have sufficient SNR and 

reducing imaging time is the prioriy, for example, contrast-enhanced MR angiography.  

Another approach is to incorporate a priori knowledge (i.e. spatial smoothness, piece-

wise linearity, sparsity, etc.) on the reconstructed images and solve the ill-posed problem 

by optimizing a cost function that seeks a balance between the likelihood of existing 

samples and the accordance with a priori knowledge. This approach is often described 

using the following equation 

   �̂� = 𝒂𝒓𝒈 𝒎𝒊𝒏
𝒙

||𝑫𝓕𝒙 − 𝒎||𝟐
𝟐 + 𝝀𝑹(𝒙),         (2-9) 

where 𝒙 is the reconstructed images, 𝑫 and 𝓕 represent the operation of Fourier transform 

and under-sampling, 𝒎  is the under-sampled k-space measurements and 𝜆𝑅(𝒙)  is a 

regularization term that incorporates a priori knowledges on the images like spatial 

smoothness. There are several previous publications that show random k-space sampling, 

or more specifically, variable density random k-space sampling, can optimize the 

performance of these regularized image reconstruction methods (40–43). These methods 

are also referred as “compressive sensing”.  

Researchers have developed and validated different forms of a priori knowledge as 

regularization terms in Eq. 2-9. They started with the spatial domain (43,44), and then 

extended to the temporal domain (45–47), and more recently, into the motion domain 

(48,49).  

Uecker et al. proposed a generalized MR image reconstruction framework called 

ESPIRiT (50,51), where an eigenvalue approach is used to calibrate the sensitivity map of 
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the phased array coils and different regularization terms can be used within the framework. 

It is applicable for both Cartesian and non-Cartesian sampled k-space.   

Figure 2-7 shows an example of parallel imaging and compressed sensing on a static 

phantom using different under-sampling strategies. Images were taken from a clinical 1.5T 

scanner (MAGNETOM TIM Avanto, Siemens Healthcare) and all under-sampling was 

done prospectively.  

 
Figure 2-7. The reconstructed images and corresponding k-space sampling pattern of Parallel 

Imaging and Compressed Sensing with different acceleration factors 
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2.3 Technical challenges of MRI 

2.3.1 SNR 

The measurements made by MRI contain both the NMR signal and the noise 

originating from the imaging object as well as the electrical components, including the 

receiver amplifier and ADC. It is always desirable to make the signal level high with 

respect to the noise level. The concept of signal-to-noise (SNR) is introduced as a 

fundamental measure of the accuracy of the MRI measurements as well as the quality of 

the reconstructed image. It is defined as 

𝑺𝑵𝑹 ≜
𝒔𝒊𝒈𝒏𝒂𝒍 𝒂𝒎𝒑𝒍𝒊𝒕𝒖𝒅𝒆

𝒔𝒕𝒂𝒏𝒅𝒂𝒓𝒅 𝒅𝒆𝒗𝒊𝒂𝒕𝒊𝒐𝒏 𝒐𝒇 𝒏𝒐𝒊𝒔𝒆
             (2-10) 

As previously discussed, the measurable NMR signal in conventional MRI system is 

relatively low and improving SNR has been a constant pursuit in the development of MRI 

technologies. The SNR depends on physical and instrumental parameters as well as 

imaging sequence parameters. Physical and instrumental parameters include B0, the 

receiver coil geometry, conductivity of the coil and the noise characteristics of the receiver 

pre-amplifier. These parameters determine the noise and signal amplitude intrinsic to the 

recorded signals. For example, in conventional high field MRI systems, the relationship 

between SNR and B0 field strength follows: 

𝑺𝑵𝑹 ∝
𝑩𝟎

𝟐

√𝑩𝟎
𝟏/𝟐

= 𝑩𝟎
𝟕/𝟒

           (2-11) 

This is the very reason that the field strength of mainstream MRI systems has been 

increased from 1.5 Tesla, to 3.0 Tesla and even more recently, to 7 Tesla.  
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The other factor, the imaging sequence parameters, includes the data acquisition time, 

spatial resolution, and the pulse sequence used for imaging. Their relationship with the 

SNR can be generalized as:  

𝑺𝑵𝑹 ∝ (𝜹𝒙)(𝜹𝒚)(𝜹𝒛) ∙ √𝑻𝑨𝑨𝑫𝑪 ∙ 𝒇(𝝆, 𝑻𝟏, 𝑻𝟐),      (2-12) 

where 𝜹𝐱, 𝜹𝐲, 𝜹𝐳 are the voxel size in all three dimensions, TAADC is the total time of data 

acquisition (when ADC is turned on) and 𝐟(𝛒, 𝐓𝟏, 𝐓𝟐) is the pulse sequence dependent 

function that determines the signal amplitudes at readout. Higher spatial resolution (i.e. 

smaller voxel size) and shorter acquisition time are all desirable features in clinical MRI 

applications, but will inevitably decrease the SNR and therefore the image quality. 

Researchers have been focused on modifying the third term, 𝐟(𝛒, 𝐓𝟏, 𝐓𝟐) for a scan with 

both high spatial resolution, short acquisition time, and good image quality. Different 

approaches include using a T1-shortening contrast agent and more efficient pulse sequence 

to improve the NRM signal level, as well as using advanced sampling strategy (e.g. non-

Cartesian, variable density under-sampling) in conjunction with regularized image 

reconstruction algorithms (52).  

2.3.2 Motion 

In all imaging systems including MRI, the relative motion of the object during the 

imaging process will result in blurring artifacts in the images. The imaging object of in-

vivo clinical MRI applications, the human body, has different forms of motion which, if 

not properly addressed, could result in imaging artifacts that eventually limit the diagnostic 

value of the images. Figure 2-8 shows typical imaging artifacts associated with cardiac and 

bulk motion during the scan.  
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Figure 2-8. Demonstration of motion artifacts associated with cardiac motion and bulk body motion 

during image acquisitions.  

The most intuitive way to address this issue is to eliminate the motion source. During 

MRI exams, the subjects are usually asked not to move. In many institutions, it is the 

standard protocol to perform certain forms of sedation for young subjects undergo MRI 

who are not likely to cooperate well. Furthermore, the subjects are sometimes asked to hold 

their breaths in order to temporarily freeze the respiratory motion when performing 

thoracic or abdominal imaging. For subjects under general anesthesia, the breath-held can 

be achieved by temporarily suspending the mechanical ventilation machine. Although the 

subject’s cooperation could effectively remove motion artifacts in many imaging 

applications, there are certain limitations. First, the duration of a breath-held is limited to 

10-20 seconds and therefore longer scans with high temporal or spatial resolution are 

usually not supported. Second, breath-holding is not available in certain patient populations, 

for example, elderly patients or patients with poor cardiopulmonary function. Third, some 

forms of motion, like cardiac motion, swallow motion, or eyeball motion, cannot be 

controlled by the imaging subjects. To address these limitations, various motion 

compensation techniques have been proposed and they can be generalized into three 

categories: motion synchronized methods, motion correction methods, and hybrid methods.  
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Figure 2-9. Cardiac triggered CINE acquisition and respiratory gated acquisition are two examples 

of motion synchronized methods. 

Motion synchronized methods control the timing of data acquisition within certain 

motion ranges. Since there is no relative motion throughout the data acquisition, the 

reconstructed image is free of motion artifacts. Examples of motion synchronized methods 

include cardiac triggered imaging and respiratory gated imaging, as shown in Figure 2-9. 

In cardiac triggered imaging, the k-space is divided into multiple segments and the 

acquisition of each segment is triggered (i.e. synchronized) by the ECG R-wave. If each k-

space segment is acquired more than once after the ECG R-wave, a set of cardiac motion 

resolved CINE images can be reconstructed. In respiratory gated imaging, a data 

acceptance window is usually defined as 20-30% of the respiratory motion signal’s 

dynamic range. Data acquired within the window is accepted and otherwise rejected. The 

acceptance window is usually defined at an end expiratory position to maximum the data 

acquisition efficiency.  
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A motion surrogate that can accurately represent the underlying motion is required in 

all motion synchronized methods. External physiological signals like ECG and pulse 

oximetry are usually used as a cardiac motion surrogate, although the signal can be 

distorted when measured inside the magnet due to magneto-hydrodynamic effects, which 

potentially results in false or missed triggers. Diaphragm navigators and the respiratory 

bellows (53–56) are often used as motion surrogates in respiratory motion compensation. 

However, the acquisition of navigator echoes will interrupt the magnetization steady-state 

and results in a time period where no imaging data is acquired. Hence, navigators are most 

commonly used in non-steady-state and non-dynamic acquisitions that do not require full 

temporal coverage. Respiratory bellows are less often used because it is not a direct 

measurement of the underlying respiratory motion and may not be sufficiently reliable in 

clinical practice. Another family of techniques named self-gating (SG) has been widely 

studied in the past decade (57–59). The SG techniques detect physiological motion directly 

from k-space signal of the imaging volume, and therefore provide more precise motion 

estimation and gating decisions. Moreover, SG can be integrated seamlessly into most 

imaging sequence and allows for uninterrupted image acquisition and during the 

magnetization steady-state (60,61). 

The object of most imaging applications is to acquire a single set of anatomical images 

that are free of motion artifacts. In these cases, the major disadvantages of motion 

synchronized methods is the compromised scan efficiency. This is because data acquisition 

is only performed during a certain motion condition and halted during other times. To 

address this issue, motion correction methods have been proposed in which data acquisition 

is continuous despite the motion status and the acquired k-space data is corrected based on 
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a parametric motion model before image reconstruction. In thoracic imaging applications, 

the respiratory motion can be approximated by a 1D linear motion in the superior-inferior 

(SI) direction and quantified by a SI projection (19). In neuro imaging applications, the 

head motion can be modeled as affine transformations and measured by low-resolution 

image navigators using PROPELLER trajectory (62). In principle, a sophisticated motion 

model supports motion corrections with high accuracy. However, more imaging resources 

are required to quantitatively estimate the complex motion model in real-time, resulting in 

decreased imaging efficiency, which goes against the original motivation of these 

techniques.  

Several recently proposed techniques addresses the respiratory motion issues in 

cardiovascular imaging applications by combining the concept of motion synchronized 

methods and motion correction methods (20,63). In these methods, the acquired data is 

first sorted into several bins based on a respiratory surrogate signal. Instead of keeping the 

data at a certain respiratory phase, the k-space data of each bin is reconstructed into images, 

which is supported by the specifically designed k-space sampling pattern. Then, detailed 

motion information is estimated among the images of different respiratory phases and 

subsequently used to correct the k-space data. A final reconstruction is performed on the 

corrected k-space data to have a final image without motion artifacts, based on all acquired 

data. Although these methods are technically and theoretically superior to the traditional 

motion synchronized and motion corrected methods, the improvement in image quality and 

overall scan efficiency is not as high as expected due to the increased complexity of the 

entire reconstruction algorithm. In addition, such methods usually require large amounts 
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of computational power to reconstruct the images, which potentially limit the utility of 

these methods in clinical environments.     
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Chapter 3 4D MUSIC 

In this chapter, we introduce the concept of using ferumoxytol as an intravascular 

contrast agent and performing imaging during its steady-state distribution in the blood-

pool. The prototype 4D MUSIC pulse sequence and preliminary clinical results on 8 

pediatric CHD patients are presented in this chapter. 

3.1  Introduction 

Contrast-enhanced magnetic resonance angiography (CE-MRA) is well suited for 

evaluating pediatric patients with cardiovascular disorders (64–66). The detailed 

delineation of vascular anatomy provided by CE-MRA is important for planning surgery 

or catheter interventions (6).  Typically, CE-MRA is performed within a breath-hold of 20-

25 seconds during the first pass of a GBCA bolus (67). However, patients younger than 6-

7 years old are generally unable to cooperate with breath-hold instructions. Therefore, in 

many institutions including ours, general anesthesia and mechanical ventilation are 

preferred in these young patients where a ventilator controlled breath-hold (VCBH) is 

achieved by temporarily pausing the MR-compatible ventilator (24,68). 

Conventional breath-held first-pass CE-MRA provides excellent visualization of the 

majority of extra-cardiac vessels.  However, it is generally applied without cardiac gating 

and provides limited or poor definition of intra-cardiac anatomy, e.g. ventricular outflow 

tracts, cardiac chambers and coronary anatomy, such that supplemental 2-D cardiac cine 

MRI is usually required. In small children with CHD, the requirement for spatial resolution 

is stringent, due to the diminutive size of cardiac structures and blood vessels. However, 

even in children, 2D cine MRI is limited to relatively thick slices of 3-4 mm, which may 
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not be sufficient for anatomical definition. Cardiac gated 3D CE-MRA has been described 

previously (69–71), but the requirement to image the first pass of a contrast bolus in a 

breath-hold has imposed restrictions on temporal resolution, spatial resolution and 

anatomic coverage.  

Recently, several works have highlighted the potential of ferumoxytol as an alternative 

to GBCAs in adults (27,72,73). Ferumoxytol is an ultra-small super-paramagnetic iron 

oxide (USPIO) particle approved by the U.S. FDA as an iron supplement for patients with 

chronic kidney disease (25). Aside from its use as an iron supplement, ferumoxytol has 

excellent potential as a diagnostic imaging agent due to its higher T1 relaxivity (r1=9.0 

mM-1s-1 at 3.0T) compared to conventional extracellular GBCA and its long intravascular 

half-life of 10-14 hours (26).  Importantly, ferumoxytol does not contain gadolinium and 

is not associated with NSF, making it an excellent alternative to GBCA for patients with 

impaired kidney function (74). We sought, therefore, to develop a 4D Multiphase Steady-

state imaging technique with contrast enhancement (MUSIC) that would exploit the 

intravascular temporal stability and high r1 relaxivity of ferumoxytol and test it in children, 

without the need for VCBH. We hypothesize that by acquiring high-resolution data in 

multiple phases of the cardiac cycle, structures within and around the heart, which are 

subject to motion degradation in un-gated acquisitions, will be clearly defined.  

3.2 Methods 

3.2.1 Imaging sequence 

The proposed sequence was developed based on a high bandwidth, 3D, ECG-triggered 

spoiled gradient recalled echo (GRE) sequence. The 3D data acquisition was modified such 

that k-space is segmented in a fashion analogous to 2D cardiac cine MRI whereby 5-8 
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independent temporal phases are acquired within the cardiac cycle. The patients in our 

study were pediatric patients undergoing cardiovascular MRI with mechanical ventilatory 

support and the air pressure signal in the respiratory circuit was tapped via a 3-way stop-

cock and fed in real time into the MR scanner’s physiological monitoring unit for 

respiratory gating, as shown in Figure 3-1.  Instead of accepting or rejecting data for the 

entire R-R interval as previously proposed (75), the gating acceptance/rejection decision 

was made for each individual cardiac phase to improve the gating efficiency (Figure 3-2). 

 

Figure 3-1. The set-up of tapping ventilator circuit air pressure signal for respiratory gating. The 

patient is under general anesthesia with mechanical ventilation.  

3.2.2 Imaging Protocol 

The patients in our study were CHD patients who were referred to clinical 

cardiovascular MRI independent of our research study for evaluation of cardiovascular 

anatomy for pre-operative surgical planning or post-operative evaluation. This study was 

approved by our institutional review board and written informed consent was obtained 

from each patient’s legal guardians. A total of eight patients (aged 3 days to 5 years, 4 
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male) were included in our study and each patient received ferumoxytol injection after 

his/her legal guardians provided written informed consent. Six patients underwent general 

anesthesia and 2 patients were transferred already intubated from the neonatal intensive 

care unit (NICU).  The patients were monitored throughout the examination by pediatric 

anesthesiologists or NICU staff respectively. As appropriate, anesthesia was maintained 

with inhalation of a mixture of oxygen and savoflurane and patients from the NICU were 

sedated with fentanyl.  In all cases, Rocuronium Bromide was administrated as a muscle 

relaxant. An MR compatible ventilator (Fabius MRI, Drager Medical, Telford, PA) was 

used with positive end expiratory pressure (PEEP) as considered clinically appropriate. 

Standard physiologic monitoring was performed (ECG, pulse oximetry, blood pressure and 

end-tidal CO2 level) with an MR compatible monitoring system (InVivo Research, 

Orlando, FL).  

All studies were performed on a clinical whole body 3T MRI scanner (Magnetom TIM 

Trio, Siemens Medical Solutions). Receiver coil configurations were customized to patient 

size and included adult knee coil, head coil, flex coil or body array coil and these were 

combined if appropriate, depending on the size of the subject to provide optimal coverage. 

For each patient, ferumoxytol was administered in an elemental iron dose of 4 mg/kg body 

weight (0.13ml/kg of original manufacture vials) based on previous studies using 

ferumoxytol (11-13) and on our experience with this agent. As the patients in our study 

were young children, only 0.3-2 ml of the 17ml ferumoxytol sealed in the original 

manufacturer vials was used. Depending on patient weight, the ferumoxytol contrast was 

diluted by 4X-8X using saline and the injection flow rate (0.3-1.0 ml/s) was adjusted so 

that the bolus duration was approximately 15 seconds (76). A small timing bolus containing 
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0.5 mg/kg iron was first injected to determine the delay time between injection and the 

arrival of contrast in the region of interest, similar to a conventional timing test injection 

with GBCAs. After the correct timing for the first-pass CE-MRA sequence was obtained, 

the remaining bolus was injected over 15 seconds followed by a bolus of saline 

administered at the same infusion rate. A first-pass CE-MRA acquisition spanning an 18-

22 second VCBH was performed. Subsequently, the same VCBH CE-MRA acquisition 

was repeated during the steady state distribution phase of ferumoxytol. Parameters for first-

pass and steady state phase CE-MRA were as follows: TR/TE=2.9/0.9ms; flip angle, 15°; 

in-plane resolution, 0.9-1.2mm; slice thickness, 1.1-1.5mm; GRAPPA acceleration 3X-4X. 

Partial Fourier acquisition (75%) was used for both in-plane and through-plane phase 

encoding directions. After the first-pass and delayed phase CE-MRA, the conventional 

multi-slice 2D cardiac cine images were acquired (one VCBH per slice) in each patient in 

short-axis, horizontal and vertical long-axis views using a conventional spoiled GRE 

acquisition. Subsequently, our ventilator gated, 4D MUSIC acquisition was performed 

without VCBH during the steady state distribution phase of ferumoxytol, typically 3-5 

minutes following the first pass acquisition. Depending on the patient’s heart rate, 5-8 

cardiac phases were acquired. The respiratory gating window was positioned in the 

expiration phase and a threshold was set to 30% of the signal’s dynamic range, such that 

data was acquired only when the airway pressure signal was below the pre-defined 

threshold. Sequence parameters included: TR/TE=2.9/0.9ms; flip angle, 15°; 3D isotropic 

resolution, 0.6-0.9mm (true acquired resolution, not after interpolation); GRAPPA 2X-3X 

and 75% partial Fourier was used in both phase encoding and partition encoding directions. 
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For heart rates in the 110-160 bpm range, each of the 5-8 cardiac phases was acquired 

within a time window of 65-95ms.  

 
Figure 3-2 The proposed respiratory-gated 4D MUSIC sequence uses the airway pressure signal 

for respiratory gating. The decision of accepting or rejecting data is made for each cardiac phase 

instead of each RR interval, yielding improved gating efficiency. The figure shows a piece of the 

actual ventilator pressure signal and data acquisition timing recorded from one of the study subjects. 

In this example, Phs4-6 in HB1 and Phs1-2 in HB2 were rejected because the ventilator pressure is 

above the gating threshold; Phs3 in HB2 were also rejected because the same data has already been 

acquired in the first heartbeat. The accepted data in HB1 and HB2 is combined as a complete 

segment even though neither HB is completely within the respiratory gating window. The gating 

efficiency in this example was 60% (3 out of 5 heartbeats) although only 1 heartbeat was entirely 

within the respiratory gating window. (Phs: Cardiac phase; HB: Heartbeat) 

3.2.3 Data Analysis 

Visual assessment of the subjective image quality was performed by two board-

certified radiologists with greater than 3 years of experience in cardiovascular MRI. The 

Ferumoxytol-based VCBH CE-MRA images and the proposed 4D MUSIC images were 

presented in random order to the evaluators, who were blinded to the patient information 

and the imaging technique. The evaluators scored the images on a 1-4 scale (1: non-
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diagnostic; 2: poor definition such that only gross features such as overall patency are 

evaluable; 3: good definition such that pathology can be confidently visualized or 

excluded; 4: excellent definition such that detailed anatomy is clearly visualized with sharp 

borders) with respect to aortic root, pulmonary trunk, myocardium (left and right 

ventricles), coronary artery origin and ascending aorta. The evaluators independently 

provided their scores, and any difference in the score was resolved in an additional 

consensus reading session. 

Vessel sharpness was measured in the left ventricle and ascending aorta by drawing a 

linear signal profile and calculating the slope of the signal intensity. The locations of the 

linear signal profiles are shown in Figure 3-3. The slope is defined as the image intensity 

difference divided by the distance between the two points at 20% and 80% of the dynamic 

range respectively. The calculated slope on both sides was then averaged as the final 

sharpness measurement.  

As our 4D MUSIC acquired 5-8 cardiac phases, ventricular volumes could be 

measured based on the 4D MUSIC data. To test the hypothesis that those measurements 

were accurate, we measured the end-systolic and end-diastolic left ventricular (LV) 

volumes based on the conventional 2D cardiac cine short-axis images and our 4D MUSIC, 

using software available on the MRI system.  

The vessel sharpness measurements of the two images were compared using a paired 

t-test. The subjective image quality scores were compared using a Wilcoxon signed-rank 

test. P <0.05 is considered statistically significant. 
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Figure 3-3 Example of the vessel sharpness measurement: a line profile is placed crossing the 

ascending aorta and left ventricle. 

3.3 Results 

The proposed 4D MUSIC technique was successfully acquired on all 8 subjects, with 

the scan time ranging from 3.5 minutes to 8 minutes and the respiratory gating efficiency 

using the ventilator airway pressure signal ranging from 45%-58%. There were no adverse 

events associated with ferumoxytol injection and heart rate, blood pressure and blood 

oxygenation level remained stable throughout the acquisition. The breath-held acquisitions 

(including 2D cardiac cine) were not performed in 2 patients with cardiopulmonary 

instability, due to concerns about likely blood oxygen desaturation during VCBH.  
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Figure 3-4 Ferumoxytol-based first-pass CE-MRA acquired during VCBH (upper row) vs. 

proposed respiratory-gated 4D MUSIC (lower row) (phase #3 is chosen out of 5 cardiac phases for 

display) of a 4-year-old, 10kg boy. Images from the proposed method have sharper vessel edges 

and blood-myocardium boundaries than first-pass MRI. The proximal coronary artery is well 

visualized using our 4D MUSIC. 

Figure 3-4 shows a comparison of two images as well as the 3D volume rendering of 

the first-pass VCBH CE-MRA and our 4D MUSIC from a 4-year-old male patient. Due to 

lack of cardiac gating, the anatomy of the ventricles and atria in the first-pass CE-MRA 

was blurred by cardiac motion, and the definition of the proximal great vessels was also 

compromised. However, using the 4D MUSIC technique, these structures, as well the 

coronary arteries, were clearly defined without motion-related blurring.  
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Figure 3-5 Reformatted cardiac four chamber view images based on our 4D MUSIC on a 3-day-

old, 2kg boy. The cardiac chambers are well delineated for both systole and diastole phases of the 

cardiac cycle. No cardiac cine was acquired on this patient due to concerns of cardiopulmonary 

insufficiency and assessment of cardiac function was based on the 7 4D MUSIC phases. Arbitrary 

reconstruction planes are possible without loss of resolution due to the 0.7 mm isotropic resolution 

in this patient. An intra-aortic umbilical artery catheter is present in the aorta and can be seen to 

change position over the cardiac cycle. 

As the 4D MUSIC volume was acquired in cine mode with approximately 65-95ms 

temporal resolution, ventricular systole and diastole were defined well in each of the 8 

patients. The isotropic spatial resolution of our 4D MUSIC data facilitated reformatting 

into any arbitrary 2D plane orientation, such as the four-chamber view shown in Figure 

3-5, which was acquired on a 3-day-old 2-kg boy who was referred for evaluation of CHD 

by MRI. Due to concerns about cardiopulmonary insufficiency, the attending 

anesthesiologist advised against repeated VCBH during the MRI scan. As a result, 

conventional 2D cardiac cine MRI was not acquired on this patient. However, we were 



47 

 

able to assess the ventricular anatomy, chamber size, and myocardial thickness based on 

the 7 cardiac phases of our 4D MUSIC images, which spanned the entire cardiac cycle.   

Due to the long intra-vascular half-life of ferumoxytol, the first-pass CE-MRA and 

delayed-phase-CEMRA had similar image quality as shown in Figure 3-6, which was 

acquired in a 3-year-old female patient with a pulmonary artery aneurysm post Tetralogy 

of Fallot repair. The cardiac chambers and aortic outflow were poorly defined in the first-

pass CE-MRA images due to cardiac motion. These structures were well defined without 

motion-related blurring using the proposed 4D MUSIC technique, including good 

delineation of the aortic valve leaflets (arrow). The details of the intra-cardiac anatomy and 

function were so well shown on the 4D MUSIC that the referring physician decided to 

cancel plans for a diagnostic catheterization.   

 
Figure 3-6 A comparison of first-pass, delayed phase MRA (acquired under VCBH), and the 4D 

MUSIC acquired on a 3-year-old 14kg girl with an aneurysmal pulmonary artery. All images were 

acquired after ferumoxytol injection. The diaphragm of the non-breath-held 4D MUSIC has a sharp 

border, confirming good respiratory gating using the ventilator signal. The cardiac chambers and 

great vessels, as well as the aortic valve and pulmonary artery, are visualized better using the 4D 

MUSIC. First-pass and delayed-phase breath-held MRA images show blurring of the heart and 

proximal great vessels due to cardiac motion. The first-pass and delayed-phase CE-MRA show 

similar image quality due to the long intravascular half-life of ferumoxytol. 
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In 7 out of the 8 patients, the origins and course of the left and right coronary arteries, 

including 2 anomalous origins, were identified based on the 4D MUSIC image. The 3D 

isotropic resolution of the 4D MUSIC sequence allowed arbitrary multi-planar 

reformatting of the volume. Figure 3-7 shows the reformatted images acquired from an 8-

month-old boy demonstrating excellent delineation of the left and right coronary arteries, 

which was not possible using the conventional MRA or 2D cardiac cine images acquired 

during VCBH.  

As shown in Table 3-1, the subjective image score of the 4D MUSIC was significantly 

higher than Ferumoxytol-based first-pass MRA at the coronary origin, aortic root, 

myocardium and pulmonary trunk (P<0.05 for comparisons at all four anatomical 

locations). The scores of the descending aorta matched those of the first-pass MRA, 

although respiratory-gating, instead of VCBH, was used in the 4D MUSIC method. When 

compared with the Ferumoxytol-based first-pass MRA, the 4D MUSIC had significantly 

higher (better) sharpness scores at the ascending aorta and the LV (P<0.05 for both).  

 
Figure 3-7 All three major branches of the coronary artery (left anterior descending, left circumflex 

and right coronary arteries) are clearly visualized by reformatting the 4D MUSIC data acquired in 

an 8-month-old 7kg boy with complex CHD. The multiphase data have 0.9mm isotropic resolution. 

LAD: left anterior descending; Circ CA: left circumflex coronary artery; RCA: right coronary 

artery; Ao: Aorta. 
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Table 3-1 Subjective image quality scores of 4D MUSIC and CE-MRA 

 
Coronary 

Origin 

Aortic 

Root 

Myocardium 

(LV and RV) 

Pulmonary 

Trunk 

Descending 

Aorta 

Ferumoxytol-based 

first-pass CE-MRA 
1.2±0.4 1.9±0.4 2.3±0.5 2.7±0.5 4.0±0.0 

4D MUSIC 3.1±0.8 (*) 3.5±0.5 (*) 3.8±0.4 (*) 3.9±0.4 (*) 4.00±0.00 

 (*) denotes statistical significance (P<0.05) when compared with Ferumoxytol-based first-pass CE-MRA 

Figure 3-8 shows the LV volume measurements using conventional 2D cine and our 

4D MUSIC on the 6 patients who had both data. The volume measurements correlated well 

with a Lin’s concordance correlation coefficient of 0.9973 for end-diastolic volume and 

0.9515 for end-systolic volume.  

 
Figure 3-8 A comparison of LV volume measurements (both end-diastolic and end-systolic) based 

on traditional 2D cardiac cine MRI and the 4D MUSIC on 6 patients. There is a wide range of 

volumes due to the wide range of age (0-5 years) and two patients had hypoplastic left ventricle. 
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3.4 Discussion 

The results of our study suggest that, using ferumoxytol in children with mechanical 

ventilation, it is feasible to acquire high quality 4D cine MR angiograms with higher 

resolution (0.6-0.9mm isotropic, acquired without interpolation) than currently achievable 

with conventional CE-MRA or 2D cardiac cine MRI without the need for VCBH.  The 

quality of the 4D MUSIC angiograms was at least as good as the first-pass CE-MRA for 

vascular structures which do not undergo cardiac related motion and was significantly 

better for all cardiac structures which are subject to cardiac motion. We were able to resolve 

cardiac and vascular anatomy with sub-millimeter isotropic resolution in multiple cardiac 

phases, sufficient for accurate calculation of ventricular volumes and detection of coronary 

anatomy in patients as small as 2 kg. Our study represents a potentially new paradigm of 

contrast-enhanced cardiovascular MRI for young children, where a single 5-10 min higher 

quality 4D MUSIC scan could replace the conventional cardiac MRI protocol consisting 

of 2D cardiac cine and first-pass CE-MRA. This new technique, if validated on a larger 

patient cohort, could reduce invasive and costly diagnostic catheterization, significantly 

shorten the scan time, and eliminate the need for physician supervision during the scan, 

which is currently needed in order to appropriately interrogate the highly variable cardiac 

anatomy of complex CHD patients using 2D imaging slices.   

We achieved improved image quality compared to traditional CE-MRA approaches 

by combing three strategies: 1) Ferumoxytol was used as an intravascular contrast agent, 

which relaxes the requirement for “first-pass” acquisition and thus enables an ECG-

triggered and cardiac phase-resolved high-resolution scan of several minutes without 

VCBH. This is especially relevant for pediatric applications because typically higher 
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spatial resolution (hence longer scan time) is required due to the smaller size of the cardiac 

structures and blood vessels; 2) The ventilator circuit pressure signal served as an excellent 

surrogate of respiratory motion.  As the patients in our study were undergoing mechanical 

ventilatory support, issues associated with traditional respiratory gating strategies during 

voluntary free-breathing are avoided, including the issue of irregular respiratory motion 

and drifts in the gating window. 3) Our 4D cine CE-MRA sequence significantly reduced 

cardiac motion related blurring that is typical in standard breath-held non-cardiac-gated 

CE-MRA. This allowed delineation of the cardiac chambers, coronary arteries, the valves, 

and myocardial wall with details that were previously not possible using conventional CE-

MRA or 2D cardiac cine MRI techniques. For pediatric patients with CHD, detailed 

evaluation of these structures is often crucial for the purpose of surgical planning as well 

as post-surgical evaluation. In our study, the 4D MUSIC approach pre-empted an invasive 

diagnostic catheterization in one of study patients, which could be a highly desirable 

benefit if generalized and validated in a larger pediatric patient cohort.   

The potential of ferumoxytol as an MR angiography contrast medium has been noted 

in several prior reports by Prince et al. (72), Sigovan et al. (73) and Li et al. (26). Our study 

exploits the advantage of its long intravascular half-life, which supports a prolonged MRA 

scan with motion compensation techniques during the steady-state. To our knowledge, this 

is the first study to report a contrast-enhanced cardiothoracic MRA study without any 

breath-holding (VCBH or voluntary breath-holding) during the steady state intravascular 

distribution of ferumoxytol.  Furthermore, for CHD patients, it may be necessary to 

perform cardiovascular MRI shortly after birth. It has been reported that the glomerular 

filtration rate (GFR) of pre-term and term newborns can be as low as 40 ml/min/1.73m2, 
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and it gradually increases to 66 ml/min/1.73m2 at 2 weeks after birth (77). For this reason, 

the use of GBCA in neonates is cautioned due to concerns associated with nephrogenic 

systemic fibrosis (78). In this regard, ferumoxytol is a potentially attractive alternative MRI 

contrast agent for neonates. 

 As with GBCA, one must be aware of the possibility of anaphylactoid and other 

hypersensitivity reactions to ferumoxytol. Although the reported incidence of such 

reactions is higher with ferumoxytol than with GBCA, they are still uncommon (0.02% 

rate of serious adverse events (25,79)), even in the therapeutic target population of patients 

with renal failure. Nonetheless, personnel and procedures must be in place to deal with 

anaphylactoid reactions if they do occur. In our study, qualified medical personnel were 

always present for the duration of every patient study.  Other adverse reactions associated 

with ferumoxytol injection include but are not limited to hypotension, nausea, headache 

and back pain. When considering ferumoxytol administration in clinical practice, the risk-

benefit ratio should always be assessed. 

The conventional non-contrast balanced steady-state free precession (bSSFP) 

technique, which may allow 3D assessment of cardiac anatomy, is widely used at 1.5T 

mostly due to excellent blood-myocardium contrast. However, reports are mixed regarding 

the utility of 3D bSSFP in pediatric patients below 6-7 years old (14,80), particularly in the 

assessment of smaller structures such as the coronary arteries and major aorta-pulmonary 

collateral arteries (80). This is exacerbated by the requirement for high resolution (and 

hence longer TR) necessary for imaging young children, because as the TR gets longer 

bSSFP becomes more sensitive to off-resonance, motion and flow artifacts. In addition, a 

3D non-contrast bSSFP sequence is typically supplemented by conventional CE-MRA 
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with GBCA injection for evaluation of extra-cardiac blood vessels; whereas our 4D 

MUSIC sequence can be used to evaluate both intra-cardiac and extra-cardiac structures 

based on a single 5-8 min scan without GBCA. Because of the nature of our study, it was 

not ethically possible to perform a direct comparison between 3D bSSFP and the 4D 

MUSIC on our patients. However, we speculate that our 4D MUSIC may provide better 

definition of intra-cardiac structures as it takes advantage of the higher signal at 3.0T, the 

strong relaxivity and long intra-vascular half-life of ferumoxytol, and the insensitivity of 

spoiled gradient echo acquisition to off-resonance artifacts that plague bSSFP at 3.0T. 

Further comparisons between non-contrast 3D bSSFP and 4D MUSIC are clearly 

warranted in the pediatric patient population. Nevertheless, our ventilator respiratory 

gating approach is applicable to 3D bSSFP as well and can potentially provide benefits 

over conventional bSSFP acquisition regarding respiratory motion compensation.  

In our study, we were able to calculate the LV volumes based on 5-8 cardiac phases 

of our 4D MUSIC data with good accuracy compared to 2D cardiac cine. This was possible 

because our temporal resolution of 65-95ms, although not as high as 2D cardiac cine MRI, 

was able to provide good quality image of the ventricular systole and diastole. Therefore, 

our results demonstrate the potential of comprehensive evaluation of cardiovascular 

anatomy and function based on a single 5-10 min 4D MUSIC scan. 

Although the T1 relaxivity of ferumoxytol is several times higher than typical GBCA, 

and comparable with gadofosveset trisodium (Ablavar, Bayer Schering Pharma, Germany) 

in the blood pool, it has a stronger R2 relaxivity (145 mM-1second-1at 3.0 Tesla) than 

conventional GBCA. In order to minimize the potential signal loss due to T2 relaxation, 

we used strong partial-echo readout to achieve a short TE of 0.9ms, a strategy that has been 
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previously used in conventional first-pass CE-MRA with GBCA, although we expect that 

conventional GBCA, including gadofosveset trisodium, are affected by T2 shortening to a 

much less degree. In addition to the shorter TE, the contrast dose needs to be chosen 

carefully to maximize the contrast enhancement as the signal intensity is jointly determined 

by the T1 shortening effect, which enhances signal, and the T2 shortening effect, which 

reduces signal. In our study, 4mg/kg (0.07mol/kg) of iron was found to provide satisfactory 

results for both first-pass and steady-state 4D MUSIC scans, although in this preliminary 

report we did not specifically address contrast dose optimization.  

As our 4D MUSIC is acquired during steady state distribution of ferumoxytol, both 

arteries and veins will be enhanced. Although one would expect this issue to be problematic 

for MRA of intracranial or peripheral arteries, we do not expect venous enhancement to be 

problematic for cardiothoracic MRA for our pediatric CHD patients based on our 

experience, because the thoracic arteries are of much wider caliber and much less likely to 

be confused with enhanced veins.  

With a blood-pool half-life of approximately 14 hours, ferumoxytol will remain 

detectable in the blood for several days. During this time, the agent is taken up by 

macrophages in the liver, bone marrow and other organs (81), which will reduce the MR 

signal in these tissues on T2-weighted sequences during subsequent MRI studies due to the 

strong susceptibility (T2*) effect of iron. This effect needs to be taken into consideration 

before administering ferumoxytol; however, we do not expect this effect to be problematic 

for the pediatric CHD patient population in this study. First, these T2* effects, which can 

last up to 3-4 months (81), are generally limited to the liver, spleen, and bone marrow. 

Secondly, once the radiologist is aware, he/she can interpret the findings in context and 
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diagnostic confusion is unlikely. In the event that an MRI is performed for suspected 

masses in the liver or spleen, the presence of ferumoxytol is likely to make abnormal 

masses more conspicuous by diminishing the background signal from normal liver and 

spleen parenchyma.  

Our study has limitations. The cohort size was relatively small, as the purpose of this 

paper was to address the technical feasibility of acquiring a high-resolution 4D CINE CE-

MRA with a stable, high relaxivity contrast agent in pediatric patients. In this feasibility 

study, a direct comparison between our ferumoxytol-based first-pass CE-MRA and 

conventional GBCA-based first-pass CE-MRA was not possible. More extensive clinical 

evaluation is warranted, as well as comparison to GBCAs, in order to address the relative 

strengths and limitations of the different agents. However, even with our limited number 

of patients, a highly significant difference between the image quality scores using the 

proposed and the first-pass CE-MRA was achieved. As implemented, our ventilator gating 

approach is suitable only for patients under general anesthesia or already intubated in the 

intensive care unit.  However, our 4D MUSIC acquisition approach using ferumoxytol 

injection can potentially be applied to patients during free-breathing using other forms of 

respiratory motion compensation strategies, such as diaphragm navigators, respiratory 

bellows or MR self-gating (57,61). Further studies are warranted to investigate the 

effectiveness of those approaches. It is also potentially valuable to develop a variation of 

our pulse sequence for pediatric patients undergoing sedation rather than general anesthesia 

to avoid or reduce its associated side effects and potential complications of general 

anesthesia. 
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Chapter 4 4D MUSIC with accelerated acquisition and 

motion self-gating 

The 4D MUSIC technique developed in Chapter 3 requires ECG and airway pressure 

signals for motion gating. From our initial clinical experience, we found that the ECG 

signal and triggers are often problematic in the 3T environment, which potentially limits 

the reliability of the 4D MUSIC. Furthermore, the use of airway pressure signal for 

respiratory gating has limited the utility of 4D MUSIC to patients who undergo MRI with 

general anesthesia and mechanical ventilation. In this Chapter, we made several technical 

developments in data acquisition, motion compensation and image acquisition that make 

the 4D MUSIC acquisition faster, more reliable and potentially applicable to patients under 

light sedation or during spontaneous breathing.  

4.1 Introduction 

As described in Chapter 3, the original 4D MUSIC technique relies on external 

physiological signal (i.e. ECG and airway pressure signal from the mechanical ventilator) 

for cardiac and respiratory motion compensation. As a result, MUSIC is currently applied 

in young children who undergo MRI with general anesthesia and endotracheal intubation, 

yet not immediately applicable for older patients who undergo MRI without anesthesia or 

sedation. In addition, similar to conventional CE-MRA, MUSIC benefits from the higher 

signal to noise ratio (SNR) provided by high field strengths; however, the ECG signal often 

suffers from distortions and becomes unreliable due to magneto-hydrodynamic effects at 3 

Tesla (82,83). Therefore, an alternative cardiac and respiratory motion compensation 
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strategy would be desirable to improve the reliability of MUSIC at high-field strengths and 

potentially extend the technique to patients breathing freely. 

Diaphragm navigators and respiratory bellows (53–56) are often used as motion 

surrogates for respiratory motion compensation. However, in a 3D cine acquisition such as 

MUSIC, the navigator is not ideal because it interrupts the magnetization steady-state and 

results in a temporal window within the cardiac cycle where no imaging data are acquired. 

Hence, navigators are most commonly used in acquisitions that do not cover the entire 

cardiac cycle. Respiratory bellows are less often used because it is not a direct measurement 

of the underlying respiratory motion and have not been very reliable in clinical practice. 

Another family of technique named self-gating (SG) has been widely studied in the past 

decade (19,58,59). The SG techniques detect physiological motion directly from the k-

space signal of the imaging volume, and therefore provide more direct motion estimation 

and gating decisions. Moreover, SG can be integrated seamlessly into most imaging 

sequences and allows for uninterrupted image acquisition and maintenance of the 

magnetization steady-state (20,60,61). 

In this work, we sought to develop a cardiac and respiratory motion SG strategy and 

apply it to the MUSIC technique (29). The proposed strategy includes three components: 

1) The k-space data are acquired using a “ROtating Cartesian K-space (ROCK)” trajectory, 

which allows variable density sampling and enables retrospective data binning; 2) The data 

acquired within the respiratory window are binned into multiple cardiac phases based on 

the cardiac and respiratory SG motion surrogates; and 3) The images are reconstructed 

using ESPIRiT (50), a non-linear iterative algorithm that combines compressed sensing 

and parallel imaging. The ROCK-MUSIC MRI technique was tested in a cohort of 
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pediatric patients with congenital heart disease (CHD) undergoing clinically indicated MRI 

with general anesthesia and positive pressure ventilation. The ROCK-MUSIC strategy was 

then compared with the original MUSIC MRI technique, in which the ECG and airway 

pressure signals were used for motion gating (29).  

4.2 Methods 

4.2.1 ROCK sampling pattern 

The ky-kz plane of the 3D Cartesian ROCK k-space grid is shown in Figure 4-1, where 

each point represents a readout line in the kx direction. First, all points in the plane are 

divided into N concentric rings. A spiral path with azimuthal angle ∅ and relative angular 

velocity 𝜅=10 is generated using Eq. 4-1. 

𝑦(𝑟) =  𝑟 ∗ 𝑐𝑜𝑠(𝑟 ∗ 𝜅 +  ∅ ) ;           

𝑧(𝑟) = 𝑟 ∗ 𝑠𝑖𝑛(𝑟 ∗ 𝜅 +  ∅ ) ;   𝑟 ∈ [0, 1]                    (4-1) 

The spiral path was subsequently mapped to N Cartesian grid points along the spiral 

trajectory, one point from each ring. More specifically, to select a point within a k-space 

ring, the cost function described in Eq. 4-2 is minimized. 

𝐶𝑦,𝑧 = |𝜑𝑦,𝑧 − ∅| +  𝜆 ∙ 𝐷(𝑦, 𝑧)            

𝜑𝑦,𝑧 = 𝜃𝑦,𝑧 − 𝑟 ∙ 𝜅               (4-2) 

, where φ𝑦,𝑧 is the “spiral-corrected” angle of point (y, z) calculated from its azimuthal 

angle θy,z, its radius 𝑟 and the relative angular velocity 𝜅; ∅ is the azimuthal angle of the 

current spiral path, 𝐷(𝑦, 𝑧) is the sampling density at point (y, z), which is constantly 

updated. By minimizing the cost function, we choose the point that is closest to the desired 

spiral path while preventing any point from being sampled repetitively. After the selection 

of each point, the sampling density matrix is updated by convoluting the selected points 
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with a 5x5 Gaussian kernel. The entire process is then repeated for each spiral trajectory 

with the ∅ incremented using the segmented golden ratio (30), until the desired number of 

samples is reached.  

 
Figure 4-1 Illustration of the ROCK sampling pattern (a).  A “Spiral-In” trajectory was used in the 

ROCK to improve the quality of the self-gating signal by minimizing the k-space jump immediately 

precedes the acquisition of k-space center line. 

In this study, the Cartesian grid was divided into N=20 rings and the area of each ring 

grew exponentially from the most inside one to the outside ones. In this way, the final 

sampling pattern had variable sampling density (43) where the center k-space was  sampled 

more often than the peripheral, because equal number of sampling points were chosen from 

each rings. Moreover, the most inside ring had only one point in the center, which was 

therefore sampled once in every quasi-spiral path and subsequently used for SG. In addition, 

each quasi-spiral path was a “spiral-in” trajectory rather than “spiral-out” in order to 

minimize the interference of the eddy current effects on the SG signal. As shown in Figure 

4-1(b), with the “spiral-out” trajectory, the SG line at the beginning of a quasi-spiral path 
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is immediately preceded by a peripheral k-space line at the end of the previous quasi-spiral 

path. The large phase-encoding gradients during the acquisition of the peripheral k-space 

line could cause distortion of the SG signal due to eddy current effects, a problem reported 

in several previous SG methods (20,84,85). With the “spiral-in” trajectory, the SG line had 

less distortion and the motion estimations were more reliable. This is because they were 

preceded by k-space lines in the center region with much smaller phase-encoding gradients 

and therefore has less eddy current effects.  

The algorithm was implemented based on a 3D GRE sequence to generate the ROCK 

pattern on the fly for different matrix sizes and under-sampling rates, typically within 5 

seconds after the pulse sequence parameters are set.  

4.2.2 Motion Estimation and Data Binning 

The SG lines in each quasi-spiral arm of the ROCK pattern were used to generate 

motion surrogates. They were first Fourier transformed into projections in the superior 

inferior (SI) direction and then interpolated 8-fold to achieve sub-pixel resolution 

(~0.1mm). The displace of the current SI projection relative to the reference (i.e. first SI 

projection) was estimated by maximizing the cross-correlation in Eq. 4-3 and used as the 

respiratory surrogate signal. In Eq. 4-3, 𝐟𝐭  is the current SI projection vector shifted by t 

and 𝒈 is the reference projection vector; ft ̅ and �̅� are the average of 𝐟𝐭 and 𝒈, respectively; 

𝜎  represents the standard deviation. Compared with using cross-correlation coefficient 

directly (20,61,84), this method calculates respiratory motion in millimeters and is not 

sensitive to the choice of reference. Furthermore, each SI projection was concatenated with 

its temporal neighbors (T=3) for cross-correlation calculation, which, based on our 

experience, effectively suppressed the cardiac motion. The cardiac motion surrogate was 



61 

 

calculated separately as the center-of-mass of the SI projection processed by a band-pass 

filter with 5hz bandwidth centered at the patient’s heart beat frequency (86).  

𝐝 = 𝐚𝐫𝐠𝐦𝐚𝐱
𝐭∈ℝ

∑ [(𝐟𝐭 −𝐟𝐭 ̅)∙(𝐠−�̅�)]𝐱

𝛔𝐟𝐭 ∙𝛔𝐠
           (4-3) 

 
Figure 4-2 K-space center-line are Fourier Transformed to SI projections, from which cardiac and 

respiratory SG signal was calculated. The amplitude of the respiratory SG signal was used to 

generate Gaussian weighted masks for respiratory motion soft-gating. K-space data was binned into 

multiple cardiac phases based on the cardiac triggers calculated by detecting the peaks in the cardiac 

SG signal.    

Motion compensation was performed on all acquired k-space data using the derived 

SG motion surrogates. The cardiac motion signal first underwent peak detection to identify 

the triggers for each heartbeat and the ones with abnormal duration (i.e. beyond one 

standard deviation from the average duration of all heartbeats) are discarded. Then, each 

remaining heartbeat is evenly divided into 9 cardiac phases and the corresponding k-space 

data were sorted accordingly for each cardiac phase. For respiratory motion, a soft-gating 
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method was applied which generates Gaussian shaped weightings centered at the expiration 

position rather than a binary mask in traditional gating methods (87). An example of the 

motion compensation process is illustrated in Figure 4-2.   

4.2.3 Image Reconstruction 

After motion compensation, the k-space data of each cardiac phase are reconstructed 

using Eq.4, where 𝒙  is the reconstructed volumetric image, 𝑫  and 𝓕  represent under-

sampling and Fourier transform operations, 𝑺 is the sensitivity maps of all the receiver coils 

estimated using ESPIRiT method (50), 𝐲 is the under-sampled k-space measurement 

from each receiver coils, 𝒘 is the soft-gating term calculated from the derived respiratory 

SG motion surrogate, Ψ(x) is the regularization term on spatial sparsity in the wavelet 

domain.  

𝐟(𝐱) = 𝐚𝐫𝐠𝐦𝐢𝐧
𝐱

‖𝐰(𝐃𝓕𝐒𝐱 − 𝐲)‖𝟐
𝟐 +  𝛌𝚿(𝐱)      (4-4) 

Motion compensation and image reconstruction algorithms were implemented in a 

custom-built PC (quad-core CPU, 32GB memory) with parallelized GPU acceleration 

using C++ and the BART toolbox (88). The PC was connected with the MRI scanner via 

Ethernet cable so that k-space data are transferred to the PC as they are acquired and images 

are sent back to the scanner upon the completion of reconstruction (89). A graphical 

interface was also developed that allows the user to input parameters (e.g. patient’s heart 

rate, size and shape of the respiratory gating window etc.) and monitor the progress as well 

as the intermediate results of the reconstruction process. Our implementation allows the 

image reconstruction to be performed in minutes and fully integrated into the current 

clinical workflow.  
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4.2.4 Phantom Experiments 

Phantom experiments were performed on a 1.5T scanner (Magnetom TIM Avanto, 

Siemens Medical Solutions) to evaluate the proposed ROCK sampling pattern. Scan 

parameters were set to match approximately those to be used in clinical scans (1.2ms/2.9ms, 

matrix size: 480x280x140, 1mm3 isotropic resolution, scan time=5min). A pair of scans 

were first performed to compare SG signal using the “spiral-in” and “spiral-out” ROCK 

sampling. The data using the “spiral-in” ROCK were retrospectively gated to end-

expiration and binned into 9 cardiac phases using a recorded physiological signal from a 

previous clinical scan. Standard 3D GRE scans with identical matrix size and resolution 

settings were performed using 2x2 and 3x2 GRAPPA in the ky-kz acceleration, resulting 

in a net acceleration factor of 3.7x and 5.4x, respectively. The data using GRAPPA 

sampling were reconstructed using the vendor-provided software and the data using ROCK 

sampling reconstructed offline using Eq. 4-3.  

4.2.5 In-vivo Experiments 

The in-vivo study was approved by our institutional review board. Ten pediatric 

patients with complex congenital heart disease (CHD) who were referred for clinical 

cardiovascular MRI independent of our research (ages 1 month to 8 years, 5 males) were 

included in this study. Ferumoxytol was administrated as an MRI contrast agent at an 

elemental iron dose of 4mg/kg body weight by slow infusion. The patients were under 

general anesthesia at the time of MRI, which is our institutional standard practice for young 

patients who cannot reliably follow verbal instructions during scanning. The patients were 

monitored by pediatric anesthesiologists throughout the MRI examination. All imaging 

was done on a 3.0T scanner (Magnetom TIM Trio, Siemens Healthcare solutions). 
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Receiver coils, including adult knee coil, head coil, flex coil, or body array coil were 

configured for specific patient size to provide optimal coverage.    

The approved institutional protocol for these patients included the original MUSIC 

with ECG and ventilator gating and 2D CINEs using ventilator controlled breath-holding. 

The ROCK MUSIC acquisition was performed with scan parameters matching those of the 

original MUSIC (1.2ms/2.9ms, matrix size: 480x280x140, 0.8-1mm3 isotropic resolution, 

9 cardiac phases FA=20). As the intravascular half-life of ferumoxytol is approximately 

15 hours, the blood concentration was effectively constant throughout the entire study. The 

original MUSIC parameters were set to achieve 2.8X acceleration with an acquisition time 

of 7-9min. The acquisition time of the ROCK-MUSIC was set to 60% of the original 

MUSIC with 5X acceleration (TA=4-6min). Physiologic signals, including airway pressure 

and ECG, were recorded in all cases. Image reconstruction was initiated automatically after 

data acquisition and all 4D DICOM images were ready for review at the scanner console 

within 10 minutes, without interrupting intervening image acquisition (as for 2D cine).  

4.2.6 Data Analysis: 

The respiratory SG signal was correlated with the recorded airway pressure signal for 

each subject. The cardiac SG triggers were validated against the recorded ECG triggers, 

and the standard deviation of the difference between SG and ECG trigger times were 

calculated. Similar methods were used in previous SG studies (86,90,91).  

Visual assessment of the subjective image quality of both techniques was performed 

by a board-certified physician with >5 years of experience in cardiovascular MRI. The 

images of the original MUSIC and ROCK-MUSIC were presented in random order to the 
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evaluator, who was blinded to the patient information and the imaging technique. Image 

quality scores were given for four anatomic structures, using criteria listed in Table 4-1.  

Table 4-1 Scoring Criteria 

Aortic Root  

Pulmonary 

Arteries 

1: non-diagnostic (vessels not visualized or diagnostically not assessable due to   

    small size and /or motion artifact and /or poor contrast enhancement); 

2: vessels visualized but with poor contrast enhancement and /or motion artifact  

    so as to limit confident assessment and measurement of dimensions; 

3: vessels visualized with good contrast so as to enable confident assessment of  

    patency but with poor edge definition due to motion artifact so as to limit            

    confident measurement of dimensions; 

4: vessels visualized with good contrast and good edge definition such that  

    patency and dimensions are confidently assessable 

Ventricular 

outflow tracts 

(LVOT &RVOT) 

1: non-diagnostic (structures not visualized or diagnostically not assessable due to  

    small size and /or motion artifact and /or poor contrast enhancement; 

2: annulus and sinotubular junction visualized but borders not sufficiently well  

    defined for confident measurement; 

3: annulus and sinotubular junction visualized with well-defined borders sufficient  

    for confident measurement; 

4: annulus and sinotubular junction clearly visualized with well-defined borders  

    sufficient for confident measurement and leaflets seen 

Cardiac 

Chambers 

1: non-diagnostic (chambers not visualized or diagnostically not assessable due to  

    small size and /or motion artifact and /or poor contrast enhancement; 

2: chambers distinguishable but walls poorly defined, only gross features evaluable;  

3: chambers clearly distinguishable with well-defined septum and free walls  

    confidently evaluable but with poor definition of the papillary muscles and       

    trabeculae; 

4: chambers clearly distinguishable with excellent wall definition and with clear  

    definition of the papillary muscles and trabeculae 

Coronary Arteries 1: non-diagnostic (vessels not visualized or diagnostically not assessable due to  

    small size and /or motion artifact and /or poor contrast enhancement);  

2: only origins of main coronary arteries confidently identifiable;  

3: origins and proximal course of RCA and left anterior descending (LAD)  

    confidently evaluable;  

4: origin, proximal and mid courses of RCA and LAD and proximal takeoff of left  

    circumflex confidently evaluable 

Image sharpness was measured in the left ventricle and diaphragm by drawing a linear 

profile and calculating the slope of the signal density, as previously described (29). The 

slopes on both sides were defined as the image intensity difference divided by the distance 

between the two points at 20% and 80% of the dynamic range, respectively. The calculated 

slope on both sides was then averaged as the final sharpness measurement. 
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The subjective image quality scores were compared using the Wilcoxon signed-rank 

test. Vessel sharpness measurements were compared using paired student t-test. P<0.05 is 

considered statistically significant.  

4.3 Result 

4.3.1 Phantom Experiments 

Figure 4-3a,b shows the projections of a static phantom using ROCK pattern with 

spiral-out and spiral-in sampling, respectively. Fluctuations of the projection magnitudes 

over time due to eddy current are apparent in the spiral-out case because the acquisition of 

the SG line is immediately preceded by a peripheral k-space line with strong gradients in 

the previous quasi-spiral interleaf. These fluctuations are much reduced in the spiral-in 

projections because the same SG line acquisition is preceded by an adjacent line in the 

center k-space region. 

As shown in Figure 4-3c, phantom images reconstructed from the ROCK under-

sampled data is free of the aliasing artifacts seen in the images reconstructed from 

GRAPPA under-sampled data, even though higher under-sampling rate was achieved. 

Figure 4-3c also shows the k-space sampling pattern of the first and last cardiac phases. 

The segmented golden ratio increment of quasi-spiral paths in ROCK ensures a near-

uniform angular distributions of the k-space samples after retrospective motion gating and 

data binning (30).   
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Figure 4-3 The SI projections from the “spiral-out” ROCK (a) is subject to distortions due to eddy 

current artifacts and the same artifact is much alleviated in the “spiral-in” ROCK (b). Compared 

with images acquired using GRAPPA under-sampling, the images acquired using ROCK has better 

quality and less artifacts, though high under-sampling rates were achieved. In the ROCK method, 

the k-space after retrospective data binning has near-uniform angular distributions. The slightly 

different sampling pattern and under-sampling rate of different cardiac phases do not result in 

noticeable differences in image quality. 

4.3.2 In-vivo Experiments 

All clinical scans were completed successfully. Figure 4-4 shows a piece of SI 

projections and calculated respiratory self-gating (RSG), cardiac self-gating (CSG) signal 

from a 19 month-old, male subject, compared against the recorded air-pressure signal and 

the ECG triggers, respectively. The RSG correlates well with the recorded air-pressure 

signal. The cardiac triggers detected from the CSG also match with the recorded ECG 

triggers albeit with a small delay, which may be explained by the time difference between 

electrical stimulus and actual mechanical motion, as the CSG signal is a direct 

measurement of the actual motion. For all subjects, the averaged correlation coefficient 
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between RSG and airway pressure was 0.94±0.025. The averaged standard deviation of 

the difference between CSG and ECG triggers were 12.96±3.71ms, excluding 3 patients 

who showed poor ECG signal despite multiple attempts to replace the ECG electrodes. In 

these patients, the clinical protocol, including original MUSIC and 2D-CINE, was 

completed using pulse triggers.   

 
Figure 4-4 The time series of SI projections on a 19 month old, male subject (a). The calculated 

respiratory self-gating (RSG) signal correlates well with the recorded airway pressure signal from 

mechanical ventilator (b). The calculated cardiac self-gating (CSG) trigger match with the recorded 

ECG triggers, albeit a small but near-constant delay. 

Figure 4-5 shows frame slice images (1mm slice thickness, no Maximum-Intensity-

Projection) of the original MUSIC and ROCK MUSIC from a 6 years old female subject 

in selected 2 out of 9 cardiac phases. The ROCK MUSIC provides image quality that 
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matches, if not better than, those of the original MUSIC, and this is achievable with 40% 

savings in scan time and without the need for physiological signal. Figure 4-6 shows the 

result from an 8 years old male whose ECG signal was unstable during the scan. The blood-

myocardium border is blurred due to inaccurate cardiac triggering in the images 

reconstructed based on ECG (Figure 4-6b). Conversely, images which were reconstructed 

from the same k-space data but used cardiac SG triggers show less motion artifacts and 

have better image quality in the regions which are subject to cardiac motion.  

 
Figure 4-5 Selected images in cardiac systole and diastole from a 6 years old female patient. The 

ROCK MUSIC images has slightly better image quality than the original MUSIC, but was 35% 

faster and reconstructed without the need of external physiological signal. All images was presented 

in a single slice (no maximum intensity projection) with 1mm isotropic resolution. 
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Figure 4-6 Reconstructed images from an 8 years old male patients. Original MUSIC (a) was 

performed with pulse gating due to unreliable ECG signals (d). The ROCK-MUSIC data was 

reconstructed separately using recorded ECG triggers (b) and self-gating cardiac triggers (c). 

Regions that are subject to cardiac motion are blurred due to inaccurate triggering in the ECG-gated 

ROCK-MUSIC, but not in the self-gated ROCK-MUSIC, even though they are reconstructed based 

on the same dataset. The ECG signal in (d) are reconstructed signals based on recorded ECG-

triggers. The real ECG-signal (not recorded) has severe distortions.   

As shown in Table 4-2, image scores of ROCK-MUSIC was significantly better than 

the original MUSIC at the ventricular outflow tracts (3.9±0.3 vs. 3.3±0.6, P<0.05) and, in 

the other three anatomical locations assessed, there was a strong trend of superior image 
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scores for ROCK-MUSIC, although the comparison was not statistically significant at 

these three locations. No statistical significance was found between the ROCK-MUSIC 

and the original MUSIC in the image sharpness measurements (0.29±0.18 vs. 0.28±0.15 

for the LV, and 0.30±0.13 vs. 0.28±0.11 for the diaphragm, P>0.05). 

Table 4-2 Subjective image quality scores 

 Aortic Root 

Pulmonary Artery 

Ventricular 

Outflow tracts 

Cardiac 

Chambers 
Coronary Arteries 

 Original 

MUSIC 

ROCK-

MUSIC 

Original 

MUSIC 

ROCK-

MUSIC 

Original 

MUSIC 

ROCK-

MUSIC 

Original 

MUSIC 

ROCK-

MUSIC 

Subject 1 3 4 3 4 3 4 2 4 

Subject 2 3 4 3 4 3 4 3 4 

Subject 3 4 4 3 4 3 4 4 4 

Subject 4 2 4 2 4 3 4 2 2 

Subject 5 3 4 3 4 4 4 4 3 

Subject 6 3 4 3 4 3 4 3 4 

Subject 7 4 4 4 4 4 4 3 4 

Subject 8 3 4 3 4 3 4 3 4 

Subject 9 4 3 4 3 4 3 4 3 

Subject 10 4 4 3 4 3 4 2 4 

Mean ± s.d. 3.3±0.7 3.9±0.3 3.1±0.6 3.9±0.3 3.3±0.5 3.9±0.3 3.0±0.8 3.6±0.7 

P value 0.0759 0.033* 0.059 0.123 

 * denotes statistical difference (P<0.05) 

The isotropic resolution (<1mm3), motion compensated, high quality 4D images 

offered by ROCK-MUSIC allows retrospective 2D reformatting in arbitrary orientations 

in full cardiac cycle to facilitate interrogation of detailed vascular anatomies. Figure 4-7 

shows the reformatted 2D images in cardiac short axis has image quality that is comparable 

with 2D cardiac CINE acquired using ventilator controlled breath-held and ECG gating. 

The volumetric excitation of 4D ROCK-MUSIC is free of blood in-flow de-phasing 

artifacts associated with the 2D CINE acquisition, resulting a more homogeneous blood-

poo l signal, a feature potentially beneficial for automatic blood-pool segmentation. The 

ROCK-MUSIC allows for multi-phase visualization of major coronary arteries even in 

young children, as shown in Figure 4-8(a-d). 
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Figure 4-7 The reformatted ROCK MUSIC has much uniform blood-pool signal and free of the in-

flow de-phasing artifact presented in conventional 2D CINE. The blood-myocardium contrast is 

comparable even though a much thinner slice is used (5mm vs. 1mm). Some cardiac motion blur 

is presented in the ROCK-MUSIC images due to limited number of cardiac phases. 

 
Figure 4-8 The 4D dataset of ROCK-MUSIC allows for visualization of large portion of coronary 

arteries in multiple cardiac phases on a 8 years old male. 
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4.4 Discussion 

The current work represents a feasibility study of the self-gated ROCK-MUSIC in 

pediatric CHD patients. Our results show that, in a small cohort of children with complex 

CHD, the self-gated ROCK-MUSIC technique produced image quality at least as good as 

the original 4D MUSIC acquisition without the need for external respiratory or cardiac 

signals and with a 40% reduction in imaging time. The patients in our study were under 

general anesthesia with positive pressure ventilation, which provides an excellent reference 

standard against which to validate our motion self-gating signal. Therefore, the 

development and validation of our ROCK-MUSIC technique is an important step towards 

generalizing our ferumoxytol-enhanced 4D MRI to older CHD patients who undergo 

cardiovascular MRI during free breathing without anesthesia.  

The retrospective nature of the proposed motion self-gating method provides several 

advantages over prospective methods (90,92). First, the respiratory gating window and 

position are defined after the image acquisition. Respiratory drift, which is one of the major 

challenges in prospective methods (92), can be addressed in retrospective methods by 

analyzing the respiratory motion histogram and choosing the gating window and position 

for maximized gating efficiency. Moreover, retrospective cardiac triggering allows for 

complete coverage of all cardiac phases whereas images during the 40-80ms triggering 

window is not available in prospective cardiac triggering methods. This is particularly 

important for the pediatric CHD application because these young children typically have 

high heart rates of 120-140bpm and 40-80ms represents a significant portion of the cardiac 

cycle.  
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Many previously proposed retrospective motion compensation techniques were based 

on radial sampling. Despite the benefits including straight-forward combination with 

golden-angle schemes and relative immunity to motion artifacts, radial sampling is 

associated with limitations in clinical practice (52,59). First, the sampling efficiency of 

radial sampling is compromised when anisotropic fields-of-view are preferred. In addition, 

radial sampling requires computationally intensive reconstruction, which is non-trivial 

especially when non-linear iterative methods are used. Even when modern computing 

technology such as parallelized GPU acceleration is incorporated, computational 

challenges remain. Instead, the proposed method is based on Cartesian sampling, which 

offers flexible fields-of-view settings that can be tailored to individual subjects for more 

efficient image acquisition. Moreover, 4D image reconstruction is finished within 10 

minutes after scan completion and the entire process has been integrated within our current 

institutional clinical work flow for imaging pediatric CHD patients. On the other hand, 

reconstruction of radial data of a similar size would require multiple hours using 

comparable hardware and software implementation (52).  

As the quasi-spiral interleaves traverse quickly between the center and periphery of 

the k-space, it is important to use a spiral-in trajectory to reduce eddy current effects from 

the phase-encoding gradients of the SG k-space line. Previous studies have also noted the 

problems of eddy currents and their effect on the reliability of motion self-gating signals 

(20,84,85). Deng et al. (84) proposed a solution, which acquires multiple SG lines and uses 

the last line to minimize eddy currents at the cost of extended acquisition time. In the 

ROCK pattern, we use the spiral-in sampling to address this problem. For ethical reasons, 

we did not make direct comparisons between the technique proposed by Deng et al. and 
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the ROCK pattern in our patient scans. However, two findings from our study support our 

conclusion that the spiral-in ROCK k-space sampling provides reliable SG signal and 

minimize eddy current effects: 1) projection images from static phantom experiments in 

Figure 4-3 are highly reproducible and 2) the derived SG signal matched well with the 

recorded physiologic signal.  

Golden-ratio k-space sampling is widely used in many dynamic MR imaging 

applications because it offers near uniform k-space sampling within any single temporal 

window. However, the sampling uniformity is no longer supported when golden ratio is 

applied in respiratory and cardiac motion gating applications. In these applications, the k-

space data are selected from several temporally isolated windows (e.g. end-expiration or 

certain cardiac phase) instead of a single one (30,93). As a result, the k-space sampling 

pattern after retrospective motion gating may not be as uniform as the one using a single 

reconstruction window. To address this issue, segmented golden ratio (30) was used in the 

proposed ROCK method in which the k-space is first divided into multiple segments. 

Golden-ratio sampling is performed within each segment and different segments are 

switched in a pseudo-random order. The added degree of randomness ensures a much 

uniform k-space sampling pattern after retrospective data binning (31). 

In the proposed methods, the data consistency term in the image reconstruction 

equation was weighted with the respiratory motion position. Data acquired at the center of 

the gating window were given larger weights and therefore likely to remain unchanged. 

Data acquired further away from the gating window were given weights close to 0 and 

therefore more likely to be updated during the optimization. This k-space weighted, or 

“soft-gated”, image reconstruction has been used in several recent thoracic and abdominal 
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MR imaging applications to weight data with imperfections (e.g. motion) (87,94). 

Compared with the traditional binary-gating method, more data are included into the image 

reconstruction framework. Meanwhile, k-space data acquired outside the traditional gating 

window is given less weights in the data consistency term in order to minimize the potential 

motion artifacts associated with including more data into the reconstruction. Cheng et al. 

reported an increase in SNR and image sharpness by using soft-gating in contrast-enhanced 

4D phase-contrast imaging application (95). Furthermore, the use of soft-gating does not 

further increase the computational complexity compared with compressed sensing using 

binary-gating.  

In this work, the use of ferumoxytol as an intravascular contrast agent greatly 

improved the blood-myocardium contrast in our ROCK-MUSIC images. However, 

ferumoxytol administration is also associated with potentially adverse events including 

anaphylactic reactions, which is highlighted by the FDA boxed warning in March 2015. 

As the CHD patients referred for MRI are typically patients who have already undergone 

inconclusive or insufficient echocardiography exam, ferumoxytol use in these patients may 

be clinically justified, especially in light of recent discovery of gadolinium deposition in 

human tissues after exposure to gadolinium-base contrast agents (96–98). At our institution, 

ferumoxytol-enhanced MRI has become our local clinical standard for MRI of pediatric 

CHD patients and personnel who are trained to handle any adverse reactions were 

immediate available throughout the MRI exam for every patient.   

4.5 Conclusion 

ROCK-MUSIC acquisition provided images of equal and in some anatomic locations, 

superior image quality, compared to original MUSIC, and this was achievable with 40% 
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savings in scan time and without the need for physiologic signal. The proposed ROCK-

MUSIC could potentially enable a more general application of the ROCK-MUSIC 

technique in older children and adults with CHD who do not require anesthesia for MRI. 
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Chapter 5 Towards improved cardiac functional 

assessment 

A complete CMR exam for pediatric CHD patients includes both anatomical 

assessment of the vascular structures as well as functional evaluation of the heart. Despite 

yielding exquisitely detailed images on intra- and extra-cardiac vascular anatomy that is 

not previously available, the 4D MUSIC and its derivative, the ROCK-MUSIC, only permit 

a preliminary cardiac functional evaluation due to the limited number of cardiac phases. In 

this chapter, we sought to improve the temporal resolution of the ROCK-MUSIC using 

different image reconstruction strategies and evaluate the feasibility of cardiac functional 

evaluation based on 4D MUSIC images.  

5.1 Introduction 

Contractile function is a fundamental part of the CMR examination for pediatric 

patients with congenital heart disease. A stack of 2D CINE images in the cardiac short-axis 

are usually acquired in multiple breath-holds to assess the global and regional left ventricle 

(LV) and right ventricle (RV) wall motion. In addition, the 2D CINE images are also used 

to calculate the quantitative cardiac functional biomarkers, including ventricular volume, 

mass and ejection fraction. Although it is considered the clinical standard, 2D CINE has 

certain limitations for cardiac functional assessment in pediatric CHD patients. First, the 

2D CINE is limited to relative thick slice of 3-5 mm, while the requirement of spatial 

resolution is stringent in small children due to the diminutive size of cardiac structures. 

Additionally, multiple breath-holds are undesirable for some pediatric CHD patients due 

to their unstable cardiopulmonary status. Furthermore, the current methods of ventricular 
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volume measurements based on 2D CINE are not automated and remain highly labor-

intensive due to the complex shape of chambers and the need to manually exclude the 

coarse endocardial trabeculations. Conventional image segmentation methods based on 

thresholding are not reliable in segmenting blood-myocardium boarder, because the blood-

pool in 2D CINE is not uniform due to the blood flow in and out of the imaging plane.  

 The 4D MUSIC (including ROCK-MUSIC) images has great potentials in cardiac 

functional assessment as several imaging features provided by 4D MUSIC technique, 

including submillimeter isotropic resolution, non-breath-held, and uniform blood-pool 

signal, could potentially address the aforementioned issues of 2D CINE. However, the 6-9 

cardiac phases provided by the current 7-9 minutes 4D MUSIC, or 4-6 minutes ROCK-

MUSIC scans are not sufficient for ventricular wall motion assessment compared with the 

20-30 cardiac phases provided by 2D CINE. Furthermore, the exact ventricular diastolic 

and systolic phases may be missed due to the relative coarse temporal resolution of 4D 

MUSIC, which we hypothesis will result in underestimation of diastolic volume or 

overestimation of systolic volume. Therefore, improved temporal resolution is desired to 

enable cardiac functional evaluation based on 4D MUSIC.  

The ROCK sampling pattern described in Chapter 4 allows for retrospective data 

binning into arbitrary number of cardiac phases. However, given the same amount of data, 

increasing the number of cardiac phases means less k-space samples for each cardiac phase. 

To address this issue, algorithms that exploits the temporal correlation of the dataset were 

usually used to reconstruct the highly under-sampled k-space. Motion regularized image 

reconstruction reconstruct all the images of different motion states (i.e. cardiac phases) in 

a single optimization process and impose a regularization term on the sparsifying 
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transformation along the motion direction (48). Although motion regularized method could 

reconstruct highly under-sample dynamic k-space dataset, the fact that all the images of 

different motion states are reconstructed in a joint optimization process significantly 

increases the computational burden and memory requirement.  

Motion weighted image reconstruction is a recently proposed alternative approach to 

reconstruct highly-under sampled, motion corrupted k-space data. Instead of introducing 

additional regularization term, the motion weighted methods add a weighting 𝑤 ∈ [0,1] to 

the data consistency term based on the degree of motion that occurred. Since the level of 

corruption is described using the full range of [0,1], this scheme is also called motion soft-

gating. The concept was first introduced by Johnson et al. (94) where the weightings were 

based on the degree of off-resonance, and later applied in free-breathing coronary MR 

angiography (87) and pediatric abdominal dynamic contrast enhanced MRI (99) to 

suppress respiratory motion. One advantage of motion weighted method is that the image 

reconstruction is independent for each motion states, which not only significantly reduce 

the computation scale of the problem, but also allows for parallelized implementation.  

In this retrospective study, we use both motion regularized method and motion 

weighted method to improve the temporal resolution of the previously acquired ROCK-

MUIC dataset. The high temporal resolution 4D images (18 cardiac phases) reconstructed 

by the aforementioned two methods were compared with default one with low temporal 

resolution (9 cardiac phases) for image quality and sharpness. LV function measurement 

based on 2 sets of high temporal resolution 4D images were validated against the 

measurements based on gold-standard 2D CINE.  
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5.2 Motion regularized image reconstruction 

The motion regularized image reconstruction algorithm is described using the 

following equation.  

�̂� = arg min ∑ ||𝑫𝓕𝑺𝒊𝒅 − 𝒎𝒊||2
2 + 𝜆1||𝑅1𝒅||1 + 𝜆2||𝑅2𝒅||1

𝑀

𝑖=1

 (5-1) 

, where 𝓕 is the Fourier transform; 𝑺𝒊 are the sensitivity maps; 𝑫 is the operator that selects 

the locations where data has been acquired; 𝒅 is the multiple 3D volumes of different 

cardiac phases to be reconstructed; 𝒎𝒊 is the acquired under-sampled k-space data from 

each of the 𝑁  receiver coil elements; 𝑅1  and 𝑅2  are spatial and temporal sparsifying 

transforms, respectively. In this study, 𝑅1 was chosen as the same wavelet transformation 

used in Chapter 4. 𝑅2 was chosen as the temporal total variation transformation, assuming 

that cardiac motion is smooth and continuous across the entire cardiac cycle.  

5.3 Motion weighted image reconstruction 

In motion weighted reconstruction, data in 2 adjacent phases (p-1 and p+1) were 

included into the reconstruction of the current phase p. Data acquired in current phase was 

assigned with the weight of 1 and data acquired in adjacent phases were assigned with a 

weight between 0 and 1, using a Gaussian decay as described in Figure 5-1. The final image 

reconstruction algorithm for each cardiac phase p is described in Eq. 5-2.  

𝑑�̂� = arg min ∑ ||𝑾(𝑫𝓕𝑺𝒊𝒅𝒑 − 𝑴𝒊)||2
2 + 𝜆1||𝑅1𝒅𝒑||1

𝑁

𝑖=1

  (5-2) 
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, where 𝒅𝒑 is the image of current phase p; 𝑴𝒊 is the multi-coil k-space data of the current 

phase and two adjacent phases; 𝑊 is the diagonal matrix containing the weight for each 

data point.  

 
Figure 5-1. Illustration of the motion weighted image recosntruction (Strategy 3) 

5.4 Methods 

5.4.1 Data preparation and image reconstruction  

This retrospective study includes 6 pediatric CHD patients who underwent 

Ferumoxytol-enhanced CMR exams with general anesthesia and mechanical ventilator 

support. The CMR protocol included both ROCK-MUSIC (sequence parameters described 

in Chapter 4) and multiple 2D CINE covering the left ventricle in cardiac short axis (TE/TR 

= 1.8/3.6ms, 12 second ventilator controlled breath-held, 1mm in-plane resolution, 5mm 

slice thickness, 25 cardiac phases, ECG gated). The ROCK-MUSIC data was reconstructed 

using three different strategies. Strategy 1: acquired data was binned into 9 cardiac phases 
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and reconstructed using ESPIRiT algorithms with spatial wavelet regularization, as 

described in Chapter 4. Strategy 2: acquired data was binned into 18 cardiac phases and 

reconstructed using cardiac motion regularized method with spatial wavelets and temporal 

total variation regularization terms, as described in Eq. 5-1. Strategy 3: acquired data was 

binned into 18 cardiac phases and reconstructed using cardiac motion weighted method as 

described in Eq. 5-2 and Figure 5-1.  

All image reconstructions were implemented on our inline image reconstruction 

system (Appendix I), with parallelized computing using multiple CPU and GPU cores 

based on the BART toolbox. Image reconstruction time (excluding motion self-gating and 

data binning process) for each strategy was logged. 

5.4.2 Data analysis 

Regional image sharpness measurements were calculated using gradient entropy, a 

metric highly correlated with observed image sharpness (100). To evaluate the effect of 

motion on image sharpness, the gradient entropy metric was computed for two region of 

interest (ROI): common carotid artery (CCA) and the entire heart, separately for each 

cardiac phase, and averaged across all phases. 3D rectangular ROIs were defined manually 

and the selected pixel data is send to an in-house MATLAB program.  

Left ventricle end-systolic volume (ESV), end-diastolic volume (EDV) and ejection 

fraction (EF) were measured based on images reconstructed using 3 strategies and gold 

standard 2D cine. The 4D datasets were reformatted into the slice orientations of the 2D 

cine images and the left ventricle was manually contoured using a commercially available 

software (QMass, Medis, Netherlands). Image sharpness measurements and left ventricle 
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volume measurements were compared using paired student t-test. P<0.05 is considered 

statistically significant. 

5.5 Results 

All retrospective image reconstructions were completed successfully. Reconstruction 

time was 0.73±0.15 min per phase for Strategy 1, 8.1±0.36 min on average per phase for 

Strategy 2, and 0.72±0.18 min per phase for Strategy 3. 

 
Figure 5-2 Reconstrcted 4D images (selected slice and phase) using three different strategies on the 

same dataset acquired on a 6 years old femail patient.  

Figure 5-2 shows representative images of three strategies on a 6 years old female 

subject. Small intra-cardiac structure such as trabeculae are more clearly defined in 

Strategy 2 and 3 compared with Strategy 1 due to higher temporal resolution. The quality 
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difference between images reconstructed using Strategy 2 and 3 are minimal. Although the 

it takes about 10X more time to reconstruct using Strategy 2.  

 
Figure 5-3 Regional image sharpness in two different ROIs on images reconstructed using three 

different strategies, based on the same dataset.  

Figure 5-3 demonstrates the two ROIs that are used to calculate image sharpness on 

an exemplary image. Strategy 1 had significantly higher image sharpness measured at CCA 

compared with that measured on Strategy 2 and 3 (0.67±0.027, 0.53±0.011 and 0.53±0.011, 

respectively, P < 0.00001). This is because more data is included in the image 

reconstruction in Strategy 1, which translate to higher spatial resolution. However, for the 

heart ROI, image sharpness measured from Strategy 1 was not significantly different from 

that measured on Strategy 2 and 3 (0.389±0.011, 0.389±0.006 and 0.391±0.012, 
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respectively, P = 0.70). This is because the spatial resolution advantage of Strategy 1 is 

compromised by the temporal motion blurring, when compared with other two high 

temporal resolution reconstructions. Again, there are no statistical significance in image 

sharpness between images reconstructed using Strategy 2 and 3.  

 
Figure 5-4 Reformatted cardiac short-axis view of images from 3 reconstruction strategies and 2D 

CINE. M-mode plot is used to visualize the temporal resolution of different strategies.  

The reconstructed 4D images can be reformatted into any user-specified slice 

orientations. Figure 5-4 shows images in multiple selected cardiac phases, reformatted into 

cardiac short-axis prescribed by 2D CINE. The M-Mode plot at the level of blue dotted 

line was also shown at the side to visually compare temporal resolution of different 

reconstruction strategies. Limited temporal resolution of Strategy 1 resulted in 
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discontinuous temporal profile, while improved temporal resolution resolved in Strategy 2 

and 3 provided more smooth cardiac contraction and relaxation, with a similar temporal 

profile compared with 2D Cine. The blood-pool signal is much uniform in all 4D MUSIC 

images than those of 2D CINE, which is a desirable feature in subsequent ventricular 

segmentation.  

Table 5-1 Quantitative Left Ventricle Functional Measurement 

 
ESV(mL) EDV(mL) EF(%) 

Strategy 1  
14.81±5.04 34.33±13.16 56.93±8.18 

Strategy 2 
13.71±4.19 34.46±12.79 58.79±9.35 

Strategy 3  
13.88±5.31 34.83±13.17 58.96±9.01 

2D CINE  
13.34±4.77 35.07±13.22 60.43±9.01 

Error:  

Strategy 1 vs CINE 8.39±3.67% -1.95±0.62% -6.84±0.46% 

Error:  

Strategy 2 vs CINE 3.25±2.06% -0.95±0.33% -2.56±0.64% 

Error:  

Strategy 3 vs CINE 3.46±1.13% -0.79±0.35% -2.74±0.68% 

Table 5-1 lists the quantitative left ventricle functional measurement, including end 

systolic volume (ESV), end diastolic volume (EDV) and ejection fraction (EF) based on 

three different reconstruction strategies and 2D CINE as gold standard. The measurement 

based on images with low temporal resolution (9 phases, Strategy 1) has a systemic 8% 

overestimation of ESV and about 2% underestimation of EDV compared with 

measurements based on 2D CINE. And these errors resulted in 7% underestimation of 

ejection fraction. Measurements based on images with high temporal resolution (18 phases, 

Strategy 2 and 3) have much smaller errors (<3%) from those based on 2D CINE. Again, 
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there are minimal difference between Strategy 2 and 3 in terms of quantitative LV 

functional measurement.   

5.6 Discussion 

In this study, we evaluated two different image reconstruction strategies, both aiming 

to improve the temporal resolution (i.e. increase the number of cardiac phases) of the 4D 

ROCK-MUSIC dataset for improved cardiac functional assessment. In quantitative 

regional image sharpness and LV functional measurements, we see obvious improvement 

of high temporal resolution images reconstructed using both strategy compared with the 

original low temporal resolution reconstruction. However, there were no significant 

difference between the images reconstructed using two different strategies other than the 

acquisition time where the motion weighted reconstruction (Strategy 3) has a clear 

advantage over the other. In our implementation, the 4D images with 18 cardiac phases can 

be reconstructed within 10 minutes using the motion weighted image reconstruction 

method, while over 2 hours is required when using motion regularized image 

reconstruction method. From this perspective, the motion weighted image reconstruction 

method represents a practical solution to improve the cardiac functional assessment based 

on 4D MUSIC and can be readily utilized in clinical practice.  

The motion weighted image reconstruction is different from view-sharing techniques. 

View-sharing directly includes k-space data from other motion state or temporal frames 

into the image reconstruction. The increased temporal footprint by view-sharing will result 

in motion blurring in the reconstructed images. On the other hand, motion-weighted 

reconstruction offers an additional "relaxed" subsampling operation where the 

reconstruction will directly use the k-space data if the weights are closer to 1. The 
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reconstruction will recover data that were not originally sampled or that have weights 

closer to 0. 

The remaining 2-3% error in LV functional measurement between high temporal 

resolution 4D MUSIC images and the gold standard 2D CINE may be due to the different 

number of cardiac phases (18 phases for 4D MUSIC and 25 phases for 2D CINE) offered 

by the two techniques. However, we have to also consider the fact that the 2D CINE is 

acquired during (ventilator controlled) breath-held and 4D MUSIC is acquired without 

breath-held. It is also possible that the remaining 2-3% error is due to the physiological 

changes in different respiration status rather than the image techniques.   
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Chapter 6 Technical Translation I: Cardiac CINE using 

Segmented Golden Ratio 

In the ROtating Cartesian Kspace (ROCK) sampling pattern described in Chapter 4, 

the quasi-spiral sampling pathes is rotated using segmented golden ratio to ensure near-

uniform k-space sampling after retrospective data binning into multiple data acceptance 

windows based on respiratory motion. In this chapter, we applied the same segmented 

golden ratio methods in 2D and 3D radial cardiac CINE applications and enables CINE 

imaging with retrospectively defined temporal resolution.   

6.1  Introduction 

In dynamic MRI acquisitions, golden ratio (GR) radial sampling (101,102) is widely 

known because it allows for retrospective selection of temporal window and temporal 

resolution. In these methods, the angles of the k-space radial spokes are advanced in each 

repetition time (TR) by the golden ratio conjugate of 180° (i.e. 0.618*180 =111.25°) such 

that the angular distribution of the radial spokes within any given temporal window is 

approximately uniform. This uniformity enables arbitrary and retrospectively defined 

temporal resolution during image reconstruction. GR radial sampling has been applied in 

many abdominal, cardiothoracic and neurological imaging applications (52,103–106). 

However, its application in cardiac MRI has been mostly focused on real time cardiac 

CINE imaging, where the data acquisition is not synchronized with the electrocardiogram 

(ECG) (107,108). For most cardiac MRI applications where the k-space data acquisition is 

segmented and gated to ECG, the angular distribution of the radial spokes for a given 

temporal window is not necessarily uniform because a single reconstruction window is 



91 

 

broken into several temporally isolated ones. As a result, for any given temporal window, 

the radial k-space coverage may not be as uniform as conventional non-segmented GR 

radial acquisitions, a problem that has been recently recognized (93,109,110). Hence, we 

seek to investigate the k-space sampling pattern and image artifacts caused by applying GR 

radial acquisition to segmented ECG-gated cardiac MRI applications and propose a 

modified GR radial technique to address this issue.   

6.2 Theory 

The angle 𝜶 of each radial spoke in the conventional GR method is calculated as: 

𝛼𝑛+1 = 𝑚𝑜𝑑[(𝛼𝑛 + 180° ∗
√5−1

2
),180°]                                (6-1) 

Winklemann et al. have demonstrated in (101) that such radial profile order ensures an 

approximately uniform sampling of k-space with arbitrary temporal window length and 

window position. However, if the data is chosen from multiple isolated subsets of all the 

measured spokes, as in the case of dynamic cardiac imaging with ECG-gating and k-space 

segmentation, it is likely that the spokes from these isolated subsets are clustered in certain 

sectors instead of being uniformly distributed over the entire k-space (Figure 6-1a). We 

therefore, hypothesize that the degree of k-space non-uniformity is dependent on the 

number of k-space radial spokes between two image reconstruction windows (i.e. heartbeat 

duration in ECG-gated cardiac applications). If the first radial spoke of a new heartbeat 

falls within the proximity of a previously acquired one, then the remaining radial spokes in 

this heartbeat will be clustered with the previously acquired ones because all of them are 

advanced by the same angle of 111.25°. Such clustering of radial spokes may lead to 
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imaging artifacts due to non-uniform k-space sampling and under-sampling in certain k-

space regions. 

 
Figure 6-1 Illustration of (a) the conventional golden ratio method when applied with ECG-gated 

segmented acquisition, which results in non-uniform sampling of k-space; and (b) the proposed 

segmented golden ratio method addresses non-uniform sampling by performing golden ratio 

acquisition inside each segment of a single heartbeat. The latter method (b) could provide near-

uniform sampling of arbitrary acquisition window length and position within a cardiac cycle. 

The k-space sampling non-uniformity may be controlled by choosing a proper number 

of k-space radial spokes between two reconstruction windows to mitigate the clustering of 

radial spokes. However, in ECG-gated cardiac applications, this number is determined by 

the heartbeat duration of the subject, which is not only variable during the scan and but 
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also beyond the control of the scan operator. To address this problem, we propose a 

segmented GR radial acquisition scheme to completely avoid the k-space sampling non-

uniformity issue when applying GR in dynamic cardiac MRI applications, such as cardiac 

CINE. In the proposed segmented GR radial method Eq. 6-2, the entire k-space is first 

divided into N segments and the angle of the radial spokes is advanced according to the 

golden ratio conjugate of the current k-space segment that is being acquired, rather than 

the golden ratio conjugate of 180°, which is the case in conventional GR radial sampling. 

Hence, the angle increment is not a fixed angle, but rather depends on the total number of 

segments N, which is the number of heartbeats in a cardiac CINE acquisition, and the index 

of the k-space segment s=0,1,2…N.  

𝛼𝑛+1(𝑠) = 𝑚𝑜𝑑[(𝛼𝑛 + (180°
𝑁⁄ ) ∗

√5−1

2
), 180°

𝑁⁄ ] + 𝑠 ∗ (180°
𝑁⁄ )         (6-2) 

In the example shown in Figure 6-1b, the entire k-space is divided into 4 segments. 

The angle of the radial spokes in each heartbeat is advanced according to Eq. 6-2 within 

the current segment only until the next ECG trigger signal. Since each segment is sampled 

with radial spokes in a golden ratio manner, any subset of these measurement forms a near-

uniform sampling of the current segment and together with other segment, forms a near-

uniform sampling of the entire k-space. 

6.3 Methods 

6.3.1 Computer Simulation 

The proposed segmented GR method was compared with uniform radial sampling and 

conventional GR sampling using computer simulation. Four different radial data 

acquisition strategies were simulated. In non-ECG-gated simulations, the angles of K radial 
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spokes (K=60, 96, 144 and 192) were simulated using a) uniform sampling (strategy 1) 

where 𝛼𝑛 = 180° ∗ 𝑛/𝐾; and b) conventional GR sampling (strategy 2) described in Eq. 

6-1. For the case with ECG-gating and k-space segmentation, the radial spoke angles were 

calculated for 12 simulated heart-beats, using c) conventional GR radial (strategy 3) shown 

in Eq. 6-1; d) the proposed segmented GR radial (strategy 4) shown in Eq. 6-2. 

Subsequently, a subset of k=5, 8, 12 and 16 spokes were chosen retrospectively from each 

of the 12 heartbeats so that the total number of radial spokes in the simulated ECG-gated 

cases were identical to the non-ECG-gated cases. In order to test our hypothesis that the 

degree of k-space non-uniformity is dependent on the number of k-space spokes between 

two image reconstruction windows in strategy 3, the number of radial spokes in each 

simulated heartbeat was varied from M=161~240. This is to simulate the cases of 2D 

cardiac CINE applications where TR=4ms and the average heart rate variation is from 60 

to 100bpm.  

The angles of the selected radial spokes for each of the four simulated 2D radial k-

space data sets were sorted (from smallest to largest) as 𝛽𝑖
𝑠𝑜𝑟𝑡𝑒𝑑, i = 1 … 𝐾. The average 

angular difference between the current and two neighboring radial spokes were calculated 

as 𝑑𝑖 =
( 𝛽𝑖+1

𝑠𝑜𝑟𝑡𝑒𝑑 − 𝛽𝑖−1
𝑠𝑜𝑟𝑡𝑒𝑑)

2
⁄  and plotted against the sorted radial spoke index 𝑖  to 

evaluate the local angular sampling density. The standard deviation of the local angular 

sampling density 𝑑𝑖 was used to quantitatively assess the global angular uniformity of k-

space sampling. A zero standard deviation suggests a perfectly uniform radial k-space, 

which is the case for non-GR radial sampling. A numerical Shepp-Logan phantom was 

used in the simulation to investigate the image artifacts resulting from these sampling 

patterns.  



95 

 

6.3.2 Phantom Study 

A 2D-radial based balanced steady-state free precession (bSSFP) sequence was 

modified to implement the four different acquisition schemes that were tested in our 

computer simulation. In the conventional GR radial acquisition, there is a large angular 

increment of 111.25˚ in each successive TR, which may cause strong eddy current related 

artifacts in bSSFP acquisitions (111). To demonstrate this, a reordered GR sampling 

(strategy 5) was also implemented in our sequence where the angles of the radial spokes 

were identical to the conventional GR but sampled in a sequential order from 0 to 180° 

with much smaller increment in angle of the radial spokes from TR to TR.  

All phantom imaging was performed using a 1.5T MRI scanner (Avanto, Siemens 

Medical Solutions) with 16 channel head coil, on a standard American College of 

Radiology (ACR) MRI stationary phantom. Sequence parameters include: 

TE/TR=2.0/4.0ms; Base Resolution=256. Five 2D bSSFP radial data sets (192 radial 

spokes) were acquired based on the aforementioned acquisition strategies 1-5. In the ECG-

gated acquisitions (strategy 3 and 4), a simulated ECG signal was generated with 800ms 

cardiac cycle length and the data was acquired in 12 heartbeats.  A temporal window that 

contains 16 radial spokes was placed retrospectively on all the cardiac cycles so that a total 

number of 192 radial spokes were selected for image reconstruction. All images were 

reconstructed offline using a Matlab program that performs k-space gridding and inverse 

Fourier transform. K-space sampling density was compensated during image 

reconstruction in all computer simulation, phantom and in-vivo imaging experiments. For 

the case of uniform sampling (strategy 1) where the angular density is constant, the 

compensation weights was calculated as the distance between the sampling point and the 
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k-space center point. For all other cases (strategy 2-5), the weight of each k-space sampling 

point was calculated as its distance to k-space center point multiplies by the local angular 

sampling density of the radial spoke it belongs to. The local angular sampling density has 

been previously defined in the computer simulation section as the average angular 

difference between the current and the two neighboring radial spokes.  

6.3.3 In-Vivo study 

Breath-held, ECG-gated 2D radial cardiac CINE images were acquired on seven 

healthy volunteers using the conventional GR and the segmented GR reordering scheme. 

Images were acquired in five different orientations for each subject, including three in the 

cardiac short axis (base, mid and apex of the left ventricle), one in the vertical long axis 

and one in the horizontal long axis. Sequences used in in-vivo studies were identical to 

those used in the ECG-gated static phantom studies (strategy 3 and 4). The total acquisition 

time of each sequence was 10±2 seconds (12 heartbeats, average heart rate: 60-90bpm). In 

addition, breath-held, ECG-gated 3D cardiac CINE images using a stack-of-stars radial 

trajectory were also acquired to assess any image artifacts caused by the k-space non-

uniformity in 3D acquisitions. The 3D stack-of-stars acquisition covered the whole 

ventricle in cardiac short axis, with the following sequence parameters: TE/TR=1.7/3.4ms; 

partitions=16, line resolution=256, 6/8 partial Fourier in Kz direction, total acquisition 

time=20-24sec, temporal resolution = 140-160ms.  

The acquired 2D and 3D radial cardiac CINE images were subjectively scored by an 

experienced reader (> 4 years of experience in cardiac MRI), who was blinded to the 

acquisition strategy, to evaluate the degree of image artifacts due to k-space sampling non-

uniformity. The scores were given on a scale of 1-5 (1: severe streaking artifact rendering 
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the image non-diagnostic; 2: moderate streaking such that myocardial borders are poorly 

defined and regional wall motion cannot be assessed, rendering the image non-diagnostic; 

3: mild streaking such that myocardial borders are well-defined, but the definition of fine 

structures is compromised; 4: minimal streaking but does not affect identification of fine 

structure, regional wall motion, and overall cardiac function; 5: no observable streaking 

artifact, diagnostic quality without imaging degradation). The subjective image quality 

scores were compared using a Wilcoxon signed-rank test. P < 0.05 is considered 

statistically significant.  

6.4 Results 

6.4.1 Computer Simulation 

The k-space sampling patterns and the local angular sampling densities based on the 

radial sampling strategies 1 to 4, for the case of K=60 (k=5, 12 simulated heartbeats, 200 

radial spokes per heartbeat (M=200) for strategies 3 and 4) are shown in Figure 6-2. The 

k-space global angular sampling uniformity, as assessed by the standard deviation of the 

local angular sampling densities, are listed in Table 6-1 for cases of K=60, 96, 144 and 192. 

Standard uniform sampling (strategy 1) provided the most uniform coverage of k-space 

with identical local angular sampling density for all 60 radial spokes. However, there was 

no flexibility for varying the reconstructed temporal resolution. The conventional non-

ECG-gated GR radial method (strategy 2) provided an approximately uniform sampling of 

k-space with a small variation in local angular sampling density of 2˚-5˚. However, 

conventional GR sampling in an ECG-gated acquisition (strategy 3) resulted in large 

variation of local angular sampling density between 0.4˚-23˚ and poor sampling uniformity 

(standard deviation of 6.73 in Table 6-1). The proposed segmented GR radial method with 
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ECG-gating (strategy 4) offered highly uniform k-space sampling that is comparable to the 

conventional GR without ECG-gating.  

 
Figure 6-2 The k-space sampling pattern and local angular sampling density of computer 

simulations on different reordering methods with N=60. In non-ECG-gated methods, both uniform 

sampling and conventional GR provides near-uniform sampling of the k-space. In cases with ECG 

gating, large gaps exist in the k-space sampling pattern of conventional GR while the proposed 

segmented GR method provides a near-uniform sampling pattern, similar to the one without ECG-

gating. 

The k-space global angular uniformities for ECG-gated conventional GR (strategy 3) 

and the segmented GR (strategy 4) using M=161-240 (K=96), calculated as the standard 

deviation of the local angular sampling density 𝑑𝑖, are shown in Figure 6-3. The k-space 

global sampling uniformity for ECG-gated conventional GR varied significantly (0.58° to 

4.41°) depending on the number of radial spokes acquired in each heartbeat and the length 

of each individual cardiac cycle. However, the segmented GR provided a much improved 

k-space global uniformity of 0.46° and is independent of the number of radial spokes in 

each heartbeat. Figure 6-3(b-e) shows the reconstructed images using the k-space sampling 

pattern of the proposed segmented GR and conventional ECG-gated GR when M=178, 189 
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and 225. Severe streaking artifacts were present in the ECG-gated conventional GR images 

due to non-uniform k-space sampling while the segmented GR generated images with 

minimum streaking artifacts in all simulated scenarios. 

Table 6-1 Global angular sampling uniformity of radial spokes with (M=200) 

 N=60 N=96 N=144 N=192 

Uniform 0.0 0.0 0.0 0.0 

Golden Angle (GA) 0.9454 0.4584 0.6990 0.6360 

ECG gated GA 6.7323 3.3002 1.5699 1.3866 

ECG gated Seg GA 1.0886 0.4756 0.4011 0.0258 

 

 
Figure 6-3 (a) The k-space global angular sampling uniformity of ECG-gated GR (K=96, 12 

simulated heartbeat) is dependent on the number of radial spokes within each heartbeat while the 

proposed segmented GR radial technique provides a much more uniform k-space sampling pattern. 

The reconstructed images (c-e) using the sampling pattern of conventional ECG-gated GR when 

M=178, M=189 and M=225 have variable degree of streaking artifacts due to non-uniform k-space 

sampling while the images obtained from segmented GR (b) have minimal streaking artifacts. 
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Phantom Study 

Figure 4 shows the five reconstructed images in the static phantom scans. Similar to 

our computer simulation results, the conventional GR was associated with severe streaking 

image artifacts when the acquisition was gated to ECG (Figure 4d) and the artifacts were 

essentially eliminated using the segmented GR approach shown in Figure 6-4(e). Figure 

6-4(b,c) demonstrate the potential benefit of having smaller angle increments in each 

successive TR. With the conventional GR technique, due to the large 111.25˚ angle 

increment, there were considerable image artifacts (red arrows) and these artifacts were 

eliminated using the re-ordered GR acquisition (strategy 5) because the eddy current 

related phase accruals were much smaller due to the much smaller angle increment for each 

successive TR.  

 
Figure 6-4 Reconstructed images from phantom imaging experiments. The results correlate well 

with computer simulations where the streaking artifacts that are presented in the conventional ECG-

gated GR method (d) are removed in the proposed segmented GR method (e). Moreover, the 

additional imaging artifacts in conventional GR methods (b, d) are completely removed in the 

proposed method (e) and non-ECG-gated reordered GR (c) where an identical sampling pattern, 

but a different reordering is used.  
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6.4.2 In-Vivo Study 

Figure 6-5 shows selected phases of 2D ECG-gated cardiac short axis CINE images 

on a healthy volunteer using the conventional GR and the proposed segmented GR 

methods. Both CINE images were reconstructed into 18 cardiac phases with temporal 

resolution of 40ms. Due to non-uniform sampling of k-space, severe streaking artifacts 

were present in the conventional GR images, which compromised the delineation of the 

overall anatomy. The proposed segmented GR method offered much improved image 

quality in terms of artifacts even though the same number of radial views was used for 

reconstruction.  

 
Figure 6-5 Comparison between 2D radial ECG-gated cardiac cine images using the proposed 

segmented GR (bottom row) and conventional GR (top row). Five out of 18 cardiac phases are 

chosen for display. Severe streaking artifacts due to the non-uniform sampling of the k-space found 

in conventional GR are absent in the reconstructed images using the proposed segmented GR 

method. 

Figure 6-6 shows examples of breath-held 2D cardiac CINE images in the short axis, 

vertical long axis and horizontal long axis, from a healthy volunteer. With conventional 

GR sampling, the subtle heart rate variation during each scan led to small alterations in the 

number of radial spokes within each heartbeat (182±9 spokes per heartbeat), which in turn 
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resulted in significant variations in the image quality. However, the proposed segmented 

GR method was able to provide images with minimum streaking artifacts despite similar 

heart rate variation across the segmented GR radial scans. These results agree well with 

our computer simulation results in Figure 6-3. Figure 6-7 shows selected phases/slices of 

the breath-held 3D cardiac CINE images on four healthy subjects. Similar to the 2D cardiac 

CINE images, the image quality of the conventional ECG-gated GR was not reliable as it 

heavily depends on the subject’s heart rate as well as pulse sequence parameters. The 

images on subjects 1 & 3 were completely non-diagnostic due to severe streaking artifacts. 

The proposed GR method provided images with diagnostic quality and minimum streaking 

artifacts in all four subjects. The relative uniform k-space sampling pattern in the proposed 

GR method is less dependent on variations in heart rate and pulse sequence parameters. 

 
Figure 6-6 2D Cardiac cine images in short axis (a, d), horizontal long axis (b, e) and vertical long 

axis (c, f) of the same subject using conventional GR (a, b, c) and the proposed segmented GR 

method (d, e, f). Due to small variations in the heart rate, the image quality of conventional GR is 

unreliable (a-c). Compared to conventional GR, the proposed segmented GR method generated 

images with uniformly good quality and minimal streaking artifacts. All images are reconstructed 

using same number of radial spokes.  
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Subject image quality scores on the 2D and 3D cardiac CINE images are listed in Table 

6-2. The score of the proposed segmented GR method is significantly higher than 

conventional GR (4.2±0.5 vs. 1.7±0.8, p=0.01). In addition, the standard deviation of the 

image quality scores of the proposed segmented GR method is smaller than the 

conventional GR, suggesting that image quality is more reliable. 

Table 6-2 subjective image quality scores on 2D and 3D cardiac 

CINE using conventional GA and segmented GA. 

Conv. GA / 

Seg GA 

SA 

apex 
SA mid SA base VLA HLA 3D SA 

Subject 1 2 / 4 1 / 5 1 / 4 2 / 4 1 / 5 1 / 4 

Subject 2 1 / 4 1 / 5 1 / 5 1 / 3 2 / 4 1 / 5 

Subject 3 2 / 4 2 / 4 1 / 4 1 / 5 1 / 4 2 / 4 

Subject 4 1 / 4 1 / 4 2 / 4 1 / 4 1 / 4 1 / 4 

Subject 5 2 / 4 3 / 4 3 / 5 1 / 3 3 / 4 1 / 4 

Subject 6 3 / 5 2 / 5 4 / 4 3 / 4 2 / 4 2 / 3 

Subject 7 2 / 4 2 / 4 2 / 4 1 / 4 2 / 4 3 / 5 

 
Figure 6-7 3D cardiac CINE short axis images of four healthy volunteers. The images generated 

from conventional GR (subject 1 and 3) are non-diagnostic due to severe streaking artifacts. The 

images using segmented GR method provide uniformly good quality even though the same number 

of radial spokes were used. 
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In Figure 6-8, one of the 2D cardiac CINE dataset using the proposed segmented GR 

method is reconstructed into two different sets of images: a) 24 cardiac phases with a 

temporal resolution of 33ms; and b) 8 cardiac phases with temporal resolution of 100ms. 

Both sets of images have minimal streaking artifacts. Based on visual impressions, the 

33ms image set had less image blurring than the 100ms image set at ventricular systole due 

to its shorter temporal footprint, although it was also noisier than the 100ms image set, 

which was expected due to the fewer radial spokes used. This example demonstrates the 

flexibility of retrospectively defined temporal resolution afforded by the proposed 

segmented GR method.  

 
Figure 6-8 Image quality with retrospective determination of temporal resolution using one 2D 

cardiac CINE dataset: a) 24 cardiac phases with temporal resolution of 33ms and b) 8 cardiac phases 

with temporal resolution of 100ms. Corresponding CINE movie is available as online 

Supplementary material.  



105 

 

6.5 Discussion 

In this paper, we propose a segmented GR radial method for ECG-gated k-space 

segmented acquisitions and demonstrate its advantage of more uniform and efficient radial 

k-space sampling over conventional GR radial sampling while maintaining the desirable 

ability to retrospectively define the temporal window during image reconstruction. The 

proposed method may be applied to dynamic cardiac imaging applications, such as cardiac 

CINE imaging and phase-contrast MRI. An additional benefit of the segmented GR radial 

technique is the potential reduction of eddy current-related image artifacts during bSSFP 

acquisition, which is related to the reduction of the angular increment from TR to TR.  

Because bSSFP is commonly used in cardiac MRI, this side benefit would be of value. 

Further, the ability to retrospectively select the temporal window during image 

reconstruction would be beneficial in cases of dysrhythmias and/or motion related artifacts 

whereby certain structures are better defined in one phase of the cardiac cycle, but less 

well-defined in another. 

 The computer simulation result shown in Figure 6-3 confirms our hypothesis that 

when applying conventional GR to ECG-gated, k-space segmented acquisitions, the k-

space sampling uniformity is dependent on the number of radial spokes between each 

image acquisition window (i.e. heartbeat duration). Although it is technically possible to 

choose the proper number of radial spokes within a single heart beat based on the 

simulation result in Figure 6-3a, in order to avoid severe k-space sampling non-uniformity 

(e.g. M=178), it is not a practical option for a variety of reasons.  The heart rate of the 

subject is beyond the control of the scan operator and even a small change in heart rate 

could result in dramatic changes in the k-space sampling uniformity. However, the 
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proposed segmented GR method has reliable performance in terms of k-space sampling 

uniformity that is independent of the heart rate.  

In anatomical cardiac imaging applications, the acquisition window is usually defined 

prospectively to limit the data acquisition to the quiescent cardiac phase where myocardial 

motion is minimal. Defining the quiescent phase for each subject is usually done prior to 

image acquisition and thus cannot be adapted to the beat-to-beat variation in heart rate 

during the single image acquisition. Improperly defining the quiescent phase may 

potentially lead to motion artifact in the images and, if severe, may require a repeated scan. 

The proposed segmented GR method provides a potential solution by enabling the 

acquisition window to be retrospectively defined. The acquisition window can be 

determined using either off-line analysis of the recorded ECG signal(112) or by using self-

gating techniques where k-space data are used to estimate the cardiac motion(57,86,113). 

In this work, we applied the proposed segmented GR method to cardiac CINE 

applications using 2D radial and 3D stack-of-stars trajectories. The principle of the 

proposed method could also be applied to 3D radial “koosh ball” trajectory by first 

segmenting the radial sphere into multiple 2D regions and perform 2D golden ratio(102) 

reordering inside each 2D region within a heartbeat. 

The images generated using computer simulations, phantoms, and in-vivo studies were 

all reconstructed using standard k-space gridding and Fourier transform. Several recent 

non-linear image reconstruction methods(50,51,114) take advantage of multiple coil arrays 

and image sparsity to remove aliasing and streaking artifacts in under-sampled k-space 

acquisitions. Although these algorithms, in theory, are capable of estimating the missing 

k-space data and reconstruct any under-sampled k-space data, their performance is highly 
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dependent on the specific k-space sampling pattern. Chan et al. compared the performance 

of compressed sensing reconstruction under different radial sampling schemes and 

concluded that while Cartesian under-sampling trajectories require randomness to generate 

incoherent artifacts for compressed sensing, radial projections with random angles in radial 

under-sampling is not desirable compared with those having evenly spaced 

projections(105). Therefore, we expect our proposed segmented GR method to outperform 

conventional ECG-gated GR even when these advanced non-linear image reconstruction 

methods are used. The strengths of the proposed segmented GR method lie in its ability to 

provide a more stable and uniform k-space sampling pattern. However, additional 

simulations and testing under different clinical conditions is warranted to further validate 

our expectations. 

The computer simulation, phantom and in-vivo studies in this study were all based on 

prospectively ECG-triggered cardiac CINE acquisitions, which may not cover the entire 

cardiac cycle due to the need for “dummy pulses” at the end of the heart beat to 

accommodate heart rate variations. It is well known that retrospectively ECG-gated 

acquisitions can overcome this problem. However, in this study, we used the prospectively 

ECG-triggered acquisition because the number of radial spokes acquired in each heartbeat 

is constant, which allows us to better study the behavior of the k-space sampling non-

uniformity and its relationship with the heart rate variations. For retrospective ECG-gated 

acquisitions, the same k-space sampling non-uniformity issue also exists and our 

segmented GR radial technique would be equally applicable to address this issue. 

In summary, we investigated the k-space sampling pattern and the resulting image 

artifacts when applying conventional GR to ECG-gated cardiac imaging. We found that 
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the degree of k-space non-uniformity is dependent on the number of k-space spokes 

between two image reconstruction windows (i.e. heartbeat duration in ECG-gated cardiac 

applications). Our proposed segmented GR method successfully addresses the non-uniform 

sampling issue when combining conventional GR with ECG gating and can be potentially 

applied to any ECG-gated cardiac imaging applications, including CINE and flow imaging 

as well as cardiac phase-resolved coronary MRI, to allow for retrospective selection of 

temporal resolution. 

  



109 

 

Chapter 7 Technical Translation II: Respiratory 

Resolved 4D-MRI 

In the cardiovascular imaging applications described in Chapter 4 and 5, the acquired 

k-space data is retrospectively gated to a single end-expiration position and binned into 

different cardiac phases so that cardiac motion is resolved while respiratory motion is 

“freezed”. In this chapter, we used the same ROCK sampling pattern described in Chapter 

4, but with a slightly different data binning strategy to acquired respiratory resolved 4D 

images. These images are useful to quantitatively analysis the breathing-induced motion in 

abdominal organs for personalized treatment planning in radiation therapy.  

7.1 Introduction 

In radiation therapy of abdominal tumors, it is necessary to quantitatively assess the 

patient-specific breathing motion to determine individual margins for optimal radiation 

beam delivery (115). As the current clinical standard, four-dimensional computed 

tomography (4D-CT) acquires a series of massively over-sampled 2D slices and then 

retrospectively sort them into multiple 3D datasets in different respiratory phases or 

positions (116–118). However, 4D-CT delivers excessive ionized radiation to the subject 

due to its relatively long scan time, and its soft-tissue contrast is usually insufficient for 

tumor delineation in the abdomen. In addition, the 2D image sorting will result in “stitching” 

artifacts which potentially undermines abdominal organ visualization as well as the 

accuracy of motion quantification (119–121).  
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As an alternative modality, four-dimensional magnetic resonance imaging (4D-MRI) 

offers excellent soft-tissue contrast and is free of ionized radiation. Following the concept 

of 4D-CT, the majority of existing 4D-MRI approaches acquire multiple 2D real-time (2D-

RT) images in consecutive slices and retrospectively sort them based on recorded 

respiratory motion surrogate (119–124). As a result, these 2D based methods bear similar 

“stitching” artifacts as 4D-CT does, and their >2 mm in-plane resolution and 5-10mm slice 

thickness are inadequate for accurate motion quantification (84). Deng et al recently 

proposed a novel 4D-MRI technique with high spatial resolution and is free of the 

“stitching” artifacts because 2D image sorting is replaced by 3D k-space binning (84). 

Specifically designed golden ratio 3D radial trajectory (101,102) was used that supports 

self-gated (SG) (57,58) respiratory surrogate for k-space binning. However, the T1-

weighted Gradient-Recalled-Echo (GRE) used in this technique does not offer optimal 

contrast for tumor delineation as the more popular balanced steady-state free-precession 

(bSSFP) with T2/T1 weighting. In addition, the cubic field-of-view and computational 

demanding image reconstruction associated with 3D radial trajectory potentially limit the 

scan efficiency and overall clinical productivity. 

In this work, we proposed a 4D-MRI technique based on bSSFP and 3D Cartesian 

trajectory. A ROtating Cartesian K-space (ROCK) reordering method was designed that 

incorporates repeatedly sampled k-space centerline as respiratory motion surrogate and 

allows retrospective k-space data binning into multiple respiratory positions. The proposed 

technique was validated in imaging studies on motion phantom and healthy volunteers, 

where quantitative motion measurements based on 4D-MRI were compared with those 

based on 2D-RT images.  
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7.2 Methods 

A standard bSSFP MRI pulse sequence was modified using ROCK, a 3D Cartesian k-

space reordering method that provides: 1) variable density k-space sampling for improved 

scan efficiency (40); 2) repetitively sampled k-space center-line(125) as respiratory motion 

surrogate; 3) flexibility of retrospective data binning into multiple respiratory positions. 

Technical details of the ROCk sampling pattern is available in Chapter 4.   

7.2.1 Motion Estimation and Data Binning 

The k-space center-lines in ROCK pattern were used as the respiratory motion 

surrogate. They were first Fourier transformed into projections in the superior inferior (SI) 

direction and then interpolated 8-fold to achieve sub-pixel resolution (~0.2mm). The shift 

relative to the reference (i.e. first SI projection) were estimated by maximizing the cross-

correlation and subsequently used as the respiratory motion surrogate. In Eq. 7-1, 𝐟𝐭  and 

ft ̅ are the current SI projection shifted by t and its mean value, respectively, 𝒈 and �̅� are 

the reference (i.e. first) projection image and its mean value, respectively, 𝜎 represents the 

standard deviation. Compared with using cross-correlation coefficient alone(20,61,84), this 

method calculates the respiratory motion in millimeters and is not sensitive to the choice 

of reference.  

 d = argmax
t∈ℝ

∑ [(ft −ft ̅)∙(g−g̅)]x

σft 
∙σg

           (7-1) 

All acquired k-space data was then binned into Nresp respiratory positions based on the 

magnitude of the derived respiratory motion surrogate. Instead of the binary data binning 

decision, a unit Gaussian weighting was generated with Full-Width Half maximum 

(FWHM) set to 1/Nresp of the total respiratory range, as shown in Figure 7-1. The Gaussian 
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weightings were used as the soft-gating term in the ESPIRiT image reconstruction, which 

has been shown to effectively improve the signal-to-noise-ratio (SNR) without introducing 

noticeable motion blurring artifacts(87).   

 
Figure 7-1 Conventional respiratory gating are based on binary gating decisions. The proposed 4D-

MRI uses soft-gating approach with Gaussian shaped motion weighting.    

7.2.2 Image Reconstruction 

Two different image reconstruction strategies were used in this study. In motion 

independent reconstruction (strategy 1), 3D k-space from each respiratory position was 

reconstructed independently using: 

𝐟(𝐱) = 𝐚𝐫𝐠𝐦𝐢𝐧
𝐱

‖𝐰(𝐒𝐃𝓕𝐱 − 𝐲)‖𝟐
𝟐 +  𝛌𝚿(𝐱)           (7-2) 

, where 𝒙 is the reconstructed volumetric image; 𝑫 and 𝓕 represent under-sampling and 

Fourier transform operations; 𝑺 is the coil sensitivity map estimated by ESPIRiT (50); 𝑤 

is the Gaussian-shaped respiratory motion weightings; 𝐲  is the k-space 

measurements; Ψ(x) is the regularization term on spatial sparsity in the wavelet domain. 
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In motion regularized image reconstruction (strategy 2), images from all respiratory 

positions were reconstructed together using: 

𝐟(𝐱) = 𝐚𝐫𝐠𝐦𝐢𝐧
𝐱

∑ {‖𝐰𝐢(SiDiℱ𝐱𝐢 − 𝐲𝐢)‖𝟐
𝟐 +  𝛌𝚿(𝐱𝐢)} +  𝛌𝐦𝓡(𝐱)𝐢        (7-3) 

, where i = {1…Nresp} represents different respiratory positions and 𝓡(𝐱)  is the 

sparsifying transform applied along the respiratory dimension. In this work, 

temporal finite differences (i.e. total variation) were used (48).  

    Motion estimation, data binning and image reconstruction algorithms were 

implemented in our customized inline image reconstruction system (89). K-space 

data is transmitted to the server as it is acquired. After data binning and image 

reconstruction, the reconstructed DICOM images are transmitted back to the scanner 

console, all done within 10 minutes using CPU and GPU acceleration. A web-based 

graphic interface is available for users to configure and monitor the reconstruction 

process.   

7.2.3 Phantom Experiment 

A custom made MRI-compatible motion stage was used to validate the proposed 4D-

MRI technique. As shown in Figure 7-2, a computer-controlled step motor drives a 

hydraulic cylinder that transmits the reciprocating motion to a second hydraulic cylinder 

connected to a moving platform inside the scanner room. Two linear potentiometers are 

used to measure the displacement of the cylinders for feedback control and system 

calibration.   
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Figure 7-2 (a) The MRI-compatible motion stage is able to generate parametric motion waveforms 

with triangular and trapezoid shape(b). The reciprocating motion of a computer controlled step 

motor (c) is transmitted to a motion stage placed inside the scanner (d) hydraulic cylinders and 

silicon tubes. The motion stage are made with wood and 3D-printed PLA materials for MRI 

compatibility.   

A 300ml plastic bottle filled with water was placed in the platform as the moving 

object, which is surrounded by two 1000ml static water bottle on both sides. The motion 

stage was programmed with different motion parameters (amplitude: 28 and 14mm; period: 

8s, 12s, 16s and 20s; triangle and trapezoid waveform). The proposed 4D-MRI technique 

was repeated for each motion configurations. Important pulse sequence parameters 

includes: field-of-view=500x300x200mm; resolution=1.2x1.2x1.6mm; te/tr=2.0/4.0ms; 

flip angle=65; scan time=5min; fat saturation pulses every 200ms.  

Data was retrospectively binned into Nresp=8 respiratory positions and reconstructed 

using Eq. 7-2 (strategy 1). The locations of the moving object in each respiratory position 

were measured on 4D-MRI images and compared with the ground truth motion parameters. 
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7.2.4 In-vivo Experiments 

The proposed 4D-MRI technique were also tested on 6 healthy volunteers. No specific 

breathing instructions were given to the subjects. 4D-MRI scans were performed using 

identical sequence parameters as those used in phantom experiment. Additional 2D-RT 

(bSSFP, resolution=1.8x1.8x6mm; 5fps; TA=30s) scans were repeated six times with 

different slice orientations (two sagittal, two coronal and two axial). 4D-MRI data was 

retrospectively binned into Nresp=8 respiratory positions and reconstructed using Eq. 7-3 

(strategy 2).  

In order to compare the motion measurements based on 4D-MRI and 2D-RT, 

reconstructed 4D images were reformatted to match the slice orientations of 2D-RT images 

(coronal and sagittal). In-plane motion amplitudes of three regions of interest (ROI), 

including the diaphragm dome; left and right kidney, were measured based on reformatted 

4D and 2D-RT images.  

7.3 Results 

Figure 7-3 shows the result of 4D-MRI on motion phantom using the following 

configuration: amplitude=28mm; period=16s; triangle waveform. The motion surrogate 

derived from k-space center-lines is in accordance with the ground truth motion waveform. 

The images of the first and last respiratory positions are color-overlaid for motion 

amplitude measurement in Figure 7-3c. The measured motion amplitude of 24.82mm is 

11.36% smaller than the ground truth peak amplitude (28mm), which is expected due to 

the average effect of data binning. For a triangular motion waveform where the motion is 

uniform within each bin, there will be a 1/Nresp (i.e. 12.5%) difference between the 

measured motion amplitude and the ground truth, as illustrated in Figure 7-3d. Table 1 lists 
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all motion amplitude measurements under different configurations and they are 11.89% 

(expected: 12.5%) smaller than the ground truth when triangular waveform was used, and 

6.22% smaller than the ground truth when trapezoid waveform was used.   

 
Figure 7-3 (a) the time series of projections and the derived motion surrogate; (b) the object in the 

4D images (selected slice) has different locations; (c) first and last phase of 4D-MRI are color-

overlaid for motion amplitude measurement; (d) the motion amplitude measurement based on 4d-

mri has a system deviation of -1/Nresp with the ground truth for trianglar shaped motion.    

Figure 7-4a shows selected pieces of respiratory motion surrogate from a single 4D-

MRI on a healthy volunteer. The baseline, amplitude and frequency of motion is highly 

inconsistent among different breathing cycles. Several inspiration peaks in this example 

(marked in red) have different amplitude, which will be binned together and result in 

motion artifacts if respiratory phase based data binning is used. In the proposed method, 

however, data binning was based on respiratory magnitude and these inspiration peaks 

were binned into different respiratory positions. The multiple 3D K-spaces after 

retrospective data binning have uniform angular sampling pattern (Figure 7-4c), which is 

supported by the segmented golden ratio rotation of quasi-spiral arms in ROCK. Figure 7-5 

shows the reconstructed 4D-MRI images (4 out of 9 positions) reformatted into sagittal, 
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coronal and axial slice orientations. Major abdominal organs, including the liver, kidney 

and pancreas are clearly visualized in 3D and in different respiratory positions.  

 

 

 

Figure 7-4. Motion 

surrogate and data 

binning results 

from a healthy 

volunteer 

Table 7-1  Motion amplitude measurements on phantom 

Amplitude 
(mm) 

Cycle 
(s) 

Waveform 
Measurement 

(mm) 
Difference 

(%) 

28 20 Trapezoid 26.61 -4.96 

14 20 Trapezoid 12.92 -7.71 

14 16 Trapezoid 13.16 -6.00 

28 16 Triangle 24.82 -11.36 

14 16 Triangle 12.24 -12.57 

14 12 Triangle 12.13 -13.35 

14 8 Triangle 12.56 -10.28 
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Figure 7-5. 4D-MRI images in selected phases and slice orientations, from a healthy volunteer. 

The 3D k-space of different respiratory positions have different under-sampling rate 

due to the heterogeneity of individual’s breathing pattern. This will result in image quality 

variations across different respiratory positions when motion independent image 

reconstruction is used. In the example shown in Figure 7-6, the k-spaces of the first and 

last respiratory positions have under-sampling rates of 5.4x and 9.5x respectively and 

image of the last respiratory positions has severe artifacts that potentially limit the 

delineations of abdomen organs or tumors. In motion regularized image reconstruction, 4D 

images are reconstructed in a joint optimization process and the image quality are more 

uniform, which helps to quantify motion in each respiratory position and under different 

respiratory pattern.  

Quantitative motion amplitude measurements over three ROIs are listed in Table 7-2. 

The measurements based on 4D-MRI are within ±15% of those based on 2D-RT. The 

relative high variation between the two measurements may be due to the variation of 
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breathing patterns between the two separate scans and the relative low spatial resolution of 

2D-RT images. 

 

 

 

 

 

 

Table 7-2 Quantitative motion amplitude measurement volunteers 

 
Diaphragm (mm) 

Coronal slice 
Right Kidney (mm) 

Coronal slice 
Left Kidney (mm) 

Sagittal Slice 

 4D-MRI 2D-RT* 4D-MRI 2D-RT* 4D-MRI 2D-RT* 

Subject 1 29.58 25.46 23.72 20.21 22.98 19.68 

Subject 2 16.14 15.01 12.40 11.62 11.01 12.61 

Subject 3 20.54 20.02 14.91 13.13 12.45 11.87 

Subject 4 13.21 13.38 8.77 9.40 7.38 8.17 

Subject 5 17.53 16.66 14.00 12.80 12.54 11.70 

Subject 6 24.19 22.20 18.91 18.78 18.44 18.85 

Error (%) -5.89±5.20 -5.85±8.02 0.29±10.98 

* measurements averaged over 40 seconds (4-6 cycles) 
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Figure 7-6 comparison of different image reconstruction strategies.  

7.4 Discussion 

In this work, we proposed a 4D-MRI method based on 3D ROCK acquisition and 

retrospective k-space data binning. The preliminary results on phantom and healthy 

volunteers demonstrated that the proposed method could be used to quantitatively assess 

the respiratory motion in abdominal organs.   

The programmable motion stage in our phantom experiments were able to generate 

parametric and reproducible motion to quantitatively validate the proposed 4D-MRI 

technique. The motion configurations used in the study were analogous to the respiratory 

motion of human subjects in terms of magnitude and cycle. The triangular waveform 

offered uniform spatial distribution over entire motion range so that the difference in 

motion magnitude measurements due to data binning could be predicted. The 4D-MRI 

images were reconstructed into 8 respiratory positions and therefore the magnitude 
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measurement based on those positions was expected to be 12.5% less than the ground-

truth. Our result shows that those measurements were 11.89% less than the ground-truth. 

Furthermore, the trapezoid waveform used in the study has non-uniform spatial distribution 

in the first and last positions with bias towards the peak. Accordingly, the motion 

magnitude measurements in these configurations were 6.22% less than the ground-truth. 

These results demonstrated the accuracy of motion measurements based on the proposed 

4D-MRI technique.  

The result from volunteer study shows relative large difference between motion 

magnitude measurements based on 4D-MRI and those based on 2D-RT. This could be due 

to the temporal variation of breathing patterns between the two scans. We have observed 

breathing pattern variations from the images of the 2D-RT scan, as well as from the derived 

motion surrogate of the 4D-MRI scan. From this prospective, the 4D-MRI measurement is 

believed to better profile the subject’s breathing motion because it is based on data acquired 

over a 5 minute period, whereas 2D-RT data is acquired in 30 seconds. In addition, the 

aforementioned binning effect as well as the relative large voxel size (1.8x1.8x6mm3) of 

2D-RT could also contribute to the difference in motion measurements.  

One of the key component in the proposed 4D-MRI method is the ROCK pattern, 

where several technical specifics were designed to ensure a robust and efficient k-space 

sampling. First, the Cartesian k-space is reordered using quasi-spiral interleaves. 

Compared with similar patterns using radial-like interleaves(126), the quasi-spiral 

interleaves provides k-space sampling that is more in-coherent especially when anisotropic 

ky-kz matrix is used. Second, the spiral interleaves are rotated using golden angle that 

ensures near-uniform angular distribution after retrospective data binning. Third, the 
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Cartesian grid was divided into several rings and the size of each rings controls the 

sampling density in the radial direction. This design enables a more efficient variable 

density k-space sampling where the center region is more densely sampled than the outer 

region. Finally, the sampling point selection for the quasi-spiral interleaves were based on 

minimizing a cost function that prevent the same point from being repeatedly sampled 

while still favors the golden angle rotation. We showed several examples of the k-space 

sampling pattern after data binning that demonstrate the benefits of these designs.  

In the proposed 4D-MRI method, the k-space center-lines from the imaging volume 

were used as the respiratory motion surrogate. Compared with motion surrogates based on 

external devices (respiratory bellows), the k-space center-lines provide information 

directly from the imaging object and therefore are theoretically more accurate and reliable. 

In addition, the acquisition of k-space center-line is fully integrated within the ROCK 

sampling pattern. The magnetization steady-state is not disrupted by the acquisition of k-

space center-lines, whereas an alternative technique, diaphragm navigator, usually creates 

dark bands over the liver. The accuracy of k-space center-line as motion surrogate was 

demonstrated in our phantom experiments where the derived motion signal matches well 

with the programmed motion waveform.  

It is noteworthy that the data binning used in the proposed method is based on the 

magnitude of the respiratory motion rather than the phase. One direct benefit of amplitude 

based data binning is that it is insensitive to longitudinal variation of breathing pattern. Our 

result shows that the positions and amplitude of the 50-100 breathing cycles within the 5 

minutes 4D-MRI scan are highly variable even in healthy adult subjects. For instance, two 

pieces of data acquired during a deep inspiration and a sallow inspiration will be put 
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together in phase-based binning methods, which will result in blurring and ghosting 

artifacts in the reconstructed images. Although some data rejection methods have been 

used to address this problem (84), the rationale of this strategy needs further justifications. 

In addition to the compromised scan efficiency, the 4D images after data rejection may no 

longer represents the true breathing pattern, but rather one artificially picked “regular” 

breathing pattern. In amplitude based method, however, data binning is based purely on 

the absolute respiratory position that is not affected by the variation on breathing pattern.   

The ROCK sampling could provide k-space bins with near-uniform sampling in the 

angular direction and variable density sampling in the radial direction. However, the actual 

sampling rate of each k-space bins also depends on the shape of the breathing motion. A 

heterogeneous breathing pattern could result in inconsistent k-space under-sampling rates 

and, consequently, variations in image quality among different respiratory positions. In the 

proposed method, we addressed this issue by using a motion regularized image 

reconstruction where all 4D images were reconstructed using a joint equation with a 

regularization term that penalizes differences among images of different respiratory 

positions. This concept was proposed by Feng et al. (48) for accelerations in cardiovascular 

imaging applications. Our preliminary result shows that this method could compensate for 

the inconsistency in k-space under-sampling rate and results in 4D images with uniform 

quality. However, this method could be further improved by designing new regularization 

terms that incorporates the respiratory motion model information (127). 

The proposed method is based on 3D Cartesian sampling that holds several technical 

and practical advantages over non-Cartesian sampling like 3D radial. First, the imaging 

field-of-view of Cartesian sampling is more flexible whereas the 3D radial sampling is 
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limited to an isotropic field-of-view. For imaging application in the abdomen, an isotropic 

field-of-view may inevitably include regions outside the body and potentially compromise 

the scan efficiency. Moreover, Cartesian sampling is less sensitive to hardware 

imperfections. Additional data manipulation, including gradient delay correction and phase 

correction, is warranted to remove imaging artifacts in reconstructing non-Cartesian 

dataset and these techniques are usually designed specifically for certain systems and are 

not widely available. In Cartesian sampling, the behavior of these hardware imperfections 

are quite different and hardly noticeable in the reconstructed images. In addition, the 

computation power required to reconstruct Cartesian dataset is much less than those 

required for non-Cartesian dataset. This problem becomes more prominent when iterative 

image reconstruction algorithms like compressed sensing are used. In this study, all data 

binning and image reconstruction algorithms were finished in 10 minutes on a PC (6-core 

CPU@3.5GHz, 32GB RAM, GPU), which is not possible if non-Cartesian sampling was 

used (20,48,52).  

Our study has some limitations. The in-vivo validation includes only 6 subjects, which 

is relatively small. No patient was included in the study and therefore we were unable to 

use the proposed techniques to characterize the motion of abdominal tumors. Future work 

includes clinical studies to validate the proposed technique on patients and to compare it 

against 4D-CT, which is the current clinical standard.   
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Chapter 8 Conclusion 

In this thesis, we have demonstrated the feasibility of a new CMR approach for 

pediatric patient with CHD. The proposed approach uses a single non-breath-hold 4D 

MUSIC scan during steady-state distribution of ferumoxytol in the blood pool to provide 

previously un-obtainable levels of detail for this challenging application and potentially 

represents a new paradigm of CMR in pediatric CHD patients whereby comprehensive 

volumetric information about cardiovascular anatomy and function can be acquired non-

invasively in 10 minutes, without ionizing radiation. 

From January 2014 to April 2016, the 4D MUSIC and its derivative self-gated ROCK-

MUSIC were performed on over 100 pediatric CHD patients in Ronald Regan Medical 

Center at UCLA. The results are exciting to the local clinical teams, including physicists, 

pediatric cardiologists, radiologist, anesthesiologists and cardiac surgeons because the 

diagnosis based on 4D MUSIC images have already made a real positive impact in the 

clinical management of several patients, including avoidance of costly and invasive 

diagnostic catheterization and changing surgical plan.  

8.1 Summary of technical development 

8.1.1 Imaging during steady-state distribution of ferumoxytol in the blood pool 

In the proposed 4D MUSIC technique, ferumoxytol was used as an intravascular 

contrast agent for pediatric CHD patients. Several previous work have demonstrated the 

use of ferumoxytol in diagnostic imaging applications in both adults and children. While 

many of these studies focused on using ferumoxytol as a substitute for traditional GBCA 

without much changes in imaging techniques, the 4D MUSIC further exploits the its unique 
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pharmacokinetics, which supports a prolonged scan with cardiac and respiratory motion 

compensation during its steady-state intravascular distribution phase. The strong T1 

relaxivity and long intravascular half-life of ferumoxytol also supports other technical 

innovations in this thesis.  

8.1.2 Self-gated retrospective motion compensation strategy 

Motion has been, and probably will continue to be, one of the major challenges of 

CMR. In this thesis, we started from the conventional breath-held CE-MRA with no cardiac 

motion compensation, to the prospectively respiratory gated and cardiac triggered 4D 

MUSIC using ECG and ventilator pressure signal, to the more recent self-gated ROCK-

MUSIC with retrospective motion compensation strategy. Along this path, we have 

witnessed clear improvements in image quality, scan reliability and clinical utility.  

The ROtating Cartesian Kspace sampling pattern is the key in the proposed 

retrospective motion compensation strategy. The sampling pattern includes repeatedly 

sampled k-space centerline for motion self-gating. In addition, it is relative robust to motion 

and provide the flexibility of retrospective data binning based on derived motion self-

gating signal. Furthermore, it has all the benefits of Cartesian sampling, including flexible 

fields-of-view settings, relative insensitive to hardware imperfections and lighter 

computation in image reconstruction, all of which are non-trivial problems in clinical 

practice. The ROCK sampling pattern, along with retrospective motion self-gating and 

compressed sensing image reconstruction, further improves the image quality of 4D 

MUSIC while shorten the acquisition time and eliminate the need of external physiological 

signal for motion gating.  
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8.1.3 Motion-weighted image reconstruction 

Soft-gating is a simple yet efficient method for reducing motion artifacts in the 

compressed sensing image reconstruction framework. We applied soft-gating in both 

cardiac and respiratory motion direction in order to improve the temporal resolution of the 

self-gated ROCK-MUSIC dataset. The result of our study shows that the soft-gating 

method could provide images with similar quality and cardiac functional measurements 

with the ones using state-of-art motion regularized reconstruction methods, but with much 

less computation complexity.   

8.1.4 Inline Image Reconstruction System 

An inline image reconstruction system was developed and deployed in Ronald Regan 

Medical Center at UCLA where all the clinical pediatric CMR scans were performed. The 

system is fully integrated with the existing clinical workflow and provides a powerful 

platform to translate the motion compensation and image reconstruction algorithms into 

daily clinical practice.  

8.2 Future outlook 

8.2.1 Motion corrected 4D MUSIC 

In 4D MUSIC and self-gated ROCK-MUSIC, data acquisition is either prospectively 

or retrospectively synchronized with physiological motion. Although this motion 

synchronization strategy could effectively remove the motion artifacts in the reconstructed 

images, it will inevitably lead to low scan efficiency as the majority of the acquired data is 

not used in image reconstruction. Several techniques were proposed to address this problem 

by correcting the phase of the acquired k-space using 1D translation (19) or 3D affine (20) 

motion models and promises near 100% scan efficiency. However, in many imaging 
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applications including the 4D MUSIC, the imaging field-of-view includes tissues that are 

subject to respiratory motion as well as tissues that are less affected by respiration. 

Therefore, simple translation or affine models may not be sufficient to accurate 

characterize the underlying motion.  

 
Figure 8-1 Workflow of the proposed strategy. Complex respiratory motion is modeled using 

voxel-based linear translations, which are estimated using 3D image registration after data binning 

using a respiratory surrogate signal. The voxel-based motion vector is represented by fewer 

approximations (N = 50) after k-means clustering for reduced computation. Linear k-space phase 

correction is performed for each motion vector and combined with reference bin for image 

reconstruction. The final output image is generated by pixel-based image fusion where the voxel 

value is selected from the motion corrected images (1-N) with the corresponding motion vector 
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We recently proposed a technical strategy of non-rigid respiratory motion correction, 

as illustrated in Figure 8-1. In the proposed strategy, respiratory motion is modeled as non-

rigid deformable motion rather than translational or affine transformation. Image 

registration technique is used to quantitatively estimate the voxel-wise motion vector fields. 

Global non-rigid motion is approximated by voxel-based linear translational motion for k-

space phase correction. The final images are generated by voxel-based image fusion of all 

the motion corrected images. We expect the proposed method could remove the motion 

artifacts when k-space data acquired in more than one respiratory state is used for 

reconstruction and thus potentially improve the scan efficiency. 

The proposed method was applied on a 4D MUSIC dataset acquired on a 1-year-old 

patient. The data was retrospectively binned into 2 respiratory states using airway pressure 

signal. The kspace under-sampling rate of each bin was 12X. Image registration was 

performed using Elastix toolbox. Images were reconstructed using ESPIRiT. As shown in 

Figure 8-2, the motion corrected image has higher SNR (blood pool: 25.4 vs 14.5) than the 

ones reconstructed from single respiratory state because double amount of kspace data was 

used. When compared with the images from uncorrected 2 respiratory states, vascular and 

cardiac structures in the chest and abdomen are better defined in the motion corrected 

images. 
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Figure 8-2 Reconstructed ferumoxytol-enhanced non-breath-held angiography images using data 

from single respiratory state (a), two respiratory states without correction (b) and two respiratory 

states with the non-rigid motion correction. The images using 2 respiratory states (b,c) has higher 

SNR than (a) because the amount of kspace data used in reconstruction is doubled. The vascular 

and cardiac structures in different regions of the motion corrected image (c) are better defined than 

the ones in image without correction. 

8.2.2 4D-MUSIC in other patient population 

The self-gated ROCK-MUSIC has been applied in pediatric CHD patients who 

underwent MRI with general anesthesia and mechanical ventilator support, although the 

ROCK-MUSIC technique is also applicable in other patient populations, including 

pediatric and adult patients during spontaneous breathing (light or no sedation). Figure 8-3 

shows the ROCK-MUSIC images on a 55-year-old male patient during spontaneous 

breathing. Cardiac structures and major blood vessels, including left coronary artery are 

well defined in the ROCK-MUSIC images. Additional development is needed to further 
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optimize the scan protocol, including the sequence and image reconstruction parameters, 

and the dose of the ferumoxytol injection.   

 
Figure 8-3 Self-gated ROCK-MUSIC on a 55-year-old male patient during spontaneous breathing 

8.2.3 4D-MRI in the motion management of radiation therapy 

UCLA recently installed a MRI-guided radiotherapy system (ViewRay, Cleveland, 

OH). The ViewRay MRI sub-system is a high-performance 0.35T super-conducting 

scanner that is essentially a state-of-the-art Siemens Avanto scanner except that the field 

strength is lowered from 1.5T to 0.35T on purpose to reduce the electron return effect 

during a concurrent radiotherapy. Currently, the ViewRay system is used to treat patients 

on a daily basis in UCLA department of radiation oncology. Performing 4D-MRI (chapter 

7) on the view-ray system will not only allows us to clinically validate the proposed 

technique in different patient population, but also opens more research possibility, 
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including studies on the longitudinal changes in breathing pattern throughout the entire 

therapy period, and adaptive motion management or even real-time gated dose delivery 

based on 4D-MRI images.   

We have ported the 4D-MRI sequence from the 1.5T system to the 0.35T view-ray 

system and performed a 4D-MRI scan on a patient with hepatic tumor, as shown in Figure 

8-4. Although there is a theoretical ~5X lost in SNR from 1.5T to 0.35T, the qualities of 

4D-MRI images acquired in 0.35T were comparable with those acquired in 1.5T, partly 

because the use of higher flip angle and lower bandwidth. However, further sequence 

optimization is warranted, including developing new techniques to suppress the fat signal, 

which is quite challenging because the frequency difference between water and fat 

decreases with field-strength.  

 
Figure 8-4 4D-MRI on a patient with hepatic tumor, acquired in a 0.35T MRI guided radiation 

therapy suite.  
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APPENDIX I Inline Image Reconstruction System 

Despite tremendous recent advances in non-linear image reconstruction methods, their 

clinical utility has been significantly held back by the limited computational power that is 

provided by the MRI system manufacturers and lack of flexibility in customizing the image 

reconstruction pipeline. To address this issue, we developed a MR image reconstruction 

system in which algorithms can be implemented on the computer nodes connected to the 

MR scanner such that k-space data is sent to the nodes for calculation and reconstructed 

images are sent back to the scanner system as part of the default pipeline. Different levels 

of parallel computing are possible, including multiple nodes, multi-thread CPU and multi-

core GPU.  

Figure A-1 shows the schematic outline of the proposed framework. Two TCP/IP 

communication modules were inserted into the default reconstruction pipeline and bypass 

operation like FFT, GRAPPA, coil combination etc. Other vendor provided modules, such 

as pre-reconstruction k-space filters and post-reconstruction image filters remain in the 

pipeline. One or more computer nodes are connected via Ethernet that receives the k-space 

data, perform the non-linear reconstruction and push the image data back into the vendor 

provided reconstruction pipeline so that any post-recon image filters can be applied. CPU 

and GPU based acceleration is possible depending on hardware and software availability. 
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Figure A-1. The proposed reconstruction framework has one or more custom-built computer nodes 

connected to the default recon pipeline via TCP/IP. Standard operation like FFT, GRAPPA and 

coil combination is bypassed but other vendor provided k-space and image-space filters are 

remained in the pipeline. 

The proposed inline reconstruction system was set up alongside the Siemens MRI 

scanner (MAGNETOM Trio) in Ronald Regan Medical Center at UCLA. A custom built 

Linux PC (CPU: 4 core/4GHz, Memory: 32GB, GPU, Cost: $1000) was used as the 

computer node. Motion compensation and image reconstruction algorithms described in 

Chapter 4 5 and 7 were implemented on the system using C++ and open-source MRI 

reconstruction toolbox(88). A web based graphical user interface is developed that enables 

controlling and monitoring of the reconstruction process within local network.  
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From 2015 to 2016, images of over 40 clinical ROCK-MUSIC scans were 

reconstructed using the proposed system. All image reconstructions were successful and 

the 4D DICOM images were available at the scanner console 6-15 minutes after the scan. 

Since most of the calculation took place on the computer node and did not use the vendor 

provided resources, additional scans like 2D CINE and flow quantification MRI could be 

performed during image reconstruction such that there was no dead time during the 

workflow of the scans as shown in Figure A-2. 

 
Figure A-2 Timeline of the 4D MRA reconstruction process. K-space data are sent to computer 

nodes during the scan which takes 5-7 minutes. Some preprocessing, including coil sensitivity map 

estimation are performed in parallel. It takes 3-5 minutes to reconstructed the 4D dataset (matrix 

size: 500x300x120x8) and additional 1 minutes to send back the images, during which time 

additional scan like 2D CINE is possible because the proposed reconstruction does not use the 

resources of vendor-provided system. 

The proposed reconstruction system significantly increased the computational power 

and development flexibility of existing MR image reconstruction system at a very low cost 

(~$1000). Furthermore, the system facilitates fast translation of new techniques, like the 

ones proposed in Chapter 4 and 7, into current clinical workflow and improves patient care.  
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APPENDIX II MR-compatible Motion Platform 

A MR compatible motion platform was developed to quantitatively evaluate the 

respiratory motion resolved 4D-MRI technique proposed in Chapter 6. The motion 

platform is able to carry objects up to 1 kg and execute one-dimensional motion with 

different frequency, magnitude and waveform.  

The major challenge during the design of the motion platform was that no metal 

materials is allowed inside the scan room, for both safety reasons as well as avoiding 

imaging artifacts. This means conventional motors, electronics, battery and even small 

metal pieces like screws or nails cannot be used. Our solution was to use a hydraulic system 

to transmit the force from a module outside the scanner room to another module inside the 

scanner room, as shown in Figure A-3. Medical plastic syringes and tubes were used to 

build the hydraulic system.  

 
Figure A-3 A hydraulic system was used to transmit the reciprocal motion of the motor to the 

platform inside the scanner.   
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Figure A-4 Electrical schematics of the system, including controller, I/O interface, and step motor.  

A microcontroller board (Arduino Uno, ATmega328P) was used to control a linear 

stage driven by a step motor. A potentiometer was connected to the linear stage that 

converts the displacement into measurable voltage signal for feedback control. A simple 

I/O interface, including a LCD matrix and 4 switches were also developed for information 

display and user input. Complete electrical schematics are shown in Figure A-4.   

The software of the microcontroller was developed in C. Motion configurations, 

including amplitude (5-40mm), cycle (5-30s) and waveform (triangle, trapezoid) can be 

selected using the on-board switches and LCD display.  Figure A-5 shows the finished 

product where different components were put together using wood 3D printed PLA parts. 
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Figure A-5. The finished MRI compatible linear motion stage  
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