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Abstract 

4D flow MRI is a powerful imaging technique that allows for the quantification and visualization of blood 

flow in a three-dimensional vector space over time. With accelerated acquisitions, 4D flow MRI can be 

performed over large imaging volumes with sub-millimeter resolution in clinically feasible scan times. Such 

accurate characterization of blood flow patterns is not possible in vivo with other imaging modalities. As a 

result of the utility of these sequences, the last decade has seen the widespread adoption of 4D flow MRI 

in research settings and increased utility in clinical roles. Typical applications of 4D flow MRI include 

cardiac, cranial, renal, and hepatic disease. In these anatomical regions, physiologic motion is predictable 

and well-characterized and vessels-of-interest are typically large relative to the sequence spatial resolution, 

allowing for quantification of complex flow dynamics. 

 While 4D flow MRI has proven its value in these settings, there are a variety of previously 

unexplored applications in which it could represent marked improvement over current clinical techniques. 

The aim of this dissertation was the development of innovative 4D flow MRI methodology to pioneer 

comprehensive in vivo hemodynamic assessment in two challenging applications: (1) maternal and fetal 4D 

flow imaging during pregnancy and (2) exercise cardiovascular MR (CMR) with 4D flow imaging during 

strenuous exercise challenges in preterm adolescents and young adults.  

Many pregnancy complications are associated with vascular maladaptation to pregnancy, and thus, 

the ability to quantify flow in the uteroplacental and fetal vasculature during pregnancy could be a powerful 

tool for identifying complications in at-risk populations before outward symptoms manifest. Doppler 
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ultrasound is used clinically for this role but has poor sensitivity early in gestation. The feasibility of 4D 

flow measurements is demonstrated in a rhesus macaque model, paving the way for future feasibility studies 

in human subjects.  

 With regards to the second application, the ability to quantify complex cardiac flow during exercise 

with MRI is of special interest when studying child and young adult populations with suspected cardiac 

abnormalities. Exercise challenges are routinely used with ultrasound to elucidate differences in 

physiological responses between normal subjects and those with pathologies which might be difficult to 

differentiate at resting conditions. However, exercise studies in the MR bore are challenging and rarely 

performed.  The viability of 4D flow quantification during exercise in adolescents and young adults is 

demonstrated in this dissertation, including the methodology developments on the unique hardware and 

software required to overcome challenges associated with exercise CMR. The value of 4D flow exercise 

CMR is then shown in a small cohort of adolescent and adult subjects born prematurely, a population that 

may be at an increased risk for cardiovascular disease later in life.  

 Overall, the techniques implemented in this dissertation offer enhanced capabilities to quantify and 

characterize the impact of irregular pregnancies on flow over the current clinical standard of Doppler 

ultrasound, both in utero and later in life. These techniques may translate to improved diagnostic and 

prognostic potential throughout life in affected subjects.  
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Chapter 1: Introduction 

Magnetic resonance imaging (MRI) is a powerful modality for diagnostic medical imaging. Through 

exploitation of the magnetic moments inherent to hydrogen atoms abundant in the human body, MR images 

are capable of showing exquisite contrast between soft tissues, a feat not possible with other imaging 

modalities, such as computed tomography (CT), ultrasound (US), or positron emission tomography (PET). 

In addition to standard anatomical images, MRI is capable of quantifying valuable information on 

physiology and function, such as diffusion and perfusion [1], mechanical stiffness [2], and blood flow [3]. 

As a result of these capabilities, improved hardware performance, and growing concerns about repeatedly 

exposing patients to ionizing radiation, a fundamental trait of CT and PET examinations, MRI has 

experienced rapid adoption for both clinical and research purposes over the last few decades. However, 

continuing challenges for widespread use of MRI have included high cost relative to other imaging 

modalities, relatively long scan times resulting in increased sensitivity to patient motion, and decreased 

patient comfort due to the claustrophobic scanner bore. 

 Blood flow quantification with phase contrast (PC) MRI is one quantitative technique, in particular, 

that has proven to have a valuable role in clinical settings. The ability to characterize total blood flow to 

and from an organ can be one of the most fundamental indicators of organ health. Traditionally, Doppler 

US has been used to estimate blood flow during pregnancy and for a variety of conditions including blood 

clots, arterial occlusions, and congenital heart disease [4], but there are a few limitations with this modality. 

Doppler US can be highly user-dependent, is prone to inaccuracies when probing deeper anatomy or 

intracranial vessels due to signal attenuation, and estimates flow by fitting average velocity to pre-

established flow models, which can introduce systemic errors into measurements. PC MRI, however, is not 

susceptible to these shortcomings and has been well-validated against clinical gold-standard metrics for 

flow. The most common implementation of PC MRI in the clinic is a two-dimensional (2D) PC cine 

acquisition, where a 2D scan plane is aligned orthogonal to the vessel of interest and only the through-plane 

velocity components are measured throughout the cardiac cycle with an ECG gated acquisition over 
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multiple heartbeats. This allows for accurate quantification of blood flow in vessels with laminar flow, 

where the flow only has a single prominent component. 

 4D flow MRI [5] is an extension of 2D PC MRI that simultaneously encodes velocity in all three 

spatial dimensions via a volumetric acquisition with sub-millimeter spatial resolution. This allows for the 

quantification and characterization of more complex flow fields, such as those encountered in the ventricles 

or vessels with tortuous paths. The time-resolved velocity information can also be used to derive 

hemodynamic parameters such as kinetic energy, wall shear stress, and pressure gradients [6]. Due to the 

wide range of hemodynamic information that can be derived from a single scan, 4D flow techniques have 

become more prominent in investigational studies and are becoming available as product sequences through 

major MRI vendors. These sequences are now well-established for cardiac, cranial, and hepatic imaging, 

regions of the body that feature predictable motion and vessels significantly larger than the sequence spatial 

resolution. The viability of these sequences, however, remains challenging and not fully understood in the 

presence of motion that cannot be adequately characterized by cardiac or respiratory gating or for smaller 

vessels on the order of the sequence spatial resolution. 

 The aim of the work presented in this dissertation was the development of innovative 4D flow MRI 

methodology to facilitate hemodynamic assessments during early-life development. Two specific 

applications were investigated which presented both different clinical value and technical challenges. First, 

the feasibility of using 4D flow MRI during pregnancy to quantify total uteroplacental blood flow and fetal 

blood flow was assessed. Imaging during pregnancy is challenging given the very small diameters of the 

vessels-of-interest and unpredictable fetal movement that cannot be accurately modeled. The 4D flow 

technique described within overcame prior barriers precluding reliable flow quantification in these vessels 

with MRI. This work included a repeatability analysis for flow measurements in the maternal uteroplacental 

vessels, comparisons of PC angiograms to contrast-enhanced angiograms, and feasibility of quantifying 

fetal blood flow. The second focus of this dissertation was the development of first-of-its-kind cardiac 4D 

flow imaging during exercise for examinations in preterm adolescents and young adults. Exercise imaging 

is particularly challenging with MRI due to the drastically increased subject motion and reduced reliability 
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in gating. This work included testing the viability of pre-existing product pulse sequences following 

exercise, implementing a high-power MR-compatible exercise device never before used on GE hardware, 

designing novel post-processing algorithms to improve gating robustness, and validating 4D flow MRI 

during exercise in control and preterm populations. Overall, this dissertation sought to implement 4D flow 

MRI as a valuable tool for assessing the impacts of irregular pregnancy through different stages of life. The 

remaining chapters of this dissertation are organized as follows: 

Chapter 2: Principles of Phase Contrast MRI provides a brief overview on the underlying physics of 

phase contrast MRI techniques, which can be used to quantify blood flow in vivo. This chapter begins with 

coverage of basic MR physics and techniques, including signal formation, measurement, and 

reconstruction. Further detail is provided on physical principles unique to motion sensitive phase contrast 

MRI, including the utilization of bipolar gradients. The fundamentals of 4D flow MRI, a 3D, time-resolved 

implementation of PC MRI, are discussed. Finally, there is a short review on alternative clinical techniques 

for flow quantification and their application to subject populations relevant to this thesis. 

Chapter 3: Feasibility of 4D Flow MRI during Pregnancy explores the feasibility of using 4D flow MRI 

to quantify total uteroplacental flow to the placenta in healthy, pregnant rhesus macaque monkeys. Test-

retest, inter-observer, and intra-observer variability was quantified for all flow measurements. Reference 

high-resolution, ferumoxytol-enhanced angiograms were acquired to assess the vessel conspicuity in the 

PC angiograms derived from the 4D flow data. Feasibility of quantifying flow in the umbilical cord and 

fetus was assessed as well. The material in this chapter was presented in poster presentations at IFPA 2016 

[7], SRI 2017 [8], and ISMRM 2017 [9,10], an oral presentation at SMRA 2016 [11], and has been accepted 

for publication in the Journal of Magnetic Resonance Imaging [12]. 

Chapter 4: Initial Experience with MRI Exercise Studies reviews initial attempts at MRI exercise 

imaging with existing equipment and pulse sequences. Patients with pulmonary hypertension are one group 

that could benefit from enhanced diagnostic and prognostic capabilities with exercise imaging. In a small 

cohort of these subjects and comparable healthy controls, exercise was performed in the MRI scanner bore 

with a custom-made, MR-compatible stepper designed and constructed in the engineering department. 
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Cardiac imaging was performed immediately following exercise with standard 2D PC and balanced steady-

state free precession (bSSFP) product sequences. The suitability of this equipment and these pulse 

sequences for exercise CMR was assessed. The material in this chapter was presented in a poster 

presentation at ISMRM 2015 [13], oral presentations at SCMR 2015 [14] and ISMRM 2016 [15], and is 

currently under consideration for publication. 

Chapter 5: Implementation of High Power MR-compatible Exercise Equipment covers the work 

performed to allow a commercial MR-compatible stepper to be reliably used for high-power exercise 

challenges in our institution’s scanners. This involved redesign of the stepper base, improvements to the 

calibration software, and hardware modifications to allow for more accurate measurements of achieved 

exercise power. 

Chapter 6: Feasibility of 4D Flow MRI during Exercise presents results from a study examining the 

feasibility of 4D flow MRI during high-power exercise challenges with the commercial exercise stepper 

discussed in Chapter 5. Flow was measured in the aorta and main pulmonary artery, while kinetic energy 

was assessed in both the right and left ventricles. Feasibility was assessed in both young adults and 

adolescents. A novel algorithm to correct gating tracks corrupted by exercise motion is presented. The 

material in this chapter was presented in poster presentations at SCMR 2017 [16] and ISMRM 2018 [17] 

and is currently under consideration for publication. 

Chapter 7: Exercise CMR in Preterm Children and Adults extends the 4D flow MRI techniques 

implemented and validated in Chapter 6 to a subject population born prematurely. This population has an 

increased risk for long-term cardiac dysfunction but the mechanisms for such are not well understood. 

Alongside the standard flow analysis described above, a thorough quantitative and qualitative assessment 

of diastolic filling is performed. The material in this chapter was presented in oral presentations at ISMRM 

2017 [18] and 2018 [19]. 

Chapter 8: Summary and Recommendations reviews the novel research presented in this dissertation. 

Recommendations for future work are provided to continue building on the foundations laid herein for 

innovative 4D flow MRI exams during pregnancy and exercise. 
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Chapter 2: Principles of Phase Contrast MRI 

This chapter introduces the basic physical principles of MRI and phase contrast MRI. The background 

presented here is not meant to be an exhaustive treatment of the subject, but simply an introduction into the 

physics principles that guided the work in this dissertation. Readers interested in a more comprehensive 

treatment are directed towards the following references [20–23]. 

2.1 Magnetic Resonance Imaging Principles 

2.1.1 Spin and Magnetization 

All atoms can be characterized by an inherent property known as spin, a form of angular momentum 

encountered in quantum mechanics. Charged particles with non-zero spin will generate a magnetic dipole 

moment. Such magnetic moments are extraordinarily widespread in the human body, as hydrogen atoms 

(single protons with ½ spin) are abundant in biological tissue such as muscle, fat, and blood. MRI 

fundamentally relies on the excitation and relaxation of hydrogen atoms in these tissues to produce the 

measurable signals used to generate images. Henceforth, the word “spin” will be used interchangeably to 

refer to the behavior of the single proton in hydrogen atoms in the body. While the complex particle 

interactions inherent to MRI can be most completely explained through a quantum mechanical treatment 

of the subject [24], a classical treatment is sufficient to understand most basic MR principles. Thus, the 

remainder of this chapter will focus on the classical approach. 

 When a spin is placed in the static magnetic field found in an MRI scanner, commonly referred to 

as the B0 field, its magnetic moment will precess around the main magnetic field at a frequency known as 

the Larmor frequency 

where ω is the Larmor frequency, also referred to as the precession frequency, γ is the gyromagnetic ratio 

(42.6 MHz/T for hydrogen), and B0 is the magnetic field strength (typically 1.5 or 3.0 T for most current 

clinical scanners). Spins placed in a static magnetic field will also experience Zeeman splitting of energy 

levels, resulting in two distinct energy states in the case of hydrogen. These can be approximated as the 

 𝝎 = 𝛾𝑩0 Eq. 2-1 
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magnetic moments aligned with the magnetic field (low energy state) or anti-aligned with the field (high 

energy state) and are colloquially referred to as spin-up and spin-down states, respectively. The distribution 

of spins between these two energy states is described by the Boltzmann distribution 

where Nup and Ndown are the number of spins in the spin-up and spin-down states respectively, ΔE is the 

difference in energy between the two states, k is the Boltzmann constant (1.381 x 10-23 J/K), and T is the 

temperature. At room temperature and typical MRI field strengths, the spin excess for the spin-up state is 

only a few spins per million. MRI, however, benefits from the massive amount of hydrogen atoms present 

in the human body, allowing for a measurable net magnetization vector aligned with the main magnetic 

field of the scanner. Hereon, this review will describe the effects of MRI imaging on this net magnetization 

vector, rather than the individual spins that compose this vector. 

2.1.2 Excitation, Relaxation, and Decay 

If a second magnetic field, often referred to as the B1 field, is temporarily applied orthogonal to the B0 field 

and net magnetization vector, the equilibrium described by the Boltzmann distribution will be perturbed as 

many spins are excited to the higher energy state. This is achieved by a radiofrequency (RF) pulse. In a 

classical treatment, this is represented by the net magnetization being “tipped” down from the longitudinal 

plane (parallel to B0) towards the transverse plane. As this magnetization continues to precess around the 

B0 field at the Larmor frequency as it is tipped, the trajectory of the magnetization can be imagined as a 

spiral down to the transverse plane, as shown in Figure 2-1a. For simplicity, MRI physics often instead 

deals with a rotating reference frame at the Larmor frequency [25]. As shown in Figure 2-1b, with this 

treatment, the magnetization can be imagined as tipping directly into the transverse plane. This behavior is 

described by the rotating frame Bloch equation, where M is the net magnetization vector: 

 

 

𝑁𝑢𝑝

𝑁𝑑𝑜𝑤𝑛
= 𝑒−

∆𝐸
𝑘𝑇 Eq. 2-2 

 

𝑑𝑴

𝑑𝑡
= 𝑴 × 𝛾𝑩𝟏 Eq. 2-3 
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Figure 2-1: (a) Net magnetization vector behavior when excited by an orthogonal magnetic field on the x 

axis. The magnetization is tipped towards the transverse plane while still precessing around the B0 field, 

resulting in the spiral trajectory shown. (b) When a rotating reference frame at the Larmor frequency is 

used, the magnetization can be imagined as tipping directly into the transverse plane. Image courtesy of 

Haacke et al [20]. 

 

For the remainder of this section, a rotating reference frame at the Larmor frequency of hydrogen will be 

assumed. 

Immediately following the end of the B1 field application, this excited state will recover towards 

thermal equilibrium in a process known as T1 or spin-lattice relaxation. The regrowth of the longitudinal 

magnetization, Mz, is described by the following equation [25]: 

where M0 is the original longitudinal magnetization magnitude, t is the time following excitation, and T1 is 

a tissue-dependent time constant describing the time required for 63% of the excited magnetization to be 

recover to the longitudinal plane. Sample magnetization recovery curves for tissues with short T1 and long 

T1 are shown in in Figure 2-2a, alongside depictions of the longitudinal magnetization recovery. 

 

 

 
𝑀𝑧(𝑡) = 𝑀0 (1 − 𝑒

−
𝑡

𝑇1) Eq. 2-4 
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Figure 2-2: (a) Longitudinal magnetization recovery curves for tissues with short T1 and long T1. Shown 

above the curves is a simplified depiction of excited transverse magnetization transitioning back to 

longitudinal magnetization. (b) Transverse magnetization decay for tissues with short T2 and long T2. The 

loss of spin coherence resulting in decreased bulk magnetization is depicted above the curves. 

Magnetization curves courtesy of Allen Elster [23]. 

 

Alongside regrowth of the longitudinal magnetization, there is additional decay of the transverse 

magnetization vector magnitude, Mxy, from what is known as T2 or spin-spin decay. This signal decay occurs 

when the excited spins do not have the same precession frequency due to different chemical compositions, 

atomic environments, or other factors. As a result, spin coherence is lost over time as some spins rotate 

faster or slower relative to the Larmor frequency, and the net magnetization vector in the transverse vector 

shrinks, as depicted in Figure 2-2b. This transverse magnetization decay can be characterized with the 

following equation [25]: 

where M0 is the original longitudinal magnetization magnitude, t is the time following excitation, and T2 is 

a tissue-dependent time constant describing the time required for the transverse magnetization to fall to 

37% of its original value. It should be noted that T2 decay is an idealized scenario that is never fully observed 

during MRI imaging. Intravoxel magnetic field changes from sources such as B0 inhomogeneity, magnetic 

susceptibility differences, and other factors result in more rapid transverse decay than described by Eq. 2-

 𝑀𝑥𝑦(𝑡) = 𝑀0𝑒
−

𝑡
𝑇2 Eq. 2-5 
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5. This increased dephasing is characterized by the T2* time constant, which is always shorter than T2 for 

the same tissue. 

 T1 and T2* are critical parameters in describing the signal measured during an MRI scan. To acquire 

data during imaging, a receiver coil is placed so that it is sensitive to flux orthogonal to the B0 field. When 

spins are excited and the transverse magnetization precesses around the B0 field, a signal, known as a free 

induction decay, is induced as shown in Figure 2-3 and described by Eq. 2-6. 

T1 is an important parameter, as the rate of regrowth determines how much magnetization is available to be 

excited in successive excitations. T2*, on the other hand, defines the envelope function for the decay of 

previously excited signal. It is important to note that Eq. 2-6 includes a phase component (eiωt, where ϕ=ωt) 

which describes the precession of the transverse magnetization relative to the receiver coil and is the 

fundamental basis for phase contrast MRI, which will be explored in more detail later in this review. 

 

 

Figure 2-3: Depiction of how signal is measured during an MRI exam. The signal includes decreasing 

magnitude over time due to T2* decay (loss of spin coherence and regrowth of longitudinal magnetization) 

and a phase term (from the magnetization rotating relative to the receiver coil). 

 

2.1.3 Spatial Encoding 

The sequences used in this dissertation are gradient echo sequences [26], which are typically faster than 

 𝑀𝑅 𝑆𝑖𝑔𝑛𝑎𝑙 = |𝑀𝑥𝑦|𝑒𝑖𝝎𝑡𝑒
−

𝑡
𝑇2

∗
 Eq. 2-6 
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spin echo sequences [27]. Hence, the following review of signal encoding will focus on gradient echo signal 

generation. The MR signal described above cannot be used to reconstruct useful images unless the measured 

signal can be spatially localized. This is typically performed through the clever use of low-strength (relative 

to the B0 field), spatially-varying magnetic fields known as gradient fields.  

 The RF pulses used for excitation are typically non-selective, so additional steps must be taken to 

ensure they only excite the slice (for 2D imaging) or volume (for 3D imaging) of interest. This is achieved 

by applying a slice-select gradient, denoted Gz, along the direction of the B0 field during excitation [28]. 

Due to this gradient, the observed magnetic fields, and thus Larmor frequency, for identical tissues will 

linearly vary along the direction of the gradient. As a result, when an RF pulse is applied, only the tissues 

with Larmor frequencies within the bandwidth of the pulse will be excited, allowing for selective excitation. 

This phenomenon is visualized in Figure 2-4. From this figure, it is apparent that there is a direct correlation 

between transmit bandwidth, gradient strength, and slice thickness. This relationship can be quantified in 

Eq. 2-7 

where Δz is the slice thickness and Δω is the transmit bandwidth. 

 A similar principle is exploited for in-plane spatial encoding [28]. If a magnetic field gradient is 

applied during signal acquisition, spins will precess at different frequencies dependent on their position 

along the gradient axis. Thus, the recorded signal will include a superposition of signals at a range of 

frequencies, which, through image reconstruction, can be demodulated and assigned to the corresponding 

spatial location along the gradient axis. The direction of frequency encoding is typically called the readout 

direction and often corresponds to the x axis with traditional MR techniques. 

 Conventional MRI acquisitions use a Cartesian trajectory to sample data in a raster pattern. This 

sampling pattern requires a second method for in-plane spatial encoding, as simultaneous frequency 

encoding along two axes will lead to redundant characteristic frequencies at different spatial locations. 

 
∆𝑧 =

∆𝜔

𝛾𝐺𝑧
 Eq. 2-7 



11 

 

 

 

Figure 2-4: Selective excitation with a slice-select gradient and tailored RF pulse. The slice select gradient 

creates a dependence on position in the gradient for Larmor precession rate. As a result, when excitation 

is carried out with an RF pulse, only locations containing spins precessing at rates within the transmit 

bandwidth are affected. 

 

Therefore, a technique called phase encoding [28], is used to encode spatial information along the 

orthogonal (y) axis. With phase encoding, a magnetic field gradient (phase encoding gradient) is played for 

a finite amount of time between spin excitation and data acquisition. This results in a linear phase 

accumulation amongst spins corresponding to their position along the phase encoding gradient axis. Due to 

the non-uniqueness of phase information, however, phase encoding requires multiple acquisitions to discern 

phase contributions from separate voxels along the same readout axis. 

 Rather than the more common Cartesian trajectory, however, the work presented here prominently 

features sequences with radial trajectories [29]. Radial trajectories do not incorporate phase encoding, but 

instead modulate the frequency encoding gradient across along both the x and y axes to rotate the readout 

axis and cover a circular field of view. Each spoke of such an acquisition is called a projection, a throwback 

to early reconstruction approaches for radial trajectories that used backprojection [30]. A comparison of 

Cartesian and radial trajectories is shown in Figure 2-5. Radial trajectories support high degrees of 
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undersampling, as undersampling artifacts manifest as relatively benign, low-signal streaking on images, 

as demonstrated in Figure 2-6 [31]. In addition to this, radial trajectories feature many other desirable 

characteristics including increased robustness to motion, isotropic spatial resolution, and good support for 

reconstructions with varying temporal resolutions [29,31]. 

 

 

Figure 2-5: Comparison of Cartesian and radial trajectories and the differences in spatial encoding 

gradients required to achieve these trajectories. Gradients are color-coded to correspond to the readout 

they must be played for. As shown, Cartesian techniques play the same readout gradient for each readout, 

but must play an additional phase encoding gradient to encode data not along the kx axis. On the other 

hand, radial trajectories do not require phase encoding, but instead modulate the readout gradient across 

the x and y axes to rotate the readout. 
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Figure 2-6: Effect of sampling pattern on undersampling. Cartesian images with four-fold undersampling 

demonstrate significant aliasing artifacts obscuring the true anatomy. Comparable radial undersampling 

shows blurring from streaking artifacts but maintains its feature resolution. 

 

2.1.4 Image Reconstruction 

The spatially-encoded MR signal described by Eq. 2-6 is demodulated into a complex value signal detailing 

magnitude and phase at a variety of spatial frequencies. This spatial frequency domain in which MR data 

is acquired is referred to as k-space [32]. Each pixel in k-space does not translate 1-to-1 with the 

corresponding pixel in the reconstructed image, but instead contains magnitude and phase information on 

a specific spatial frequency for every pixel in the final image. Pixels near the center of k-space contain low 

spatial frequency image content and account for much of the final image’s contrast, while pixels at the 

periphery hold high spatial frequency content and generate fine detail in the image. When working with a 

Cartesian acquisition, image reconstruction is straightforward, as a Fourier transform will convert the k-

space data (frequency domain) to the desired image (spatial domain). Such a transform pair is shown in 

Figure 2-7. With radial trajectories, a Fourier transform cannot be directly applied, as there is no support 
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for this transform in a polar coordinate system. Instead, a radon transform is used or the radial projection 

data is converted to a Cartesian grid by convolving each data point with a specialized gridding kernel and 

evaluating the resulting values at each point on the desired grid [33]. From there, the standard Fourier 

transform can be performed to reconstruct an image. 

 

 

Figure 2-7: Example of k-space data transformed into an anatomical image with a 2D Fourier transform. 

 

2.2 Phase Contrast MRI 

As the Fourier transform is a complex-valued function, the resulting image is also complex with each pixel 

containing magnitude and phase information.  Phase contributions have many sources, including sources 

in the image (magnetic susceptibility), physiology (motion, temperature, etc.), and hardware imperfections 

(magnetic field inhomogeneity, gradient field nonlinearity) [34]. Often this information is discarded and 

for anatomical images only the image magnitude is presented (as in Figure 2-7). With phase contrast MRI 

techniques, however, this inherent phase information is exploited to provide information on blood velocity 

[3,35,36].  

 When a spin is in a spatially-varying gradient field, its resonant offset frequency (with respect to 
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Eq. 2-1) is given by 

where Δω is the frequency offset, ΔB0 describes variations in the B0 field from magnetic field 

inhomogeneity, r(t) is a spin’s position in time, and G(t) is the gradient field strength a spin observes in 

time. Given that total phase accumulation in this context is the sum of incremental frequency changes over 

time with respect to spins at the Larmor frequency, phase accrual by a spin can be expressed as 

where φ(r,t) is the accrued phase, r0 is the position along the gradient axis for a stationary spin, and v is the 

velocity component of a moving spin along the gradient axis. Thus, the first term on the right-side of Eq. 

2-9 describes phase accrual from background sources, the second term describes phase accrued when a spin 

is stationary in a gradient field, and the third term accounts for phase accrued by a spin moving through the 

gradient field. This representation assumes no higher order motion terms (i.e. acceleration, jerk). With PC 

MRI, the phase accrual from this third term is the point of special interest, as it can be shown that 

where m1 is referred to as the first gradient moment. This can be rearranged to 

demonstrating that if this phase accrual from moving spins can be measured, the velocity can be determined, 

which is the fundamental basis for velocity-encoding with PC MRI.  

 In real applications, however, there is confounding phase information as each voxel also contains 

phase contributions from background contributions and stationary spins, as described in Eq. 2-9. The use 

of bipolar gradients, where a gradient of equal strength but opposite polarity is immediately played 

following the first gradient, can be used encode additional phase into moving spins only. These gradients 

are played before the readout gradients. Figure 2-8 provides a pictorial representation of how these gradients 

encode phase in moving spins. Essentially, when exposed to both lobes of the bipolar gradient, static spins 

 ∆𝝎(𝑟, 𝑡) = 𝛾(∆𝑩𝟎 + 𝒓(𝑡)𝑮(𝑡)) Eq. 2-8 

 
𝜑(𝑟, 𝑡) = ∫ ∆𝝎(𝑟, 𝑡)𝑑𝑡 = 𝜑0 + 𝛾𝒓𝟎 ∫ 𝑮(𝑡)𝑑𝑡 + 𝛾𝒗 ∫ 𝑮(𝑡)𝑡𝑑𝑡 Eq. 2-9 

 
𝜑𝑚𝑜𝑣𝑖𝑛𝑔 = 𝛾𝒗 ∫ 𝑮(𝑡)𝑡𝑑𝑡 = 𝛾𝒗𝒎𝟏 Eq. 2-10 

 
𝒗 =

𝜑𝑚𝑜𝑣𝑖𝑛𝑔

𝛾𝒎𝟏
 Eq. 2-11 
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experience equal-but-opposite gradient field strengths, resulting in no net phase accrual from the gradient. 

Moving spins, however, are constantly exposed to varying field strengths as they move through the gradient 

field, resulting in a net phase accrual. It should be noted that this application of bipolar gradients assumes 

spins are moving through the bipolar gradient field at a constant velocity. 

 

 

Figure 2-8: Use of bipolar velocity-encoding gradients (green) to encode phase on moving spins (blue), 

while providing no additional phase to stationary spins (red). (a) When the first lobe of the bipolar gradient 

is played, both static and moving spins begin to accrue phase. The moving spin, however, accrues less 

phase, as it sees continually weaker gradient fields as it moves. (b) When the opposite bipolar lobe is played, 

the static spins return to zero net accrued phase, as they see a gradient field of equal magnitude, but 

opposite polarity. The moving spins, however, are left with a net phase as they continue to experience 

weaker gradient fields. 

 

 Although bipolar gradients of this design do not introduce phase to static spins, all voxels have 

additional background phase because of other effects including magnetic susceptibility at tissue interfaces, 

magnetic field inhomogeneity, gradient delays, and other hardware imperfections. The additional phase 

from these background sources should be similar from scan-to-scan. Thus, this phase is removed by 

performing a second acquisition with identical imaging parameters except for the motion encoding 

gradients, thereby generating the same background phase which can then be subtracted from the motion 
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encoded image. As phase accrual encoded to moving spins must be preserved following this subtraction, 

there are two methods that are typically performed for the second acquisition: (1) a flow-compensated 

acquisition, resulting in no phase accrual in moving spins and (2) a second velocity-encoded acquisition 

with bipolar gradients of reversed polarity, resulting in phase accrual of opposite sign in moving spins. With 

these steps performed, remaining phase should be only from moving spins. Following image reconstruction, 

as described above, each voxel in the resulting image will contain phase proportional to the average velocity 

in that voxel. The exact relationship between this phase and velocity is given by 

The venc, or velocity encoding setting, is a parameter that characterizes the maximum velocity that can be 

encoded in the image without ambiguity. This limitation is a result of phase only spanning from –π to π. 

The venc is set prior to scanning and is defined as 

where Δm1 is the difference in gradient moments between the two velocity-encoded acquisitions. In images 

where the spin velocity is greater than the venc, the measured phase wraps around on the unit circle and 

velocity aliasing is present in the reconstructed images. 

 Phase contrast images are typically presented as magnitude images (Figure 2-9a), which include 

angiographic information, and phase images (Figure 2-9b), which serve as velocity maps when converted 

with Eq. 2-12. If a region-of-interest (ROI) is drawn around a vessel, the through-plane velocity can be 

integrated across this region, providing an accurate estimate of blood flow through the vessel. If data is 

acquired alongside ECG gating which records the point in the cardiac cycle at which each readout is 

recorded, readouts from multiple heart beats can be prospectively or retrospectively sorted and averaged to 

reconstruct multiple, high-quality cardiac image frames for a single heartbeat. Such acquisitions are referred 

to as cine acquisitions [37]. This data is usually acquired across a 10-15 s breath hold, reducing signal loss 

from respiratory motion during imaging. This allows for further analysis of changes in flow behavior across 

the entire cardiac cycle, as shown in Figure 2-9.    

 
𝑣𝑣𝑜𝑥𝑒𝑙 =

𝜑𝑣𝑜𝑥𝑒𝑙

𝜋
𝑣𝑒𝑛𝑐 Eq. 2-12 

 
𝑣𝑒𝑛𝑐 =

𝜋

𝛾∆𝒎𝟏
 Eq. 2-13 
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Figure 2-9: A representative pair of (a) magnitude and (b) phase images from an axial 2D cine PC MR 

series in the chest. Time-resolved flow measurements can be performed on the phase images by integrating 

velocity across a region of interest (ascending aorta in this example) for all time frames in the cardiac 

cycle. 

 

Common hemodynamic parameters of interest that can be derived from vessels segmented as described 

above include peak systolic velocity, mean velocity, peak flow, mean flow, and total flow across a single 

cardiac cycle. Vessel geometry can also be assessed through measurements of vessel diameter and cross-

sectional area. Other less common measurements from 2D PC acquisitions include approximations of vessel 

wall stiffness from relative area change or pulse wave velocity calculation [38] and estimations of pressure 

gradients through the use of a modified Bernoulli equation [35]. 

2.3 4D Flow MRI 

PC MRI acquisitions are most commonly 2D cine scans which quantify through-plane flow, as described 

in the previous section. These techniques can be extended, however, to provide time-resolved velocity 

information for all three spatial directions over a volumetric acquisition, known as 4D Flow MRI [5,6]. 

Most simply, for each readout, this is achieved by acquiring individual acquisitions with a bipolar velocity-

encoding gradient along each principal spatial axis, alongside a flow-nulled reference acquisition. This is 

referred to as 4-point referenced velocity-encoding and is the most straightforward extension of the 1-

directional encoding described previously. Other common 4D flow encoding strategies include 4-point 

balanced and 5-point balanced [39], which are thoroughly described in the suggested reference. Due to the 
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increased number of velocity encoding acquisitions for each readout direction, along with the increased 

number of readouts required to adequately sample a 3D volume within the Nyquist limit, 4D flow 

acquisitions are generally lengthy scans, often on the order of 10 minutes or longer. This makes the breath 

holds used to suppress respiratory motion with 2D PC techniques infeasible. Instead, double-gated 

approaches are often utilized, where a respiratory gating waveform from a flexible belt placed around the 

subject’s abdomen is recorded, alongside standard ECG gating [40]. This allows for a comfortable, free-

breathing acquisition with rejection of data points acquired during moments of the respiratory cycle with 

significant motion during data reconstruction. 

 Post processing of 4D flow MRI data allows for the creation of robust PC angiograms from complex 

difference data. Reconstructed image data can be loaded into specialized post-processing packages to 

improve vessel selectivity through signal thresholding and region-growing algorithms. These vessel masks 

can then be visualized as 3D angiograms, as shown in Figure 2-10a. In dedicated software, 2D measurement 

planes can be manually placed orthogonal to vessels of interest in the angiogram mask (Figure 2-10b). To 

estimate flow through the vessel, the vessel is segmented with a user-drawn ROI and velocity is integrated 

through the region (Figure 2-10c). This retrospective approach to measure flow through vessels is a notable 

advantage compared to 2D PC, as it allows for more accurate measurement plane placement in the presence 

of small, tortuous, or moving vessels after the scan is completed. 

 4D flow MRI also allows for many powerful representations of time-resolved flow fields not 

possible with 2D PC techniques. The change in 3D velocity fields over time can be used to create streamline 

and pathline visualizations, as shown in Figure 2-11. Such depictions allow for qualitative assessment of 

complex flow not well-described by traditional hemodynamic parameters. Supplemental parameters such 

as vorticity, helicity, kinetic energy, wall shear stress, and pressure gradients can also be determined from 

knowledge of the three velocity components [5]. 
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Figure 2-10: 4D flow post-processing pipeline. (a) Representative 3D cardiac angiogram derived from 

reconstructed complex difference 4D flow data and displayed as surface shaded display and volume 

rendered display. (b) 2D measurement planes are positioned relative to vessels-of-interest in 3D on the 

angiogram mask. (c) ROIs are drawn by the user to segment the vessel boundaries on these measurement 

planes, allowing for time resolved flow measurements by integrating velocity across the vessel area. 

 

 

Figure 2-11: Streamline visualizations of systolic flow in the aorta and pulmonary arteries (left) and a 

diastolic filling vortex in the right ventricle (right). 

 

2.3.1 PC VIPR 

Most 4D flow sequences utilize Cartesian trajectories, which require time-consuming phase encoding in 
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two spatial directions. To maintain clinically feasible scan times, these sequences must employ limited 

imaging volumes or acceleration techniques such as parallel imaging or spatiotemporal undersampling 

[41,42]. A unique 4D flow technique called Phase Contrast Vastly-undersampled Isotropic Projection 

Imaging (PC VIPR) was developed here at the University of Wisconsin – Madison [43,44] which exploits 

a highly-undersampled radial trajectory to allow for both improved spatial and temporal resolution per unit 

scan time when compared to Cartesian techniques. This approach also allows for larger volume acquisitions 

in similar scan times and provides increased robustness to motion artifacts. The k-space trajectory of this 

sequence is shown in Figure 2-12.  

 

 

Figure 2-12: PC VIPR utilizes a highly-undersampled 3D radial trajectory to cover k-space. The radial 

trajectory is designed so spokes are evenly distributed throughout the volume of a sphere.  Image courtesy 

Ashley Anderson. 

 

2.4 Current Applications of PC MRI 

2.4.1 Clinical 

Phase contrast MRI is used to assess a variety of cardiovascular diseases in clinical settings. The most 

common applications include calculations of stroke volume (SV) and cardiac output (CO), as measured in 
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the ascending aorta (AAo) or main pulmonary artery (MPA), to assess basic cardiac function. In patients 

with aortic coarctation or vascular stenosis, PC MRI can be used to calculate increased blood velocities and 

estimate the pressure drop across the vessel narrowing [45]. PC MRI is also utilized to assist in diagnosis 

of aortic dissection and identification of false lumens [46]. In patients with cerebrovascular disease, such 

techniques are used to assess the effects of atherosclerotic disease and characterize flow in arteriovenous 

malformations [47]. In addition to these applications, PC MRI acquisitions are routinely used to quantify 

shunt flows, regurgitant flows, and collateral flows [45]. The flow visualization capabilities of 4D flow 

MRI have proved valuable in the clinic to assess flow directionality in regions with complex flow, such as 

the liver [48], kidneys [49], and hearts of patients with congenital heart disease [50]. Such analysis has 

become feasible for clinical workflow with the introduction of commercial software packages for clinical 

4D flow analysis, such as Arterys (Arterys Inc.) and CVI42 (Circle Cardiovascular Imaging Inc.). 

2.4.2 Research 

There are a variety of research applications of PC MRI currently under investigation that hold promise to 

improve the clinical utility of these sequences in the near future. Real-time 2D PC sequences that do not 

require cardiac or respiratory gating have been investigated to improve patient comfort, reconstruction 

robustness, and allow for characterization of beat-to-beat variations in flow [51]. 4D flow techniques are 

currently being used to assess potential of many new biomarkers in a variety of diseases for assessing 

cardiovascular health. These include wall shear stress [52], pulse wave velocity [53], and kinetic energy 

[54], among others. The improved characterization of velocity fields inherent to 4D flow should allow for 

more accurate calculation of such parameters, improving prognostic and diagnostic capabilities. In addition 

to assessing the value of these parameters, there is significant work towards improved understanding of 

complex flow dynamics, such as the highly vortical, 3D flow found in the ventricles. Recent advances have 

seen the introduction of tools to identify residual volumes of blood in the ventricles following systole [55] 

and characterize complex vortical flow during diastolic filling [56]. Such investigations have been 

previously impossible with 2D techniques, such as 2D PC and Doppler ultrasound. Alongside these 
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technical innovations, 4D flow MRI is also being applied to a wide range of novel applications, including 

uteroplacental and fetal imaging [12] and virtual surgery [57]. 

2.5 Alternative Clinical Techniques 

Flow quantification in clinical settings is often performed with Doppler ultrasound (US) [58]. This 

technique can approximate blood velocities in vivo by calculating the Doppler shift induced on a reflected 

US beam by moving blood. The measured average velocity and vessel diameter can then be fit to pre-

established models of cross-sectional area and vascular velocity profiles to estimate flow in the vessel. 

Doppler US is the most commonly used modality for flow imaging in the clinic given its portability, fast 

exam speed, and relatively low exam cost when compared to MRI. Given its utility, this modality is 

prominently used in clinical applications relevant to the work presented in this dissertation: flow 

measurements in the uteroplacental and fetal vasculature during pregnancy and heart during exercise 

examinations. 

2.5.1 Doppler US during Pregnancy 

Doppler US is routinely used to assess flow in the uteroplacental and fetal vasculature to detect early 

indications of pregnancy complications. Hemodynamics in the uterine arteries, umbilical vessels, and fetal 

aorta are of special interest. Abnormal uteroplacental flow is detected through velocity waveform analysis 

by grading of the presence of a pre-diastolic notch in flow waveforms and quantitative measures of the 

resistive index (RI) and pulsatility index (PI) [59,60]. Measures of vascular resistance in the fetal umbilical 

arteries are used to approximate fetal-placental resistance in high-risk pregnancies [61]. PI measurements 

in the fetal aorta can also be used to identify potential hypoxia or fetal growth restriction [62].  

 However, there are inherent limitations with US in this application. Inaccuracies in the models for 

vessel cross-sections and velocity profiles described above can introduce systematic errors into blood flow 

estimates [63] and hence, vessels with complex geometry and pulsatile flow such as uteroplacental and fetal 

vessels are ill-suited for Doppler flow measurements, and complementary measures such as RI and PI are 

used instead. RI and PI, however, have limited prognostic abilities for preeclampsia and fetal growth 
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restriction, with low sensitivity early in gestation. Finally, due to beam attenuation in the body, image 

quality while assessing the umbilical arteries and fetal vessels depends on the positioning of the fetus and 

transducer placement (which in turn is dependent on the skill of the sonographer). These limitations are 

further exacerbated in obese patients, a significant subject population in North America.  

2.5.2 Exercise Stress Echocardiography 

Exercise stress tests can reveal important diagnostic information beyond that seen with tests performed at 

a resting heart rate [64]. Clinically, exercise tests are commonly performed with a treadmill or stationary 

bicycle and imaged with echocardiography for cardiac function and flow measurements [65]. These tests 

target elevating the subject’s heart rate to a pre-designated level defined in one of several possible ways: a 

pre-defined exercise power protocol (such as the well-established Bruce protocol [66]) – possibly until the 

subject reaches their maximum exercise capacity and can no longer continue, a target heart rate, or a 

selected rate of oxygen consumption [67]. Clinical measures of interest in stress echocardiography tests 

include ventricular volumes [68], myocardial wall motion abnormalities in coronary artery disease [69], 

and velocity measurements for evaluating the severity of valvular dysfunction [70]. This technique has been 

standardized and well-validated for left-heart analysis.  

 These techniques are limited in some patient populations, however. Echo imaging of the right 

ventricle (RV) is less reliable given the anterior position of the ventricle in the chest (resulting in greater 

beam attenuation and signal loss) and its complex geometric shape [71]. This is a notable limitation in 

diagnosing and monitoring patients who suffer from right-heart diseases, such as pulmonary hypertension, 

or whole-heart conditions, such as congenital heart defects. On top of this, the 2D flow approximated by 

Doppler US is not adequate to fully characterize the complex 3D flow patterns found in the ventricles.  

 

The remainder of this dissertation will focus on the development and implementation of 4D flow techniques 

described in this chapter to overcome the limitations of clinical Doppler US in these applications. 
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Chapter 3: Feasibility of 4D Flow MRI during Pregnancya 

3.1 Background 

3.1.1 Placenta Physiology 

Many pregnancy complications are associated with poor uteroplacental vascular adaptation to placental and 

fetal growth. Compromised uteroplacental blood flow and placental perfusion has been linked to fetal 

growth restriction (FGR) [72,73], preeclampsia, preterm birth, and stillbirth [74–76].  Non-invasive 

assessment of uteroplacental blood flow and function could play an important role in detecting insufficient 

blood flow to the placenta and guide decision making to reduce adverse effects, particularly if used in early 

stages of pregnancy before clinical manifestation of adverse pathophysiology [77]. For example, there is  

strong clinical evidence that low-dose aspirin can reduce the risk of FGR and preeclampsia in women with 

reduced blood flow [78], and intensified monitoring of these pregnancies can allow for appropriately timed 

delivery. 

 As shown in Figure 3-1, most of the maternal oxygenated blood enters the placenta through the left 

and right uterine arteries (UtA) with additional contributions through the left and right uterine branches of 

the ovarian arteries (ovarian stem arteries (OSA)) [79,80]. Hence, comprehensive characterization of total 

uteroplacental blood flow requires measurements in these arteries or their corresponding veins. On the fetal 

side, two umbilical arteries carry deoxygenated, nutrient-depleted blood from the fetus to the placenta, and 

oxygenated, nutrient-rich blood is returned from the placenta to the growing fetus through the umbilical 

vein. 

 

 

 

aThis chapter includes content from: Macdonald JA, Corrado PA, Nguyen SM, Johnson KM, Francois CJ, 

Magness RR, Shah DM, Golos TG, Wieben O. Uteroplacental and Fetal 4D Flow MRI in the Pregnant 

Rhesus Macaque. Journal of Magnetic Resonance Imaging. 2018. doi: 10.1002/jmri.26206 
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Figure 3-1: Vascular anatomy of the human placenta. Most of the maternal arterial blood in the placenta 

is supplied by the uterine arteries with additional contributions from the ovarian stem arteries. 

Corresponding veins run alongside these vessels and transport deoxygenated blood from the placenta. The 

arteries feed the spiral veins, which drain into an intervillous space in the placenta where nutrients and 

oxygen can be transferred to and from the fetal circulation through two umbilical arteries and one umbilical 

vein in the umbilical cord. Measurement planes required to quantify total uteroplacental and fetal-placental 

flow are marked by black bars. The human placenta features a single placental disc. 

 

3.1.2 Flow Quantification during Pregnancy 

Hemodynamics in the UtAs, umbilical vessels, and fetal aorta are routinely assessed with Doppler 

ultrasound (US). US offers high temporal resolution and is widely availability in prenatal care. As 

previously mentioned in Chapter 2, however, US is ill-suited for characterizing complex flow in the tortuous 

uteroplacental vasculature, and as a result, has poor sensitivity for standard clinical parameters early in 

gestation. Doppler US is also typically unable to visualize contributions from the OSAs, and thus cannot 

determine total uteroplacental blood flow in humans. These factors make accurate diagnosis of early 
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pregnancy complications with this modality challenging. 

MRI is arguably well-suited to probe placental function and health during pregnancy as it can 

potentially quantify uteroplacental flow, perfusion [81], and tissue oxygenation [82].  Currently, MRI is not 

used for screening maternal or fetal health during pregnancy and is limited to surgical indications, such as 

suspected appendicitis [83], due to higher costs and the lack of definitive safety studies [84,85]. With 

validated protocols and dedicated safety studies, however, MRI flow analysis could improve early 

identification of pregnancy complications and enable and monitor therapeutic interventions in high-risk 

populations.   

 Previous studies have attempted flow measurements in uteroplacental vessels with 2D PC MRI 

[36]. One such 2D PC feasibility study aimed to measure total uteroplacental blood flow but encountered 

difficulties in prescribing scan planes orthogonal to the small and torturous UtAs and OSAs from MR 

angiograms [86]. Another compared 2D PC and Doppler US flow estimates in the UtAs with good 

agreement in early 3rd trimester when the uteroplacental vessels had remodeled and dilated [87]. However, 

the ovarian branches were not included and detection of abnormalities at this stage in pregnancy are too 

late for optimal therapeutic intervention.   

 4D flow MRI [5] has shown potential for assessing vascular anatomy and hemodynamics in 

complex vascular territories, such as congenital heart disease [88] and intracranial arteriovenous 

malformations [89]. The inherently provided PC MR Angiograms (PC MRA) can be used to visualize the 

vascular anatomy in 3D and orient measurement planes orthogonal to vessels of interest in post-processing 

rather than during scanning. Capturing the UtAs and OSAs in a single scan requires a large imaging volume 

and, therefore, long acquisition times with traditional Cartesian encoding.  This is problematic because of 

the possibility of motion artifacts from maternal breathing, fetal cardiac motion, fetal movements, and the 

pulsatility of the fetal and maternal cardiovascular systems. While maternal breathing and cardiac pulsatility 

can be mitigated through respiratory and cardiac gating, fetal motion and fetal cardiac pulsatility are 

challenging to control.  

 Herein we propose the use of PC VIPR, a 4D flow method based on 3D radial undersampling, to 
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overcome these obstacles in clinically feasible scan times [43,44]. The undersampled radial trajectory 

allows for large volumetric coverage with high, isotropic spatial resolution. In the context of pregnancy, 

this permits abdominal imaging encompassing the maternal great vessels, uteroplacental vessels, placenta, 

and fetus in a single acquisition. Both arterial and venous flow can be measured to characterize blood supply 

and return pathways. The inherent oversampling of the center of k-space with a radial trajectory also 

provides an increased robustness to motion [29] and has been validated in regions affected by respiratory 

motion including cardiac, liver, and renal artery studies [48–50]. 

3.1.3 Study Motivation 

The goal of this study was to assess the feasibility and repeatability of flow measurements in the 

uteroplacental and fetal vasculature from a single PC VIPR acquisition, laying the groundwork for studies 

in human subjects. A rhesus macaque model was chosen as it allowed for scans early in pregnancy, multi-

day repeatability assessment, and the use of an iron-based contrast agent for reference angiograms. The 

rhesus macaque features a villous organization of the placenta, extravillous trophoblast invasion with 

resulting remodeling of the decidual spiral arteries, and a first trimester decidual leukocyte population very 

similar to humans [90,91]. We hypothesize PC VIPR will prove capable of quantifying total uteroplacental 

flow by the early 2nd trimester and fetal flow by late 2nd trimester. 

3.2 Methods 

3.2.1 Animal Population 

This study was approved by our institutional animal care and use committee (IACUC). Fifteen healthy, 

pregnant rhesus macaques received MRI examinations. The gestational ages ranged from late 1st trimester 

to early 3rd trimester, based on an average term of 166 days in the rhesus macaque [92]. Table 3-1 gives the 

gestational age and maternal weight for each rhesus macaque on the first day of imaging. Animals 

undergoing MRI were pre-medicated with ketamine (10 mg/kg body weight) and general anesthesia was 

maintained during the course of the procedure with isoflurane gas (1.5% isoflurane/O2) using an 

endotracheal tube. Sedation of the pregnant mother resulted in the sedation of the fetus as well. Following 
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imaging, animals were monitored regularly until fully recovered from anesthesia. 

3.2.2 MRI Acquisition and Reconstruction 

The rhesus macaques were imaged in a right-lateral position on a 3.0 T scanner (Discovery 750, GE 

Healthcare, Waukesha, WI) with a 32-channel phased array torso coil. The animals were placed in a holder 

which ensured consistent positioning of the subjects and supported the anterior coil off of their body. 4D 

flow imaging of the abdomen was performed with a respiratory-gated, radially-undersampled PC VIPR 

[43,44] acquisition with the following scan parameters: TR/TE=6.1/2.6 ms, FA=8°, VENC=60 cm/s, axial 

excitation slab length=16 cm, FOV=16x16x16 cm, matrix size=192x192x192, acquired isotropic spatial 

resolution=0.83 mm; scan duration=10.2 min. Eleven of fifteen rhesus macaques received PC VIPR scans 

on consecutive days. A subset of five of these monkeys also received two PC VIPR scans on each day of 

imaging (a total of 13 same-day pairs). The remaining four animals received a single PC VIPR scan on one 

day, as summarized in Table 3-1.  

 

 

Table 3-1: Gestational ages and maternal weights for imaged rhesus macaque monkeys. The last four 

columns indicate which MRI scans each monkey received, while the horizontal dashed lines subdivide the 

rhesus macaques by trimester of gestation. 
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 Images were reconstructed offline using the signal from an abdominal belt to include only data 

during expiration (50% efficiency). Reconstructions incorporated corrections for background phase offsets 

from gradient distortions and concomitant gradients, using polynomial based fitting of background tissue. 

Time-averaged PC MRAs were created by combining the magnitude and velocity data with complex 

difference processing [93]. Segmentation of the uteroplacental vessels (UtA/uterine veins (UtV), 

OSA/ovarian veins (OV)) and fetal vessels (umbilical arteries/vein, fetal aorta, fetal inferior vena cava 

(IVC)) was performed through signal thresholding and region-growing using MIMICS (Version 17.0, 

Materialize, Leuven, Belgium). This mask was imported into Ensight (Version 10.0, CEI Inc., Apex, NC) 

where 2D measurement planes could be manually oriented with respect to a 3D rendering of the segmented 

vessels, allowing for accurate plane placement in the presence of tortuous vasculature. Time-averaged flow 

was measured at the uteroplacental vessel midpoints by integrating through-plane velocity components over 

the segmented vessel areas. Flow measurements in the umbilical vessels were performed at the maternal 

and fetal ends of the cord (Figure 3-1), and fetal great vessel measurements were performed proximal to 

the heart. 

 Ten of the rhesus macaques imaged on consecutive days received a ferumoxytol injection on the 

second day of imaging, allowing for the creation of high-resolution, contrast-enhanced angiograms. 

Ferumoxytol-enhanced angiograms were acquired with a  T1-weighted, spoiled gradient echo, 3D ultrashort 

echo time (UTE) sequence with a center-out radial trajectory [94] before and after an injection of 4 mg/kg 

ferumoxytol (Feraheme, AMAG Pharmaceuticals, Waltham, WI) diluted 5:1 with saline and infused 

intravenously over 20 s. The UTE sequence had the following scan parameters: TR/TE=4.4/0.1 ms, 

FA=10°, FOV=18x18x18 cm3, matrix size=360x360x360, acquired isotropic spatial resolution=0.5 mm, 

scan time=5.9 min. Complex subtraction processing was employed to create an angiogram with suppressed 

background signal. The ferumoxytol-enhanced angiograms were visualized and segmented in MIMICS. 

3.2.3 Image Analysis 

To assess the relative quality of the PC MRA, the conspicuity of uteroplacental and fetal vasculature was 
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scored in the ferumoxytol-enhanced angiogram and PC MRA for each monkey that received both scans in 

the same imaging session. Scoring was performed independently by two radiologists (17 and 18 years 

experience) using the following scale: 1=not visible, 2=partially visible, 3=fully visible. In addition to 

comparing the scores for each vessel between the two MRA techniques, the impact of gestational age on 

vessel conspicuity in the PC MRA was examined.  

 Day-to-day repeatability of PC VIPR measurements was assessed in the 11 monkeys imaged on 

consecutive days. Same-day repeatability was characterized for the 13 cases where two PC VIPR scans 

were performed in the same imaging session. Repeatability was assessed by calculating percentage change 

in flow and cross-sectional area at the midpoints of the visible uteroplacental vessels between scans. 

Furthermore, for all animals, inter-observer and intra-observer variability in uteroplacental flow was 

assessed. Inter-observer variability was assessed by comparing flow measurements from a second observer 

blinded to the measurement plane placements and results of the original observer. To assess intra-observer 

variability, the original observer repeated all uteroplacental flow measurements in each monkey. The 

observers had 5 and 2 years of experience in 4D flow post-processing, respectively.  

 Feasibility of using PC VIPR to assess uteroplacental flow was further assessed with a conservation 

of mass analysis, where in-flow to the uterus was compared against out-flow. When possible, fetal flow 

consistency was also assessed by measuring percentage change in flow in the fetal IVC to the ascending 

aorta. Flow consistency in the umbilical cord was assessed by comparing flow in the two umbilical arteries 

and the umbilical vein at the fetal end and placental ends of the cord.  

3.2.4 Statistical Analysis 

Continuous variables are reported as mean ± standard deviation. The significance of differences in image 

scoring between the PC MRA and ferumoxytol-enhanced angiograms for each vessel were compared using 

a Wilcoxon rank-sum test. Differences in inter-observer scoring for each case were assessed with paired t-

tests. Bland-Altman analysis was employed to evaluate the mean difference (d) and 95% limits of 

agreement (LoA) for same-day and consecutive-day scans, inter-observer variability analysis, and intra-
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observability variability analysis. Correlation in the repeatability studies was assessed via a linear 

regression analysis of the repeated flow measurements and calculation of the Pearson correlation coefficient 

(r). All tests used a threshold of α=0.05 for statistical significance. 

3.3 Results 

3.3.1 Qualitative Assessment 

PC VIPR angiograms were successfully reconstructed in all rhesus macaques. Figure 3-2 shows PC MRAs 

of representative rhesus macaques in the late 1st trimester, early 2nd trimester, and early 3rd trimester of 

pregnancy. Radiologist scoring of the MRAs confirmed clear visualization of the UtAs and OVs as early 

as the end of the 1st trimester, with enhanced visualization of other uteroplacental and fetal vessels by late 

2nd trimester. Radiologist scoring (right/left UtA=2.8±0.6/2.9±0.4; right/left OV=2.9±0.2/2.8±0.4) 

confirmed the UtAs and OVs were fully visible in almost all cases. Notably absent from most segmentations 

were the UtVs and OSAs, which received lower scores (right/left UtV=1.9±0.2/1.8±0.4; right/left 

OSA=1.6±0.6/1.5±0.6). These vessels were only fully observed in one rhesus macaque each. The fetal and 

umbilical vessels were visible in most cases (umbilical/fetal vessels=2.5±0.7/2.5±0.7).  

A representative segmentation of the fetal and umbilical vessels in the early 3rd trimester of 

gestation is shown in Figure 3-3. Figure 3-4 shows a comparison of segmented PC angiograms in one of 

the rhesus macaques that received multiple scans on back-to-back days. Angiograms acquired on the same 

day appeared to be almost identical, while angiograms from back-to-back days showed notable differences 

in the position of the fetus and the trajectory of the OVs. 
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Figure 3-2: Representative PC MRA of three separate healthy pregnant rhesus macaques at different 

trimesters of gestation. The main arterial blood supply to the placenta appeared to be the uterine arteries 

(yellow), while the main venous return was through the ovarian veins (light blue). Uterine veins and ovarian 

stem arteries were not apparent. While fetal vessels (dark blue and red) were most notable around the 3rd 

trimester, the main uteroplacental vessels were seen as early as late 1st trimester. 

 

 

Figure 3-3: Segmented PC angiogram of the fetal and umbilical vasculature in the early 3rd trimester of 

pregnancy. The umbilical cord can be seen unbundling into one umbilical vein (red) and two umbilical 

arteries (blue), one of which forms the aortic arch, in the fetus. A corresponding slice from the PC VIPR 

magnitude images is shown at the right with the yellow arrows denoting placenta discs and the red arrow 

showing the umbilical cord. 
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Figure 3-4: PC angiograms in a single monkey across two days. Two angiograms were acquired on each 

day. The uterine arteries (yellow) showed minimal motion between days, while the ovarian veins (light 

blue) and the fetal and umbilical vessels (purple) showed more noticeable changes in position on 

subsequent days. Same day scans showed similar positioning of all vessels. 

 

High-resolution ferumoxytol-enhanced angiograms were successfully reconstructed in 9 out of 10 rhesus 

macaques that received contrast. One reconstruction failed due to motion of the mother between the pre- 

and post-contrast acquisitions. Figure 3-5 shows a representative comparison of a ferumoxytol-enhanced 

angiogram and the corresponding PC angiogram from the same imaging session. Like the PC MRA, the 

ferumoxytol-enhanced angiograms had excellent visualization of the UtAs and OVs (right/left 

UtA=2.8±0.4/2.8±0.4; right/left OV=2.9±0.2/2.9±0.2). These angiograms displayed enhanced vessel detail 

and smaller diameter vessels, allowing for slight improvements in visualization of the UtVs and OSAs 



35 

 

 

(right/left UtV=2.1±0.5/2.2±0.6; right/left OSA=2.1±0.9/1.7±0.5). The average increased visibility in these 

vessels, however, was not statistically significant. Contrast uptake in the intervillous space allowed for 

display of the placenta in the reconstructed volume rendering, but fetal and umbilical vasculature was not 

apparent in any of the ferumoxytol-enhanced angiograms, as expected (umbilical/fetal vessels=1±0/1±0). 

 

 

Figure 3-5: Comparison between ferumoxytol-enhanced angiogram (left) and PC angiogram (right) in the 

same rhesus macaque on the same day. The color scheme of the uteroplacental and fetal vessels is the same 

as in Figure 4, except in the ferumoxytol-enhanced angiogram where the uterine arteries and veins, which 

appear fused together, are a light red (white arrow). 

 

Assessment of inter-observer vessel scoring showed excellent agreement in scoring of the UtAs, OVs, and 

fetal vasculature. Statistically significant differences in scoring were detected for the UtVs and OSAs in the 

PC MRA and UtVs in the ferumoxytol-enhanced angiograms. 

3.3.2 Quantitative Assessment 

 Since the UtAs and OVs were seen in all rhesus macaques, flow in these vessels was assessed for 

the same-day and day-to-day repeatability studies. For the same-day repeatability study, both the left and 

right UtAs were visualized in all scans. The flow measurements in these vessels showed an average relative 

change of 15% in the left UtA and 11% in the right UtA (d=1.8 mL/min; LoA=-8.5 to 12.0 mL/min; r=0.88). 
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Nineteen of twenty-six measurements showed relative changes less than 15%, with the largest change being 

31%. For the day-to-day repeatability measures, 21 of 22 individual UtAs were visualized. These 

measurements showed an average change in flow between days of 25% in the left UtA and 19% in the right 

UtA (d=-0.3 mL/min; LoA=-21.5 to 20.8 mL/min; r=0.53). Only 10 of 22 measurements showed changes 

less than 15%, with the largest relative change being 52%. Across all UtAs, an average change in cross-

sectional area of 16% was observed between same-day scans, while a comparable change of 17% was seen 

between consecutive-day scans. 

 The inter-observer and intra-observer repeatability analysis in the UtAs revealed similar 

measurement distributions to the same-day repeatability analysis. Inter-observer analysis showed an 

average difference in flow of 16% in the left UtA and 24% in the right UtA (d=0.6 mL/min; LoA=-14.1 to 

13.0 mL/min; r=0.75). Intra-observer analysis showed a slightly improved relative difference of 14% in 

both the right and left UtA (d=0 mL/min; LoA=-12.2 to 12.2 mL/min; r=0.79). Bland-Altman analysis of 

all four repeatability metrics for the UtAs is presented in Figure 3-6. 

 Similar results were observed in the OVs. For the same-day PC VIPR acquisitions, both the left 

and right OVs were successfully visualized in 11 of 13 scans, with a single vein observed in the other two 

scans. In these cases, measurements varied an average of 17% in the left OV and 10% in the right OV 

between scans (d=2.2 mL/min; LoA=-11.9 to 16.4 mL/min; r=0.94). Seventeen of twenty-four venous flow 

measurements varied less than 15% between scans. For the day-to-day repeatability measurements, both 

OVs were only apparent in four of the rhesus macaques, with the other seven expressing a single, dominant 

vein (6 right, 1 left). Flow in the left OV varied an average of 23%, while a similar variation of 24% was 

measured in the right OV (d=-2.4 mL/min; LoA=-34.3 to 29.4 mL/min; r=0.80). Only six of fifteen venous 

flow measurements varied less than 15% between scans. Cross-sectional area measurements at the OV 

midpoints changed 18% on average for same-day scans and 24% for consecutive day scans. 
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Figure 3-6: Bland-Altman analysis of flow measurements in the uterine arteries from PC VIPR acquisitions. 

Repeatability results are presented for repeated scans (test-retest) on the same day and consecutive days, 

inter-observer analysis, and intra-observer analysis. 

 

 Inter-observer measurements showed a relative difference of 24% in left OV flow and 12% in the 

right OV (d=1.6 mL/min; LoA=-24.1 to 27.3 mL/min; r=0.85). Intra-observer measurements were 

improved with relative differences in flow of 13% in the left OV and 8% in the right OV (d=1.6 mL/min; 

LoA=-21.0 to 24.3 mL/min; r=0.89). The Bland-Altman analysis of all four repeatability metrics for the 

OVs is presented in Figure 3-7. 
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Figure 3-7: Bland-Altman analysis of flow measurements in the ovarian veins from PC VIPR acquisitions. 

Repeatability results are presented for repeated scans (test-retest) on the same day and consecutive days, 

inter-observer analysis, and intra-observer analysis. 

 

 In the singular cases in which they were fully resolved, flow in the left UtV was measured to be 

over 20 times less than in the associated UtA and flow in the OSA was approximately 10 times lower than 

the neighboring OV. Both the UtV and OSA demonstrated cross-sectional areas roughly 25% of their 

counterparts. 

 Table 3-2 gives the time-averaged flow values in each monkey in the UtAs and OVs and the 

difference in blood flow to and from the uterus and placenta as estimated from these vessels. Although 
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these comparisons were unable to account for smaller flow contributions from the OSAs, UtVs, and other 

collateral vessels, only an average difference of 15% was observed between placental in-flow and out-flow. 

Flow in the left and right UtA appeared to be relatively balanced, with similar flow measured in both 

vessels, while the venous return was more asymmetric, with monkeys displaying a tendency to have a 

dominant OV. The dominant vein was the right OV in 11/15 monkeys. 

 With respect to the fetal vasculature, PC VIPR acquisitions typically showed the fetal aorta and 

IVC by mid-2nd trimester and the full umbilical cord by the end of the 2nd trimester. Flow measurements 

were possible in the fetal aorta and IVC in 10/15 monkeys, while umbilical flow measurements were 

acquired in 6/15. The fetal great vessels showed consistency in blood flow, with an average difference in 

flow between the aorta and IVC of 8%. Reduced consistency was observed in the umbilical vessels, as flow 

measurements varied on average by 12% in the umbilical arteries and 18% in the umbilical vein between 

the two ends of the cord. 

 

 

Table 3-2: Time-averaged blood flow as measured at the midpoint of the uterine arteries and ovarian veins. 
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3.4 Discussion 

4D flow MRI with PC VIPR was capable of characterizing blood flow to and from the placenta and fetus 

in one acquisition with good spatial resolution in a clinically feasible scan time. The imaging volume of the 

PC VIPR acquisition encompassed the maternal descending aorta and IVC, uteroplacental vessels, fetal 

vessels, uterus, and placenta. This technique proved to be a reliable method of visualizing the UtAs and 

OVs as soon as late 1st trimester of gestation. On the other hand, the UtVs and OSAs, characterized by 

smaller diameters and slower flow, could not be fully detected by the early-3rd trimester of gestation, with 

the exception of one rhesus macaque with a fully resolved left UtV and one with a fully resolved right OSA. 

In these cases, the low relative flow contributions to the uterus in these vessels were consistent with that 

reported in the rhesus macaque elsewhere [95]. These results suggest that the primary inflow pathway of 

blood to the uterus in the rhesus macaque is through the UtAs and the OVs are the primary venous return, 

rather than blood draining through the vein corresponding to the artery with which it entered the uterus. 

This was further reinforced by the close agreement observed in flow measurements into the uterus through 

the UtAs and from the uterus via the OVs with the consistency analysis. Thus, the absence of the UtVs and 

OSAs in the PC VIPR images was likely from low flow, and therefore low signal, and vessel diameters the 

same order as the sequence spatial resolution, resulting in further signal loss from partial volume effects.  

 The ferumoxytol-enhanced angiograms supported this hypothesis, as the UtVs absent in the PC 

MRAs were more consistently visible due to enhanced spatial resolution and SNR. These angiograms also 

allowed consistent visualization of both OVs for all cases, whereas one was sometimes undetected with the 

PC MRA due to slower flow. Even with improved spatial resolution of this sequence, however, the OSAs 

were not well-visualized, suggesting they are unlikely to be reliably visualized with PC MRA given their 

small size in the rhesus macaque. The contrast-enhanced angiograms were not able to characterize fetal 

vasculature, as measurable amounts of contrast agent did not appear to cross the maternal-fetal interface. 

Overall, the ferumoxytol-enhanced angiograms proved to be more consistent than the PC angiograms in 

visualizing small-diameter and slow-flow uteroplacental vessels. Ferumoxytol-enhanced angiograms also 
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proved to be more susceptible to motion artifacts, however, as any motion between the pre- and post-

contrast scans would corrupt the image subtraction in the reconstruction. The comparison of these two 

angiography techniques confirmed that PC VIPR was adequate for visualizing and characterizing the main 

pathways of placental in-flow and out-flow in the rhesus macaque, as undetected vessels were those with 

minimal flow contributions.  

 For the vessel conspicuity scoring, one radiologist had significantly more success in identifying the 

UtVs and OSAs in both the PC MRA and the ferumoxytol MRA. This can likely be attributed to this 

observer’s higher experience level in reading uterine MRAs in pregnant subjects and highlights the 

challenges in detecting these two vessel pairs. While this observer was able to more consistently detect the 

UtVs and OSAs, their conspicuity was still noticeably lower than in the corresponding arteries and veins. 

 In both the UtAs and OVs, the repeatability studies showed good correlation and acceptable relative 

differences in flow measurements from multiple scans acquired on the same day, as well as in inter-observer 

and intra-observer comparisons. The ranges of the limits of agreement for these comparisons, however, 

were the same magnitude as the flow measured in these vessels. This is significant, as in order to 

consistently detect differences in flow induced by abnormal pregnancy, induced systemic differences in 

flow must exceed the limits of agreement for healthy subjects. Thus, these early results suggest this 

technique offers sensitivity to only significant changes in uteroplacental flow in the rhesus macaque animal 

model. Sensitivity to differences between groups may improve by measuring uteroplacental flow 

normalized by maternal cardiac output or placental volume to better describe supply inefficiencies. This 

was not performed in this study due to aliasing in the maternal descending aorta and the time-consuming 

nature of placenta segmentation from PC VIPR magnitude images. Increased sample sized may also 

improve statistics and reduce the limits of agreement. 

 Increased variability was observed between consecutive day scans. The source of the larger 

disagreement in flow on consecutive days did not appear to be due to technical limitations of PC VIPR, but 

rather movement of the fetus between scans. For same-day scans, the fetus was sedated for the entirety of 

the imaging session, preventing significant motion between acquisitions. With scans on back-to-back days, 
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however, the fetus was free to reposition itself in the time between scans. Pressure from the fetus on the 

placenta and uterine wall could cause blood in the uterine and ovarian vessels to redirect along a path of 

least resistance, altering blood flow dynamics based on fetal position. This is consistent with the noticeable 

decrease in measurement correlation between these scans. These results suggested that it may be difficult 

to discern if longitudinal changes in the flow are from changes in physiology throughout pregnancy or other 

factors, such as fetal position. A more robust metric would be to assess total UtA flow, rather than flow in 

the individual UtAs. This measurement would still be sensitive to physiologic factors such as diurnal flow 

variations, altered hydration levels, and varying anesthesia exposure between scans, which must be 

accounted for when designing longitudinal studies. 

  Improved repeatability was observed in the right-side vessels relative to the left-side, for both 

same-day and day-to-day comparisons. This was likely a result of the anterior coil being supported off of 

the rhesus macaque’s body. The increased distance of the left-sided vessels to the nearest receiver coil, 

along with the increased room for respiratory motion on the left side, likely reduced measurement 

repeatability in these vessels.  

 While flow through the UtAs was relatively balanced in both the right and left UtAs, this was not 

the case in the OVs. Each rhesus macaque demonstrated a dominant OV, which carried the majority of 

blood from the uterus. While 11 of 15 rhesus macaques displayed dominance in their right OV, four 

monkeys showed a dominant left OV. This suggested the disparity in flow was more than a gravitational 

effect of the rhesus macaques being imaged in a right-lateral position. We hypothesize that the placentation 

site influences the flow loads in the two OVs. Unlike humans, who feature a placenta with a single disc, the 

rhesus macaque has two discs - one of which, the primary disc, is usually larger than the other, the secondary 

disc. It is possible that while uterine in-flow may initially be distributed relatively equally through the UtAs, 

some blood may be shunted through the uterine wall to supply the larger placental disc, as there is generally 

good anastomosis between the two sides. This could contribute to the imbalanced return blood flow. 

 Good agreement was also observed in vessel cross-sectional area measurements for both same-day 

and consecutive day measurements in the UtAs and OVs. The UtAs showed slightly better repeatability 
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than the OVs. This is consistent with prior findings in the cranial vasculature and is likely due to the 

differences in vessel wall distensibility in arteries and veins such that vein diameters and flow distribution 

is more sensitive to hydration levels, posture, and other factors [96]. These properties could be observed in 

the comparisons of PC MRAs across days in a single monkey, where the trajectory of the OVs showed 

noticeable changes with the motion of the fetus, while the UtAs showed minimal movement. 

 Quantitative flow assessment of fetal vessels and the umbilical cord proved to be dependent on the 

gestational age of the fetus. The fetal great vessels were reliably visualized at earlier stages of gestation 

than the umbilical vessels. The conservation of mass approach conducted in both the great vessels and on 

opposite ends of the umbilical cord showed good agreement in the great vessels but greater inconsistencies 

in the umbilical vessels. As with visualizing the UtVs and OSAs, it is likely that spatial resolution was the 

limiting factor of this application. In the 2nd trimester of gestation, the diameters of the fetal great vessels 

were typically 5-6 mm, while the umbilical vessels were 3-4 mm. Hence, given their larger diameter, the 

great vessel flow measurements were less susceptible to partial volume effects, resulting in better agreement 

than the umbilical vessel measurements and improved visualization earlier in gestation. 

 We believe this technique represents an improvement over previous attempts to characterize total 

uteroplacental flow with US and MRI. The ability to retrospectively place measurement planes on data-

derived angiograms over a large imaging volume allowed for relatively simple placement of measurement 

planes orthogonal to the complex, tortuous geometries of many uteroplacental vessels. Dealing with this 

geometry is a major limitation with US, where challenges with properly aligning acoustic windows with 

these vessels may result in reduced accuracy. As a result, clinical US examinations do not attempt to image 

the even more variable venous return, which PC VIPR was able to quantify. In addition, using PC 

angiograms inherently derived from the data removed the need for a dedicated MRA acquisition, which 

was cited as the main limitation of previous PC MRI approaches [86,87]. The PC MRA here incorporated 

all acquired radial projections, which would not be possible with a Cartesian acquisition because of cardiac 

pulsatility artifacts. When compared to US, PC VIPR allows for more accurate characterization of flow, as 

it is directly measured rather than estimated from models. This enhanced accuracy may prove valuable in 
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identifying compromised flow dynamics in high-risk populations, and the ability to reproducibly assess 

flow as early as late first trimester, as demonstrated here, could aid in early diagnosis. Although PC VIPR 

was unable to consistently visualize the UtVs and OSAs, these results suggested this was because they were 

very small and contributed little to total uteroplacental flow. It remains to be seen if the ability to probe 

flow in these vessels will improve when PC VIPR is scaled up for use in pregnant human subjects, given 

the increased vessel sizes. Future studies will investigate whether OSAs have larger flow contributions in 

some subjects, possibly dependent on factors such as placentation site, or if they generally contribute little 

to total flow. 

 There were a few limitations with this study. The spatial resolution of the PC VIPR acquisition 

limited detection of smaller uteroplacental and fetal vasculature. Improvements in spatial resolution would 

come at the expense of prohibitively long scan times with questionable gains, as even the high-resolution, 

contrast-enhanced angiograms could not reliably depict the OSAs. The repeatability studies also had 

relatively small sample sizes and were not designed to completely eliminate outside influences on flow. 

The same-day acquisitions were not always completed back-to-back in the scanning protocol. Likewise, 

while scans on consecutive days were attempted to be scheduled at the same time of day, this was not 

always possible. These gaps between repeatability scans allow the possibility that flow may have been 

altered due to time-dependent factors such as natural physiologic variations or length of exposure to 

anesthesia between acquisitions. Such factors should be controlled for in any future longitudinal studies 

through consistent scheduling of imaging sessions and consistent pre-scan dietary protocols for volunteers. 

 The results of this animal study have been encouraging and translation to human studies is currently 

under investigation. The 4D flow sequence easily scales to the human anatomy and is low in specific 

absorption rate (SAR). Ferumoxytol, used here for MRA comparisons, is approved for human use as an 

iron supplement to treat iron deficiencies during pregnancy but not for imaging during pregnancy. In the 

rhesus model, sedation of the mother eliminated artifacts from gross maternal and fetal body motion and 

produced more consistent breathing patterns compared to non-sedated imaging in humans. While gating 

and coaching can be used to limit maternal motion in human subjects, fetal motion cannot be controlled. 
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The radial trajectory of PC VIPR reduces this sequence’s sensitivity to motion [29], but measurements in 

the moving fetus will be challenging and the impact on image quality and measurement reliability cannot 

be extrapolated from this study. 

3.5 Conclusions 

4D flow imaging was feasible in the primary uteroplacental vessels by late 1st trimester and in the fetal 

vessels by mid-to-late 2nd trimester in the pregnant rhesus macaque. Flow measurements in the 

uteroplacental and fetal vasculature showed decent consistency and repeatability, but large limits of 

agreement suggested only substantial changes to uteroplacental flow induced by disease would be reliably 

detected in this animal model. Comparisons of PC angiograms against higher-resolution, ferumoxytol-

enhanced angiograms showed similar depictions of the primary uteroplacental vasculature. These results 

indicate that 4D flow MRI with PC VIPR holds promise a valuable tool in assessing uteroplacental health, 

as it could simultaneously assess blood flow in multiple vessels, which could be further coupled with 

measurements of placental perfusion, oxygenation, and inflammation from complementary scans. Future 

studies will work on translating these techniques to pregnant human subjects and determining if 

measurement variability in such a population will allow for detection of clinically significant alternations 

to uteroplacental flow. Chapter 8 will discuss possible next steps for improving performance in more detail. 
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Chapter 4: Initial Experience with MRI Exercise Studies 

4.1 Background  

4.1.1 Exercise Stress Tests 

It is well established that stress tests can reveal important diagnostic information beyond that seen with 

tests performed at a resting heart rate [64]. These tests can reveal ischemia, increased ventricular pressures, 

valvular regurgitation, and deficiencies in recovery to a resting state. Such conditions may be absent, or 

less apparent, at a resting heart rate. Clinically, exercise tests are commonly performed with a treadmill or 

stationary bicycle and imaged with echocardiography for function and flow measures [65] or nuclear 

imaging for perfusion measures [97]. These tests target elevating the subject’s heart rate to a pre-designated 

level defined in one of several possible ways: a pre-defined exercise power protocol, a target heart rate, or 

a selected rate of oxygen consumption [67]. As discussed in Chapter 2, while stress echocardiography has 

been standardized and well-validated for left-heart analysis, echo imaging of the RV is less reliable given 

the anterior position of the ventricle in the chest [71]. This is a notable limitation in diagnosing and 

monitoring patients who suffer from right-heart diseases, such as pulmonary hypertension, or whole-heart 

conditions, such as congenital heart defects. Additionally, while bicycle stress tests can allow for ultrasound 

imaging during exercise, treadmill examinations are limited to post-exercise imaging where the subject 

must be repositioned following exercise. In these cases, the effect of the exercise is likely diminished at the 

time of measurement. Given that heart rate can decrease as much as 50 bpm for healthy subjects in this 

time, it is suggested imaging must be completed within a minute post-exercise [69,98] to avoid amelioration 

of exercise induced cardiac abnormalities. Exercise tests with nuclear imaging utilize radiotracers such as 

Thallium-201 in conjunction with a SPECT or PET camera to characterize perfusion in the myocardium. 

These tests cannot provide time-resolved images during exercise and expose the subject to very minor 

amounts of radiation. 
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4.1.2 MRI Stress Tests 

There are many benefits to conducting exercise stress examinations with MRI instead of the modalities 

described above. MRI offers superior contrast and feature resolution compared to ultrasound and nuclear 

imaging, along with the capabilities to characterize both anatomy and physiology. The function 

measurements typically acquired with echo exams and the perfusion measures from PET/SPECT scans 

could be acquired in a single imaging session with MRI. MRI also does not have the inter-operator 

dependency found with ultrasound and is not limited to certain imaging windows as RF radiation is not 

appreciably attenuated in the subject’s body. In the past, however, MRI studies under exercise conditions 

have been difficult to conduct given the narrow confines of the scanner bore, lack of MR-compatible 

exercise equipment, and absence of robust imaging sequences tailored to the unique requirements of 

imaging under exercise conditions. These unique challenges include the compensation of motion artifacts 

from respiratory and exercise motion and a temporal resolution fast enough to image at highly elevated 

heart rates. As a result, clinical stress studies with MRI instead historically rely on pharmacological agents, 

such as Dobutamine, Adenosine, and Regadenoson. Compared to pharmacological stress, however, 

exercise stress more closely resembles cardiovascular stress experienced during daily life and is the 

preferred form of stress for diagnosing chest pain, dyspnea, valvular disease, and pulmonary hypertension 

[69,99].  

 To accommodate exercise stress in MRI, a variety of solutions have been pursued. The Simonetti 

group at the Ohio State University has developed an MR-compatible treadmill that can be placed next to 

the magnet and mimic the setup of treadmill echocardiography studies to allow for exercise protocols with 

high workloads (Figure 4-1a) [100]. Following exercise, the workflow requires repositioning of the patient 

from the treadmill to the table, establishment of ECG gating, and scan initiation, which can be completed 

in 20-30 s with highly-trained support staff [101]. Combined with subsequent scan time, the measured 

exercise response can be diminished due to these delays. Other groups have shown that hand grip exercises 

are easily conducted and introduce very little patient motion (Figure 4-1b) [102,103], but the achieved 

exercise power is relatively low and not easily measured. A lab from Auckland developed a customized 
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MR-compatible cycle ergometer that is used in a supine position similar to bicycle echocardiography and 

allows for exercise in the bore during exercise with moderate workloads (< 200 W) (Figure 4-1c) [104]. 

 

 

Figure 4-1: Early MR-compatible devices for MRI exercise challenges included (a) a retro-fitted treadmill, 

(b) resistance hand grips, and (c) a recumbent bicycle allowing for supine exercise in the scanner bore. 

 

4.1.3 UW MR-Compatible Exercise Stepper 

A group in the Biomedical Engineering department here at the University of Wisconsin-Madison developed 

a low-cost, custom-made MR-compatible stepper to allow for straightforward MRI exercise studies [105], 

herein referred to as the ‘UW stepper.’ This stepper is shown in Figure 4-2. To ensure MR-compatibility, 

the UW stepper is made of a high-density polyethylene, aluminum, brass, and other nonferrous materials. 

Stepping resistance is determined by removable nonferrous tiles placed in boxes at the end of each lever 

arm, allowing for discrete adjustment of resistance. An optical sensor in the base of the equipment tracks 

the rate of stepping during exercise. This information is sent to a computer in the MRI control room, 

allowing for real-time feedback of stepping cadence and exercise power. 
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Figure 4-2: Low-cost MR-compatible stepper developed at the University of Wisconsin-Madison. Subjects 

exercise via a dynamic stepping motion in a supine position in the MRI bore. Resistance is determined by 

removable weights included in the boxes at the end of each lever arm. 

 

As shown, the UW stepper attaches to the MRI bed and allows subjects to exercise in a supine position in 

the magnet bore. This allows for necessary scan calibration to be performed prior to exercise, allowing for 

immediate scanning during, or following the cessation of, exercise. To minimize bulk displacement from 

exercise between pre-scans and imaging, the subject is connected to the base of the stepper via a backpack 

harness and has two handles to hold. This is effective at preventing the subject from pushing backwards 

while stepping against higher resistances. This equipment was designed to be compatible with the 1.5 T 

HDxt MRI scanner (GE Healthcare, Waukesha, WI). 

4.2 Exercise CMR Feasibility in Patients with Pulmonary Arterial Hypertension 

To assess the feasibility of using the UW Stepper in conjunction with product pulse sequences available on 

most MRI scanners for exercise cardiovascular magnetic resonance imaging (CMR), a small exercise study 

was attempted in a patient population with pulmonary arterial hypertension and comparable control groups.  

4.2.1 Study Background 

Cardiopulmonary exercise testing is increasingly used to assess disease progression in patients with 

pulmonary hypertension (PH) [106–108]. PH is characterized by an increase in blood pressure in the 

pulmonary vasculature, which can be caused by or result in vascular remodeling and stiffening of the 



50 

 

 

pulmonary artery [109,110]. PAH is particularly well-suited for assessment with exercise CMR, as it has 

significant impact on the right-heart, which is not adequately served by stress echo examinations due to 

increased beam attenuation. In addition, exercise stress has been identified as the preferred method of stress 

for diagnosing and assessing pulmonary hypertension, rather than the pharmacological agents typically 

used with MRI stress exams [69,99]. 

 While some cases of PH are the end result of left-sided heart disease that directly influence systemic 

circulation (World Health Organization (WHO) functional group 2) [111], pulmonary arterial hypertension 

(PAH; WHO functional group 1) is the result of conditions, such as connective tissue diseases, acting 

directly on the pulmonary vasculature [112]. In these cases, although there is no initial left-heart 

dysfunction, right ventricular pressure overload induced by PAH can lead to a shift or distortion of the 

intraventricular septum [113–115]. This may lead to a reduced left ventricular (LV) volume in PAH patients 

relative to a healthy population, which in turn may lead to diminished stroke volume (SV) and cardiac 

output (CO). 

 Overall, while it is likely that a patient diagnosed with PAH will experience diminished left-heart 

function due to right ventricular pressure overload during the progression of the disease, such effects have 

not been investigated in detail with exercise MRI. Previous work has performed straightforward 

comparisons of blood flow in the aorta of PAH patients with controls using PC MRI [116], but has not 

correlated these measurements with metrics of vessel stiffness or investigated the value of exercise studies 

for these comparisons. The goal of this study was to use a custom-made, MRI-compatible exercise device 

to examine the feasibility of performing exercise CMR with product sequences to evaluate the effects of 

PAH on left-heart function. We hypothesize that PH subjects will show reduced left-heart efficiency (lower 

stroke volume, higher heart rate) relative to healthy controls and these differences will be more pronounced 

following exercise stress. 

4.2.2 Methods 

This study was approved by the local Institutional Review Board and was compliant with the Health 
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Insurance Portability and Accountability Act. Twenty-one subjects were recruited, provided written 

informed consent, and were screened via an MRI safety questionnaire. The 21 subjects were divided into 3 

cohorts: 7 young, healthy controls (28 ± 4 years; 3 male, 4 female), 8 older, healthy controls (58 ± 10 years; 

1 male, 7 female), and 6 pulmonary hypertension patients (WHO Group 1 (PAH) from systemic sclerosis, 

60 ± 9 years; 1 male, 5 female). All control subjects were free of overt cardiovascular, pulmonary, and renal 

disease. The recruited PH subjects had no recent syncope and, like the controls, had no history of 

unassociated lung or cardiovascular disease. Exclusion criteria for this study included classification as New 

York Heart Association functional class IV (symptoms of limited cardiac capacity apparent at rest) and 

skeletal or muscle abnormalities which could prohibit exercise. The older, healthy control group was age-

matched to the PH group. The younger control group was included to provide insight regarding loss of 

cardiac function via disease versus natural loss due to aging. Subjects were excluded from the final 

statistical analysis if image quality was too poor to delineate the aortic wall and LV boundaries or if the 

subject moved out of the prescribed scanning planes during exercise. 

 Imaging was performed on one of two clinical 1.5 T MRI systems (HDxt or Discovery 450w, GE 

Healthcare, Waukesha, WI) using an 8 channel cardiac coil and vector electrocardiographic (ECG) gating. 

Flow measurements were acquired with a prospectively ECG-gated 2D cine PC sequence performed across 

a 15 s breath hold. The imaging plane was prescribed orthogonal to the ascending aorta. Imaging parameters 

for the PC sequence were: field of view = 35 x 35 cm, matrix size = 128 x 256 (reconstructed to 256 x 256), 

slice thickness = 8 mm; TR/TE = 6.1/3.7 ms, flip angle = 30°, velocity encode (VENC) = 150 cm/s, parallel-

imaging (ASSET) acceleration factor = 2, temporal resolution = 25 ms, and cardiac phases = 20. Cardiac 

function measures in the left ventricle were acquired with an ECG –gated investigational 3D Cartesian 

balanced steady-state free precession (bSSFP) sequence (kat-ARC) [117]. This sequence utilized parallel 

imaging and exploited spatiotemporal correlations to allow for whole-heart coverage within an 18 s breath 

hold. Slices were acquired in a short-axis orientation. Imaging parameters for the bSSFP sequence were: 

field of view = 36 cm x 29 cm, matrix size = 180 x 180, slice thickness = 8 mm, number of slices = 16, 

TR/TE = 3.4/3.1 ms, flip angle = 45°, net acceleration factor = 8. 
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 Exercise was performed in a supine position in the scanner bore with the UW stepper. All subjects 

exercised at a low exercise power to guarantee the PH subjects would be able to complete the same exercise 

paradigm as the control groups. This exercise and imaging paradigm was designed to induce mild-to-

moderate exercise stress in all subject groups (Figure 4-3). PC and bSSFP acquisitions were performed at 

rest prior to exercise. Subjects then exercised at a target power of 30 W for 3 minutes. Within a few seconds 

following the end of exercise, subjects held their breath for a PC MRI acquisition. This was followed by an 

additional minute of exercise at the same power to account for the drop in heart rate during the rest period 

of the PC scan. The breath-held bSSFP scan followed the cessation of the extra minute of exercise. 

 

 

Figure 4-3: Exercise and imaging paradigm for all three groups. PC and bSSFP imaging was performed 

in the ascending aorta and LV, respectively, at rest. This was followed by 3 minutes of exercise at an 

exercise power of 30 W. PC imaging immediately followed the end of exercise. An additional minute of 

exercise at 30 W was performed to compensate for the recovering heart rate and a bSSFP scan was 

performed. 

 

 Aortic flow measurements were performed with CV Flow (Version 3.3, Medis, Leiden, 

Netherlands) and LV volume measurements were made with MASS viewer (Version 5.4, Medis, Leiden, 

Netherlands) on a GE Advantage workstation. The following parameters were calculated from the flow 

measurements: SV, CO, peak systolic flow (PSF), and the relative area change (RAC) of the ascending 

aorta between diastole and systole.  Aortic stiffness was estimated with relative area change rather than 

pulse wave velocity due to the limited temporal resolution of the PC sequence. For LV volume 

measurements, parameters of interest were SV, CO, and ejection fraction (EF). All parameters were 
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measured at baseline and immediately following exercise stress. The consistency of SV measurements from 

the flow and function measurements were compared at rest and stress in each subject to examine the impact 

of exercise motion on our measurements. 

 All statistical analysis was performed with R (Version 3.2.3, R Foundation for Statistical 

Computing, Vienna, Austria). Continuous variables are presented as the mean value plus or minus one 

standard deviation of the sampled group. To determine the statistical significance of any intragroup changes 

between parameters measured at rest and stress, a paired student’s t-test was performed for each cohort. A 

one-way ANOVA test with a post-hoc Tukey’s honestly significant difference (HSD) test was used to 

determine statistically significant intergroup differences for each parameter at rest and stress. Levene’s test 

was used in conjunction with the ANOVA test to ensure that the assumption of equal variances between 

groups was valid. For all statistical tests, a threshold of α = 0.05 was chosen for statistical significance. 

4.2.3 Results 

MRI exercise stress tests were successfully performed in 19/21 subjects. Two of the older, healthy controls 

shifted their body position during exercise such that the prescribed scan planes were not usable. Thus, they 

were omitted from the analysis. Although the target exercise power for each group was 30 W, the actual 

exercise power achieved for the remaining young controls, older controls, and PH subjects was 38 ± 12 W, 

32 ± 8 W, and 30 ± 10 W respectively. There was no statistically significant difference in the achieved 

exercise power between these groups (p = 0.29). These exercise powers resulted in an average heart rate 

increase of 46% for the young controls, 29% for the older controls, and 74% for the PH subjects.  

Fig. 4-4 shows a representative comparison of image quality in magnitude PC images and bSSFP 

images before and immediately following exercise. Noticeable motion artifacts were observed in post-

exercise images, especially in the bSSFP acquisitions. PC images showed signal loss in the ascending aorta.  

Increased blurring was observed in the PH subjects relative to the control groups. 
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Figure 4-4: Influence of motion artifacts on image quality in magnitude PC images (a) at rest and (b) 

following exercise and bSSFP images (c) at rest and (d) following exercise. 

 

 The data distributions for SV, CO, PSF, and RAC are visualized at rest and following stress for all 

cohorts in Figure 4-5. Statistically significant increases in heart rate and CO following exercise, indicated 

that the mild exercise paradigm was able to induce a cardiac response in all cohorts. On average, SV in the 

PH subjects were 30% lower than the young controls and 28% lower than the older controls at rest, and 

23% lower than the younger controls and 32% lower than the older controls following exercise. 

Interestingly, however, PH subjects demonstrated a resting CO approximately 30% lower than their healthy 

counterparts, while mean CO measurements were comparable amongst all groups following exercise 

(Figure 4-5b). Measurements of PSF showed no meaningful response to exercise in the young control 

groups. In contrast, the older controls showed a 19% increase in velocity and an 11% increase in flow in 

response to exercise. Likewise, the PH subjects demonstrated a larger 39% increase in velocity and 26% 

increase in flow. At both rest and exercise, the PH subjects demonstrated lower overall average values of 

PSF when compared to both control groups (Figure 4-5c). 
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Figure 4-5: Distributions of (a) stroke volume, (b) cardiac output, (c) peak systolic flow, and (d) relative 

area change in all three cohorts as measured with a breath-held 2D PC acquisition. A bracket between two 

boxplots denotes a significant difference between the two distributions. 

 

 Significantly lower values of RAC in the older controls and PH subjects relative to the young 

controls at rest indicated stiffer aortic walls in these groups (Figure 4-5d). The PH subjects had the lowest 

mean RAC of all groups, suggesting the stiffest vessel walls amongst the three cohorts. Although not 

significant, exercise showed increased vessel compliance of the older controls and PH subjects to the level 

of the young controls. Overall, measurements for all hemodynamic parameters following exercise usually 

showed more variance amongst each cohort than at rest. 
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 Figure 4-6 shows the distributions for SV, CO, and EF as determined from the LV volume 

measurements from the bSSFP acquisitions. The function measures did not display the same increase in SV 

with exercise that was found in the flow measurements (Figure 4-6a), but statistically significant increases 

in cardiac output were still observed for the younger controls and the PH subjects (Figure 4-6b). Ejection 

fraction did not appear to be strongly affected by the exercise stress with these measures (Figure 4-6c). A 

closer analysis of SV revealed that there was a relatively good agreement between flow and functional 

stroke volume measures in each subject at rest (Figure 4-7a), but this agreement was not present in the 

acquisitions following exercise, where the stroke volume measures were shown to be consistently lower in 

the bSSFP measurements (Figure 4-7b). 

 

 

Figure 4-6: Distributions of (a) stroke volume, (b) cardiac output, (c) ejection fraction in all three 

cohorts as measured with a breath-held whole-heart bSSFP acquisition. A bracket between two boxplots 

denotes a significantly significant difference between the two distributions. 
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Figure 4-7: Stroke volume measures obtained via flow measurements vs. those from function measurements 

for each subject at (a) rest and (b) stress. 

 

4.2.4 Discussion 

The modest increase in heart rate observed across all three subject cohorts validated that the relatively low 

exercise power used in this study was still effective at inducing observable exercise stress in each cohort, 

although the cardiac response was diminished in the control groups. This demonstrated that mild exercise 

paradigms can be an effective method for stress imaging in subjects with reduced cardiac capacity. The 

drawback of using low exercise powers was observed in the younger controls, however, who were not as 

challenged by the paradigm and, on average, exercised at a power 25% above the targeted level. Since the 

resistance could be adjusted in real-time during exercise with the exercise equipment used for this study, in 

this case, where the young controls exercised faster than this metronome beat, there was no way to 

compensate and reduce their exercise power. 

 As hypothesized, PH patients demonstrated reduced LV stroke volume at rest and during stress 

when compared to control groups. These reduced stroke volumes may suggest the presence of a shifted 

intra-ventricular septum induced by right ventricular pressure overload. Despite low stroke volumes, 

however, the PH patients presented a preserved cardiac output following exercise as a result of a 

compensatory increase in heart rate (74% increase in PH subjects as compared to 29% in age-matched 
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controls). Therefore, while PH patients may be able to match exercise capabilities of age-matched controls 

in the short-term, the more rapid increase in heart rate will result in PH patients reaching a clinically-defined 

maximum heart rate sooner, yielding reduced exercise endurance. This behavior in the left ventricle is 

consistent with right heart dynamics previously reported following exercise in patients with PH [118]. 

While there was good agreement in SV measurements between the PC and bSSFP acquisitions at rest, the 

correlation was poor following exercise. This was due to a combination of large variance in the PC 

measurements and no measurable increase in the bSSFP volume quantification, suggesting both of these 

sequences have fundamental limitations when imaging following exercise stress. 

 Although the exercise stress induced comparable levels of cardiac output in the PH population and 

both control groups, the PH subjects demonstrated reduced peak systolic flow – further evidence of altered 

left heart function induced by right heart changes from PAH. It is worth noting, however, that for these 

parameters the older control group showed decreased mean values relative to the younger group as well, 

suggesting the reduced capacity shown in the PH subjects may be a more complex dynamic between natural 

age-related loss of cardiovascular function and disease progression.  

 The relative area change of the aorta proved to be capable of assessing vessel stiffness, 

demonstrating reduced aortic compliance in the PH subjects relative to the controls. This result was 

consistent with both the reduced exercise capacity of the PH subjects and the fact that the recruited subjects 

developed the condition as a result of ongoing systemic sclerosis [119]. There is great value in future 

investigations to perform non-invasive measures in the pulmonary artery of the PH subjects to examine the 

extent of stiffening relative to the aorta. 

 The potential value of performing exercise studies in a PH population was apparent, as the PH 

cohort showed larger relative responses to exercise than the healthy controls in all measured hemodynamic 

parameters except stroke volume, which is known to have a reduced response to exercise in PH subjects 

[118]. Outside of HR and CO, however, many parameters expected to have significant increases with 

exercise, such as PSF and EF, showed limited responses. Performing studies with increased exercise power 

may induce greater differences than observed with the mild exercise powers used in this study. Given the 
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disparity in exercise abilities between these cohorts, in future studies, it would be valuable to standardize 

our comparisons on more physiologic measures of exercise, such as a common heart rate or maximal 

oxygen uptake (VO2max), rather than a common exercise power. Studies with increased exercise powers 

would be challenging to perform with the UW stepper, as its design is naturally unstable given its high, and 

constantly changing during exercise, center of mass. As such, for maximal safety, exercise powers above 

70 W are not recommended, limiting studies with this equipment to modest exercise challenges. 

 There was limited sensitivity in assessing inter-cohort differences in the image acquisitions post-

exercise, as a result of increased variance in these measurements. Decreased image quality from the 

presence of significant motion artifacts was likely a large contributor to this large variance. The bSSFP 

cardiac function images proved to be much more prone to motion artifacts than the PC acquisitions. Severe 

blurring and streaks were observed in the post-exercise images, likely due to large respiratory motion from 

incomplete breath holds during the acquisition. This made segmentation of the myocardial wall challenging 

and may be responsible for the consistent underestimation of LV volume in the acquisitions following 

exercise. We hypothesize that the decreased post-exercise image quality relative to the PC MRI is a product 

of the longer breath hold required for the cardiac function scans. Extended breath holds were found to be 

quite challenging immediately following exercise for some of the subjects, especially the PH group. The 

kat-ARC acquisition used for the LV volume measurements also exploited expected spatiotemporal 

correlations in the data which likely resulted in reduced reconstructed image quality in the presence of 

unexpected respiratory motion. The implementation of free-breathing or real-time acquisitions could 

present an increase in image quality, especially in the cardiac function images, and result in a more 

comfortable exercise paradigm for subjects. Such techniques may even allow for image acquisition during 

exercise, eliminating the additional minute of exercise between the PC and bSSFP scans as a possible source 

of variability in our measurements. Although more challenging for these subjects, it was essential to begin 

imaging immediately following exercise due to the rapid recovery of heart rate back to a resting state. The 

potential heart rate recovery across the image acquisitions following cessation of exercise was not deemed 

to be a concern, however, as a previous study showed that even in young athletes, heart rate will only 



60 

 

 

decrease an average of 5% in this time period [98].  

 There were a few limitations to this study beyond those already mentioned. The harness used to 

reduce chest motion was not entirely effective at preventing subject movement, as demonstrated with the 

two subjects who moved out of their prescribed scan planes. Motion such as this possibly led to shifts or 

rotations in scan planes in the other subjects, which could impact the accuracy of flow and vessel cross-

sectional area measurements. In addition to this, since the stepping resistance with the UW Stepper is 

determined by discrete intervals of removable weights, once exercise has begun, the resistance cannot be 

changed. As a result, subjects must continuously change their stepping cadence if they are to perform graded 

exercise challenges. This requires continuous monitoring and coaching during the exercise challenges, and 

if the subject deviates from the target stepping cadence, the resistance cannot be adjusted in real-time to 

compensate and maintain a target exercise power. Finally, the statistical power of our observations was 

limited by the relatively small sample size of each cohort. These factors likely contributed to increased 

variance and lack of statistical significance in some of the measurements. 

4.2.5 Conclusions 

We investigated the impact of mild exercise stress on aortic flow and LV function in healthy controls and 

subjects with PAH using a novel custom-made, MRI-compatible exercise device. This equipment permitted 

subjects to exercise in a supine position fully in the bore of the scanner, allowing for imaging immediately 

following the cessation of exercise. PC images demonstrated superior image quality to the bSSFP images, 

presumably due to the shorter breath hold associated with the scan. Overall, stroke volume and cardiac 

output appeared to be the parameters showing the greatest response to exercise stress. As we hypothesized, 

the PH subjects showed reduced LV stroke volume and increased aortic stiffness relative to the healthy 

controls. While this study demonstrated the potential value in using exercise CMR in patient populations, 

it was hampered by some notable limitations: (1) the UW Stepper was not capable of the high-power, multi-

stage exercise challenges needed to induce noticeable differences and improve sensitivity between subject 

groups and (2) traditional breath-held pulse sequences were too susceptible to motion artifacts, even when 



61 

 

 

imaging was conducted post-exercise, to allow for reliable quantification in stress images. The work 

presented in Chapters 5 and 6 will focus on addressing these two main limitations. 
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Chapter 5: Implementation of High Power MR-compatible 

Exercise Equipment 

5.1 Ergospect Stepper 

In response to the limitations of the UW stepper, a commercial MR-compatible stepper was acquired to 

conduct MRI studies at the UW during exercise: the Cardio Step Module (Ergospect Medical Technology, 

Innsbruck, Austria), herein referred to as the ‘Ergospect stepper’ [120]. This device is shown in Figure 5-

1a and 5-1b. 

 

 

Figure 5-1: Ergospect stepper. (a) Built-in boots allow subjects to attach their feet to the end of pneumatic 

pistons through a natural stepping motion which (b) can be performed in the MRI scanner bore. (c) 

Software on a dedicated computer in the MRI control room allows for continuous monitoring and 

adjustment of exercise powers. 

 

Like the UW stepper described in the previous chapter, this equipment allows subjects to exercise fully in 

the bore of the MRI scanner. To exercise with the Ergospect stepper, the subject steps against pneumatic 
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pistons, whose resistance is regulated by the internal air pressure. This pressure can be controlled, 

monitored, and recorded remotely in real-time from a computer in the MR control room (Figure 5-1c), 

allowing for adjustments to exercise protocols without the need to stop exercise and make physical changes 

to the equipment. Exercise protocols can be prescribed on this computer to allow for automated multi-stage 

exercise protocols. The exercise power is determined by this continuously adjustable resistance and the 

frequency of the subject’s stepping motion, as recorded by force sensors in the stepper. A metronome beat 

instructs the subjects how quickly to step, but if the subject deviates from this beat, the pressure to the 

exercise device will automatically adjust to compensate and maintain the power originally prescribed in the 

exercise protocol. To minimize the motion of the subject during exercise, the subject is attached to the 

stepper via boots with Velcro straps and a chest harness (a vest connected to the stepper with detachable 

backpack straps) that prevents the subjects from pushing back away from the device during exercise. The 

chest harness also stabilizes the chest, so coil motion is minimal during exercise. To ensure the device 

remains stable during intense exercise, vacuum pads on the bottom creates a strong seal with the MR table, 

minimizing rotational motion from the alternating torque of the stepping motion. With this set-up, scans 

can be started during exercise. The Ergospect stepper is capable of exercise powers as high as 400 W, 

which, in our experience, only extremely fit subjects can achieve for an extended period. 

5.1.1 Hardware Modifications 

The Ergospect stepper features a modular design in which different base plates can be swapped out, 

allowing for compatibility with different MRI scanners. This equipment, however, was originally created 

to be compatible with Siemens scanners, which feature immobile scanner tables, and thus, feature great 

stability. This stepper was the first ever designed for use with GE MRI scanners and the first in North 

America. It was designed entirely from engineering drawings without an actual GE system to test it on. 

Many GE scanners feature tables on caster wheels which make them more prone to motion, even when they 

are attached to the scanner. As a result, some hardware re-designs were necessary for optimal compatibility 

of our stepper’s base with the scanners at the UW-Madison. 
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 The Ergospect stepper was designed for compatibility with the Discovery MR750 3.0 T scanner 

(GE Healthcare, Waukesha, WI) in the WIMRMR2 suite. When the stepper was received, it featured a 

design in which the front of the stepper connected via vacuum seal to the surface of the scanner bed, while 

the body of the stepper sat elevated on the lip of the table, partially protruding over the edge (Figure 5-1b). 

Due to this geometry, when subjects exercised, the force of their stepping motion, coupled with the already 

heavy weight of the stepper, produced a noticeable torque on the point where the stepper was vacuum-

sealed to the scanner bed. This had two significant impacts on the feasibility of exercise studies with this 

device. First, at exercise powers above 100 W the equipment would rock back and forth as the subject 

stepped. With some of the energy from exercise resulting in bulk stepper movement instead of just the 

movement of the pneumatic pistons for each leg, the device would register lower exercise powers than were 

occurring. This would result in more difficult exercise challenges than were prescribed. Second, at higher 

exercise powers the torque on the table resulted in a repetitive flexing of the end of the MRI bed. It was 

feared that this repetitive load cycling on the end of the MRI bed could result in material fatigue and 

eventual failure. 

 To address these concerns, extensive time was spent consulting with Ergospect to assist in 

developing a new base which would allow exercise powers as high as 400 W to be achieved at no risk to 

the scanner hardware. The new design agreed upon involved moving the stepper forward up the table so it 

was no longer elevated with respect to the subject or protruding over the edge. This set-up involved the 

removal of the distal coil panel on the MR table and the implementation of a new base that sits flush with 

the contours of the coil slots. The new stepper base is shown in Figure 5-2a. An additional vacuum seal was 

also added to improve stability. Since this new base involves the exercise equipment sitting farther up on 

the table, however, studies with head coils are no longer possible and the maximum subject height for use 

with this device is approximately 6’3”. This was deemed an acceptable trade-off for this redesign, as 

according to recent data from the National Center for Health Statistics, less than 5% of the male population 

in the U.S. are taller than 6’3” [121], and the focus of these studies was on cardiac imaging. 
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Figure 5-2: New Ergospect stepper bases for compatibility with (a) Discovery 750 scanner and (b) PET/MR 

scanner. 

 

The implementation of this new base resolved the issues with stability and table flexing and has allowed 

for safe exercise on the MRI bed at exercise powers up to 400 W. Since then, collaborators in the Eldridge 

laboratory in pediatrics have commissioned a second base for compatibility with the PET/MR scanner. This 

base is shown in Figure 5-2b. 

5.1.2 Software Calibrations 

One of the most desirable features of the Ergospect stepper is its ability to continuously change the stepping 

resistance through regulation of the air supply to the device. This allows both for staged exercise challenges 

and consistent exercise work rates in the presence of variable stepping cadences. To achieve this, internal 

force sensors must provide accurate measurements of stepping frequency to the control software so piston 

pressures can be adjusted accordingly. 

 Initial testing of the Ergospect stepper, however, showed inaccurate and imprecise calibration. An 

example of this can be seen in Figure 5-3a. This example shows the measured exercise response by one 

subject to the same exercise challenge on three different occasions. Each iteration showed drastically 

different power profiles over time inconsistent with the prescribed exercise power, and all lacked the 

discrete power changes fundamental to the exercise paradigm.  
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Figure 5-3: (a) Measured exercise responses with initial calibration. The dashed line represents the 

prescribed exercise power, while the three colored curves indicate the measured exercise power achieved 

on three separate occasions by the same subject. (b) Measured exercise responses following software 

update provided by Ergospect. 

 

To address this lack of accuracy, Ergospect provided a software update to improve calibration. Figure 5-3b 

shows a comparison of measured exercise power vs prescribed exercise power with this new software 

revision. While there was a noticeable improvement in power accuracy for the lower exercise powers shown 

here, the new update introduced sinusoidal power fluctuations around the target exercise work rate. The 

reason for these fluctuations are a function of hardware limitations. Due to the nature of the pneumatic 

valves used in this equipment, the system experiences hysteresis. This meant that the stepper featured 

different pressure/power curves for increasing or decreasing resistance, as shown in Figure 5-4. The blue 

curves in the top plot represent the original pressure/power curves as hard-coded in the software. 
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Figure 5-4: Top: The original pressure/power curves for stepper are given in blue, while the modified 

curves are in green. Bottom: The effects on these different curves on the achieved exercise powers are 

shown for a pre-defined exercise protocol. 

 

To address the sinusoidal power response, the power/pressure curves in the software were modified and the 

threshold at which the equipment began automatically adjusting the power was reduced. By default, the 

automatic adjustment only activated when the subject deviated at least 10% from the prescribed power. 

This threshold was reduced to 5% to allow for more frequent adjustments to the power. In addition to this, 

the large pressure gap between the ascending and descending pressure/power curves was reduced, as shown 

by the new curves in green, to decrease the magnitude of pressure changes for each adjustment. As shown 

by the blown-up portion of the bottom plot in Figure 5-4, the changes to these parameters resulted in 

successfully eliminating the sinusoidal fluctuations for low exercise powers. The delay time in which the 

software detected power variations from the prescription and corrected these discrepancies was also reduced 

to improve performance. This is most apparent in Figure 5-4 where the modified power curve in green 

responded faster to the drop in the prescribed exercise power from 150 W to 75 W. 
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5.1.3 Frequency Sensor Inaccuracies 

 Although the software modifications represented an improvement in device accuracy at low 

exercise powers, there were still noticeable inaccuracies in achieving exercise powers above 100 W. 

Continued modifications to the hard-coded calibration were unable to resolve these issues, and through 

discussions with exercise subjects, it was learned that many subjects noted resistance changes dependent 

on the stepping motion they exercised with. Upon further investigation, it was observed that when subjects 

took shallow steps, the Ergospect stepper recorded accurate stepping frequency profiles, yet when subjects 

took full steps (utilizing the full dynamic range of the stepper), the device would record grossly inaccurate 

frequency. This can be visualized in Figure 5-5, where a single subject exercise with shallow steps for half 

of an exercise challenge and full steps for the other half, all while maintaining the same stepping frequency. 

These results suggested the remaining software calibration issues may be rooted in hardware limitations. 

 

 

Figure 5-5: Measured stepping frequency for a single exercise trial where the subject took shallow steps 

for the first 15 seconds and full steps for the remaining time. Both stepping techniques were performed at 

a cadence of 60 steps per minute. 
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To understand what was causing these discrepancies based on stepping motion, the cover of the exercise 

equipment was removed for subsequent exercise tests. Further examinations revealed that the frequency 

inaccuracies were related to an issue with the internal frequency sensor. As shown in Figure 5-6a, when a 

subject steps, two pistons move in and out, resulting in a back-and-forth movement of a belt connected to 

them. The movement of this belt, in turn, causes the rotation of tapered wheel, as seen in Figure 5-6b. Given 

the variable diameter of this wheel, when it rotates, it induces mild flexing in the adjacent cantilevered 

beam that acts as a frequency sensor. The rate of flexing in this sensor is passed on to the Ergospect stepper 

software and used as the measurement for stepping frequency. 

 

 

Figure 5-6: Internal view of the Ergospect stepper. (a) When the subject steps, the movement of the two 

pistons induces the back-and-forth movement of a belt. (b) The movement of this belt, in turn, induces the 

rotation of a variable-diameter wheel, which results in the flexing of an adjacent cantilevered beam serving 

as a frequency sensor. The rate of flex in this beam is recorded as stepping frequency. (c) Misalignment of 

the wheel resulted in sudden displacement of the beam as it passed over the “notch”, rather than the 

expected gradual flexing. This resulted in the recording of erroneously high frequencies. 
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Because of the variable-diameter of the wheel abutting the frequency sensory, there is a “notch” where the 

wheel jumps from its maximum radius to its minimum radius. The Ergospect stepper was designed to 

operate so the cantilevered beam never crossed over this region, and instead only experienced smoothly 

varying flex. With the stepper used at this institution, however, the wheel had become misaligned. As a 

result, as shown in Figure 5-6c, when subjects took full steps, the notch would cross beneath the cantilevered 

frequency sensor, resulting in an abrupt flexing that was erroneously registered as a much higher stepping 

frequency than was actually occurring. When subjects took shallow steps, however, the wheel did not rotate 

enough for the notch to move beneath the sensor. This resulted in the phenomena seen in Figure 5-5, where 

shallow steps provided accurate frequency readings while full steps registered artificially high 

measurements. It was also likely responsible for the power inaccuracies seen for high exercise powers in 

Figure 5-4 – it had been noted during exercise studies that subjects are more prone to taking full steps at 

higher exercise powers when they are pushing against a greater resistance. 

 To address these issues, the belt was removed from exercise equipment, the wheel was rotated into 

proper position, and the belt was reattached. This proved to be effective at eliminating all erroneous 

frequency measurements. Further tests also showed that fixing the frequency sensor resulted in much more 

accurate power profiles, as seen in Figure 5-7. When compared to the two power curves in Figure 5-5, it is 

apparent that these modifications have successfully suppressed sinusoidal variations in power and 

inaccuracies at higher exercise powers. 
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Figure 5-7: Measured exercise power curves in response to prescribed exercise challenge with current 

stepper calibration and modifications. There was a noticeable improvement in power accuracy at high 

powers when compared to the results in Figure 5-4. 

 

5.1.4 Conclusions 

With the hardware modifications and software calibrations described above, the Ergospect stepper is now 

capable of accurate, multi-stage exercise paradigms for exercise powers up to 400 W. This represents a 

significant improvement over the capabilities the UW stepper and addresses the limitations with that device 

identified in the initial exercise study in PH subjects. The Ergospect stepper now allows for exercise 

challenges more closely mirroring what is utilized in clinical settings, such as the Bruce protocol. Since 

proper calibration of this device, over 75 research exercise studies have been successfully completed with 

the Ergospect stepper with minimal complications. 
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Chapter 6: Feasibility of 4D Flow MRI during Exercise 

The initial exercise CMR study described in Chapter 4 concluded that exercise CMR presented many 

advantages over traditional techniques such as stress echocardiography but had a few notable limitations: 

(1) the previous stepper was not capable of the high-power, multi-stage exercise challenges inherent to 

many clinical exercise studies and (2) traditional breath-held pulse sequences were too susceptible to 

motion artifacts, even when imaging was conducted post-exercise, to allow for reliable quantification in 

stress images. The previous chapter discussed how the implementation of the commercial Ergospect stepper 

overcame the challenges mentioned in the first point. In this chapter, the application of 4D Flow MRI is 

presented in response to the challenges in the second point. 

 4D Flow MRI offers many advantages over traditional 2D PC techniques when quantifying blood 

flow during exercise. As 4D Flow is a volumetric acquisition with measurement planes placed 

retrospectively, there is little concern regarding vessels of interest moving outside of the imaging volume 

during exercise. Furthermore, 4D Flow MRI can quantify flow in all of the great vessels and cardiac 

chambers simultaneously. Most importantly, however, 4D Flow MRI can be acquired alongside 

simultaneous respiratory and ECG. This allows for free-breathing during exercise imaging with effective 

motion suppression through the utilization of a retrospective double-gated reconstruction [40]. 

 In addition to standard flow velocity and volume measurements, 4D Flow MRI is increasingly used 

in research applications to assess more complex hemodynamic parameters not possible with 2D PC 

acquisitions, including pressure gradients, pulse wave velocity (PWV), wall shear stress, and kinetic energy 

(KE) [5]. PWV can provide valuable information regarding vessel wall compliance. Ventricular KE is of 

interest because it increases with exercise in healthy subjects [122] but recent 4D Flow MRI studies have 

shown that KE increases without a corresponding increase in cardiac output in patients with a variety of 

cardiac pathologies [54]. These latter studies motivate the use of 4D Flow MRI to measure KE and cardiac 

output as an indicator of ventricular efficiency. 

 For these studies, we utilized 4D Flow MRI with a radially undersampled trajectory (PC VIPR 
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[43,44]), which is well suited for exercise imaging as it confers (1) increased robustness to motion and (2) 

good compatibility with retrospectively ECG-gated reconstructions, mitigating the impact of decreased 

gating signal quality during exercise. The feasibility of assessing blood flow in the aorta, main pulmonary 

artery, left ventricle, and right ventricle was assessed in both adult subjects and pediatric subjects.  

6.1 Feasibility in Adult Subjects 

Initial feasibility of PC VIPR imaging during exercise was investigated in a small cohort of healthy adult 

subjects. It was hypothesized that while overall image quality of 4D Flow MRI may decrease during 

exercise due to blurring artifacts from subject motion, PC VIPR should be able to quantify increases in 

blood flow and kinetic energy. 

6.1.1 Methods 

Eleven healthy adults (26 ± 1 years; 8 male, 3 female) at similar levels of fitness were recruited for this 

study. All subjects provided written informed consent. Exclusion criteria included: (1) any history of 

cardiovascular or cardiopulmonary disease, (2) muscular or skeletal abnormalities that could limit exercise 

capacity, and (3) any contraindications to MRI scanning. This study was approved by the local Institutional 

Review Board and was compliant with the Health Insurance Portability and Accountability Act. 

 Exercise Protocol: Exercise was conducted in the magnet bore with the Ergospect stepper. This 

equipment allowed for real-time monitoring of step frequency and exercise power, and automatically 

adjusts stepping resistance in real-time to maintain the target exercise power. The target exercise power for 

each subject was 70% of the power corresponding to each subject’s maximal oxygen consumption (VO2max), 

as previously established on a bicycle ergometer in an exercise lab. Exercise power output values for each 

subject are given in Table 6-1. Subjects were coached to step at a cadence of 60 steps/min for the duration 

of exercise. All exercise imaging was performed during continued exercise after subjects had been 

exercising at the target power output for at least 3 minutes and had achieved a steady-state heart rate. 

Composite Poincaré plots [123] were created from normalized RR interval length measurements to 

characterize heart rate variability and determine if steady-state heart rates were maintained during exercise. 
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Table 6-1: Subject demographic information and exercise powers corresponding to VO2max 

 

 4D Flow MRI Acquisition: Subjects were imaged on a clinical 3.0 T scanner (Discovery 750, GE 

Healthcare, Waukesha, WI) with an 8-channel cardiac coil. Cardiac 4D Flow MRI at rest and during 

exercise was performed with a radially undersampled 4D flow sequence (PC VIPR) [43,44]: TR/TE = 

6.2/2.0 ms; flip angle (FA) = 10°, velocity encoding (VENC) = 200 cm/s; field of view (FOV) = 32x32x32 

cm; spatial resolution = 1.25 mm isotropic, scan time = 9.25 minutes fixed at rest and exercise. A higher 

VENC than was typical for cardiac imaging was selected to account for increased blood velocities with 

exercise. Images were reconstructed offline with retrospective respiratory gating from an abdominal belt to 

include only data during expiration with adaptive thresholding and 50% efficiency. Retrospective ECG 

gating with spatial frequency dependent temporal interpolation was used for cine reconstruction [40,124]. 

Fifteen cardiac phases were reconstructed to account for the shorter RR interval length and increased noise 

during elevated heart rates. 

 Image Quality Assessment: To assess the impact of exercise on image quality, a radiologist scored 

the image quality of the ascending aorta, aortic arch, descending aorta, and main pulmonary artery (MPA) 
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in each image series using a Likert scale with the following criteria: 0 = vessel not visible; 1 = non-

diagnostic image quality; 2 = poor image quality (above average noise/artifacts); 3 = average image quality 

(average noise/artifacts); 4 = very good image quality (minimal noise/artifacts); 5 = excellent image quality. 

Rest and exercise images were anonymized and randomized so the reader was blinded to rest/exercise 

status. In addition, relative signal-to-noise ratio (SNR) between resting and exercise scans for each subject 

were compared using the SNRstdv method described by Dietrich et al. [125]. 

4D Flow MRI Analysis (Flow): 4D Flow MRI complex difference images were segmented with 

MIMICS (Version 17.0, Materialize, Leuven, Belgium) to isolate the ascending aorta (AAo) and main 

pulmonary artery (MPA). Using previously described methods, flow quantification was performed using a 

combination of Ensight (Version 10.0, CEI Inc. Apex, NC), to generate two-dimensional, time-resolved 

magnitude and phase contrast datasets perpendicular to the vessel orientation, and a custom MATLAB tool 

[126], to quantify the flow through the AAo and MPA. Flow volumes per heart beat (SV), flow volumes 

per minute (CO), and mean flow were recorded in the AAo and MPA. The pulmonary to systemic flow 

ratio, Qp/Qs, was assessed in all subjects to measure the internal consistency of the flow measurements. 

PWV was measured in the aorta and MPA using the time-to-foot (TTF) method with the 4D flow workflow 

described by Wentland et al. [53].  

To assess measurement repeatability, inter-observer and intra-observer variability was assessed in 

the AAo and MPA during rest and exercise. Inter-observer variability was assessed by comparing mean 

flow measurements from the original observer with those from a second observer blinded to the 

measurement plane placements and results of the original observer. To determine intra-observer variability, 

the original observer repeated all flow measurements in the AAo and MPA. The observers had 5 years 

(“original observer”) and 2 years (“second observer”) of experience in 4D flow post-processing.  

Measurement reliability was estimated with internal flow consistency checks in the pulmonary and 

systemic circulation in each subject at rest and during exercise. For the pulmonary measurements, total flow 

in the MPA was compared to flow in the left pulmonary artery (LPA) and right pulmonary artery (RPA) 

together. Systemic circulation consistency was assessed by comparing total flow in AAo to that in the 
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descending aorta (DAo) and superior vena cava (SVC) together. As a further test of reliability, stroke 

volume measurements in the AAo and MPA from PC VIPR were compared in subjects against those 

calculated from a clinical, breath-held 2D PC acquisition at rest (TR/TE = 5.3/3.0 ms, FA = 30°, VENC = 

200 cm/s, FOV = 39x39 cm, in-plane resolution = 1.5x1.5 mm, slice thickness = 6 mm, scan time ≈ 15 s). 

For subjects upon which data was available, such a comparison was also performed in the MPA during 

exercise. 2D PC measurements in the AAo were not yet available from collaborators for similar systemic 

comparisons during exercise. 

4D Flow MRI Analysis (Kinetic Energy): The LV and RV were segmented from the time-averaged 

magnitude images in MIMICS [127]. A custom script applied this mask to the time-resolved velocity 

images to extract the velocity magnitude for each voxel in the ventricle. Ventricular KE was calculated 

from the sum of the KE for the voxels within the segmented volume:  

where ρ=1060 kg/m3 is the density of blood, V=1.95 mm3 is the voxel volume, and v is the velocity 

magnitude for the voxel. Ventricular energy efficiency was defined as the SV normalized to the KE, 𝜂 =

𝑆𝑉

𝐾𝐸
, or the amount of blood ejected from the ventricle per unit kinetic energy in the ventricle. To minimize 

the influence of heart rate on comparisons, KE and η were assessed at peak systole and peak diastole, rather 

than across the entire cardiac cycle. Repeatability in total KE, systolic KE, and diastolic KE, was assessed 

with inter-observer and intra-observer variability analysis following the same protocol described for the 

flow measurements. 

 Physiologic Gating Performance: To determine the impact of exercise on robustness of standard 

physiologic gating used with MRI, both ECG gating tracks and respiratory bellows measurements were 

analyzed. To assess ECG gating performance, the percentage of data acquired outside of the median 

measured RR interval for each subject was calculated. The number of missed ECG triggers was estimated 

by using an algorithm that detected abnormally long RR intervals at approximately integer multiples of the 
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median heart beat length (this algorithm will be explored more in depth in the child studies later in this 

chapter). To better understand the performance of respiratory gating during exercise imaging, a variety of 

respiratory gating thresholds were investigated. For all subjects, additional reconstructions were performed 

with thresholds on expiration of 20%, 30%, 40%, 60%, 70%, and 100%. The impact of respiratory threshold 

on flow in the AAo and MPA, as well as Qp/Qs ratio, was quantified. 

Statistical Analysis: Unless stated otherwise, all parameters are presented as the mean sample value 

plus/minus the sample standard deviation. Statistically significant differences in these parameters between 

rest and during exercise were determined with a paired student’s t-test. A standard t-test was used for any 

groupwise comparisons (AAo vs. MPA, RV vs. LV). The image quality scores as identified by the 

radiologist for each image series were compared between rest and exercise using a Wilcoxon rank-sum test. 

Bland-Altman analysis was used to quantify the mean difference (d) and 95% limits of agreement (LoA) 

for the inter-observer and intra-observer variability analysis. In addition, the intraclass correlation 

coefficient (ICC: Case 3, Type 1) was computed for all repeated measurements. All tests used a threshold 

of α = 0.05 for statistical significance. 

6.1.2 Results 

4D Flow MRI was successfully acquired during exercise in 10 of 11 subjects, although one of these 

subjects was unable to complete their resting scan due to claustrophobia. The subject who did not complete 

their exercise imaging ceased due to general discomfort. The average exercise power output during imaging 

was 158 ± 37 W. This resulted in an average increase of 44 ± 16% in heart rate (rest: 63 ± 14 bpm; exercise: 

92 ± 24 bpm) during exercise (p = 0.0001). Figure 6-1 shows the composite Poincaré plots for all subjects 

at rest and during exercise. These plots showed similar long-term heart rate variability (x2 axis) across scans 

at rest and under stress, as σx2,rest = 0.095 and σx2,stress = 0.105. Increased short-term variability (x1 axis) in 

heart rate was observed during exercise (σx1,rest = 0.054, σx1,stress = 0.076). 
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Figure 6-1: Composite Poincaré plots generated from normalized RR interval length data in each subject 

at rest (left) and during exercise (right). Variation along the x1 axis represents short-term variability in 

heart rate, while variation along the x2 axis represents long-term variability. 

 

Image Quality Assessment: Qualitative image scoring by a radiologist suggested no significant difference 

in image quality between rest and exercise for the vessel segments investigated. Mean scores in the MPA, 

ascending aorta, aortic arch, and descending aorta were, respectively, 4.2 ± 0.4, 3.8 ± 0.4, 3.6 ± 0.9, and 4.1 

± 0.8 at rest and 4.5 ± 0.5 (p=0.3), 3.9 ± 0.3 (p=1), 3.3 ± 0.9 (p=0.6), and 4.5 ± 0.5 (p=0.3) during exercise. 

Notably, however, for both rest and exercise images, image scoring was statistically significantly lower in 

the ascending aorta and aortic arch when compared to the MPA (p<0.001 for both). Exercise 4D Flow 

images showed an average decrease in SNR of approximately 15% (maximum decrease: 35%) relative to 

resting 4D Flow in the same subjects, largely due to increased motion blurring during exercise. Small 

vessels and regions with more complex flow dynamics, such as aortic arch and ventricles, were impacted 

the most by SNR decreases, but the AAo, MPA, and ventricles could be segmented in all subjects. 

Representative examples of the impact of exercise on image quality in magnitude images, complex 

difference images, and segmented PC angiograms are shown in Figure 6-2. 
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Figure 6-2: Representative resting data shown as a (a) coronal magnitude slice, (b) sagittal PC angiogram 

slice, and (c) segmented, volume rendered PC angiogram reconstructed from a 4D Flow MRI acquisition. 

Increased blurring and decreased conspicuity of regions with slow or complex flow is observed in the (d) 

coronal magnitude image, (e) sagittal PC angiogram, and (c) volume-rendered angiogram acquired during 

exercise. Colored arrow pairs indicate regions with the most noticeable changes in image quality between 

rest and exercise. 

 

Flow Analysis: Flow analysis in the AAo and MPA is summarized in Figure 6-3. SV showed no significant 

changes with exercise. Mean systemic SV was 75 ± 12 mL at rest and 81 ± 27 mL during exercise, while 

pulmonary SV was 79 ± 13 mL at rest and 93 ± 29 mL during exercise. In contrast, CO showed highly 

significant increases with exercise, rising from 4.7 ± 0.5 L/min to 7.0 ± 1.4 L/min in the AAo (p=0.001) 

and from 4.9 ± 0.8 L/min to 8.0 ± 1.4 L/min in the MPA (p<0.001). Mean flow also increased from 84 ± 

11 mL/s to 127 ± 22 mL/s in the AAo (p<0.001) and from 87 ± 14 mL/s to 146 ± 24 mL/s in the MPA 

(p<0.001). At rest, the average Qp/Qs ratio was 1.05 ± 0.17, while the average value was 1.16 ± 0.10 during 

exercise. The distribution of Qp/Qs ratios during exercise was a statistically significant difference from the 
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normal value (≈1) for healthy subjects. In the aorta, PWV showed significant increases with exercise in all 

subjects, from 4.0 ± 0.6 m/s to 6.6 ± 2.7 m/s (p=0.03). PWV measurements in the MPA, however, were not 

possible due to temporal resolution constraints and the shorter vessel length when compared to the AAo. 

 

 

Figure 6-3: Distributions of stroke volume, cardiac output, mean flow, and pulse wave velocity as measured 

at rest and during exercise in the ascending aorta (AAo) and main pulmonary artery (MPA). A bracket 

between two boxplots indicates statistically significant differences between the two distributions (p < 0.05). 

Pulse wave velocity measurements are only shown for the aorta, as measurements were not possible in the 

MPA. 

 

Inter-observer and intra-observer measurements showed excellent agreement at both rest and stress for flow 
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measurements in the AAo and MPA. Inter-observer comparisons at rest showed a relative difference of 6% 

in the AAo and 5% in the MPA and good correlation between measurements (ICCAAo,rest = 0.89; ICCMPA,rest 

= 0.95). Similar variability was observed for measurements during exercise, where relative differences of 

4% in the AAo and 6% in the MPA were obtained. Once again, there was good correlation between the 

measurements of the two observers (ICCAAo,stress = 0.94; ICCMPA,stress = 0.91). Intra-observer comparisons 

showed slight improvements, with average relative differences of 4% in both the AAo and MPA at rest, 2% 

in the AAo during exercise, and 4% in the MPA during exercise. Excellent correlation was observed for 

these measurements (ICCAAo,rest = 0.94; ICCMPA,rest = 0.95; ICCAAo,stress = 0.98; ICCMPA,stress = 0.97). Bland-

Altman plots, including mean difference and 95% LoA are presented in Figure 6-4 for these comparisons. 

 

 

Figure 6-4: Bland-Altman plots for inter-observer and intra-observer variability in mean flow in the AAo 

(blue dots) and MPA (orange dots) at rest and during exercise. The solid blue line indicates the mean 

difference (d), while the dashed red lines indicate the upper and lower bounds of the 95% limits of 

agreement. 
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Table 6-2 shows the results from the checks of internal consistency in the systemic circulation. At rest, an 

average difference of flow of 12% was observed between the AAo and DAo+SVC, while an average 

difference of 8% was measured when comparing flow in the MPA against the LPA+RPA. During exercise, 

these differences were 15% and 17% respectively. 

 

 

Table 6-2: Internal consistency measurements for flow in the pulmonary and systemic circulation at rest 

and during exercise. All measurements are total flow in the vessel across a single cardiac cycle. Diffsystemic 

= AAo – (DAo+SVC). Diffpulmonary = MPA – (LPA+RPA). 

 

Figure 6-5 shows comparisons of flow measurements acquired with PC VIPR and the standard, clinical 2D 

PC sequence. PC VIPR consistently underestimated the 2D PC measurements by an average of 24% in the 

AAo and 25% in the MPA. 
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Figure 6-5: Comparison of flow measurements acquired with PC VIPR and a standard 2D PC sequence in 

the ascending aorta and main pulmonary artery during rest. Consistently lower flow was measured with 

PC VIPR acquisitions in both vessels. 

 

Consistently lower PC VIPR measurements were also observed in the MPA during exercise, as seen in 

Figure 6-6. On average, PC VIPR measurements were 32% lower than 2D PC during exercise. 

 

 

Figure 6-6: Comparison of flow measurements acquired with PC VIPR and a standard 2D PC sequence in 

the main pulmonary artery during exercise. Again, PC VIPR measurements showed lower flow than those 

quantified from 2D PC. 
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Figure 6-7: 4D Flow analysis of kinetic energy (KE) during rest and exercise: (a) KE maps show increases 

in LV and RV KE with exercise; time resolved plots of KE in the (b) LV and (c) RV show large increases in 

KE during diastolic filling and systolic ejection. Time-resolved KE curves have been smoothed by fitting a 

3rd order Bezier spline to the measurements in each cardiac phase. 

 

Kinetic Energy Analysis: The capabilities of 4D flow MRI analysis of ventricular KE are shown in Figure 

6-7. KE maps during rest and exercise show (Figure 6-7a) clear increases in the KE in both ventricles with 

exercise. Time-resolved plots of KE in the LV (Figure 6-7b) and RV (Figure 6-7c) show dual peaks 

corresponding to diastolic filling and systolic ejection. These values, along with KE efficiency, are 

quantified at end-systole and end-diastole for each subject in Figure 6-8. KERV showed significant increases 

with exercise during both systole (8.3 ± 2.3 mJ at rest and 12.6 ± 4.5 mJ during exercise, p=0.02) and 

diastole (5.7 ± 1.2 mJ at rest and 9.7 ± 5.5 mJ during exercise, p=0.04). KELV, on the other hand, 

demonstrated non-significant increases with exercise for both systole (4.3 ± 1.8 mJ at rest and 9.0 ± 6.8 mJ 

during exercise, p=0.11) and diastole (6.9 ± 2.1 mJ at rest and 8.5 ± 4.0 mJ during exercise, p=0.38). During 

systole, KERV was consistently greater than KELV, but minimal differences were observed during diastole. 
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Figure 6-8: Distributions of kinetic energy and ventricular energy efficiency in healthy adults at peak 

systole and peak diastole at rest and during exercise in the left and right ventricles. A bracket between two 

boxplots indicates a statistically significant difference between the two distributions. 

 

With regards to ventricular efficiency, exercise induced significant decreases during systole in both ηRV 

(9.6 ± 2.3 mL/mJ at rest and 7.3 ± 2.4 mL/mJ during exercise, p=0.04) and ηLV (18.6 ± 5.3 mL/mJ at rest 

and 10.8 ± 5.2 mL/mJ during exercise, p=0.04). Such differences were not as apparent in diastole (ηRV = 

13.9 ± 2.9 mL/mJ at rest and 11.2 ± 5.5 mL/mJ during exercise, p=0.12; ηLV = 11.1 ± 2.4 mL/mJ at rest and 

10.6 ± 5.5 mL/mJ during exercise, p=0.82). At rest, ηRV was significantly lower than ηLV during systole 
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(p<0.001) and significantly higher during diastole (p=0.05). 

 Inter-observer and intra-observer repeatability analysis for KE measurements showed dramatically 

reduced agreement when compared to flow measurements in the MPA and AAo. For the sake of brevity, 

results in this section will be presented in the format parameter = [total/systole/diastole]. Inter-observer 

comparisons at rest showed average relative differences of [28/35/21]% in the LV and [30/38/23]% in the 

RV. Correlation of measurements was varied, but were generally poor outside of diastole: ICCLV,rest = 

[0.28/0.26/0.79] and ICCRV,rest = [0.22/0.41/0.43]. Surprisingly, inter-observer comparisons during exercise 

showed similar relative differences of [24/27/21]% in the LV and [30/33/23]% in the RV, but noticeably 

improved correlation:  ICCLV,stress = [0.75/0.71/0.93] and ICCRV,stress = [0.70/0.74/0.87]. Intra-observer 

comparisons at rest yielded relative differences of [35/32/19]% in the LV and [34/48/22]% in the RV. 

During exercise, the relative differences decreased to [19/20/18]% in the LV and [32/42/20]% in the RV. 

As before, improved correlation was seen during exercise: ICCLV,rest = [0.42/0.17/0.75], ICCRV,rest = 

[0.50/0.73/0.68], ICCLV,stress = [0.91/0.96/0.87], and ICCRV,stress = [0.75/0.73/0.89]. Bland-Altman plots for 

total KE, including mean difference and 95% LoA, are presented in Figure 6-9 for these comparisons. 

 Physiologic Gating Performance: At rest, on average, 98% of projections were acquired within the 

median RR interval, with the lowest percentage for a single subject being 94%. During exercise, on average, 

94% of projections were acquired within each subject’s median RR interval, with the lowest single-subject 

percentage reaching 88%. Across all subjects, these values corresponded to an average of 2% of RR triggers 

missed at rest and 7% missed during exercise. Figure 6-10 shows the impact of respiratory gating threshold 

during image reconstruction on Qp/Qs ratio, AAo flow, and MPA flow. MPA flow was relatively 

independent of the chosen threshold, while Ao flow was drastically underestimated for low threshold 

percentages. This resulted in most accurate Qp/Qs ratios measured for thresholds around 60-70%.  
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Figure 6-9: Bland-Altman plots for inter-observer and intra-observer variability of total KE in the LV (blue 

dots) and RV (orange dots) at rest and during exercise. The solid blue line indicates the mean difference 

(d), while the dashed red lines indicate the upper and lower bounds of the 95% limits of agreement. 

 

 

Figure 6-10: Dependence of (a) Qp/Qs and (b) Ao and MPA flow on respiratory gating threshold during 

image reconstruction. 
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6.1.3 Discussion 

These results demonstrated the feasibility of high power exercise challenges in the MRI bore and 

simultaneous 4D Flow MRI imaging, as ten of eleven subjects successfully completed the exercise 

challenge at a sustained exercise power at 70% of their individual VO2max. The subject that did not complete 

their exercise challenge stopped due to general discomfort rather than exhaustion. Performing future 

exercise CMR on a wide-bore scanner may help mitigate discomfort and claustrophobia induced by 

exercising in the narrow magnet bore. Analysis of heart rate variability during the extended exercise 

sessions with Poincare plots showed similar long-term variability between the groups at rest and during 

exercise, suggesting 3 minutes of exercise prior to imaging was sufficient to obtain a steady-state heart rate 

during imaging. Further analysis of cardiac gating showed a minor decrease in ECG gating quality during 

exercise with a slight increase in missed RR triggers. Although this issue was not significant in this study, 

techniques to improve ECG gating robustness may be required for exercise imaging in patient populations 

with less reliable gating signals. 

 The lack of significant differences in SV between rest and exercise were not unexpected, as it has 

been previously demonstrated that, unlike upright exercise, supine exercise often does not have a 

measurable impact on SV [128]. In contrast, cardiac output and mean blood flow in the AAo and MPA and 

increased significantly with exercise. Intra-observer and inter-observer comparisons for flow in the MPA 

and AAo showed excellent repeatability at rest and during exercise, suggesting the observed minor decrease 

in SNR during exercise was not an impediment to consistent segmentation of these vessels. PWV 

measurements at rest showed excellent agreement with those reported in previous 4D flow studies [53,129], 

and PC VIPR during exercise was able to quantify increases in this parameter with exercise in all subjects. 

While PWV is often used as a surrogate for vessel compliance, this increase with exercise likely reflects 

the increased cardiac output with exercise, rather than a change in vessel compliance.  

 The distribution of Qp/Qs ratios measured at rest reflected excellent measurement consistency, as 

these values were not statistically significant from the expected value of approximately 1 for healthy 

subjects. Notably, however, this was not the case during exercise where flow in the MPA was, on average, 
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15% higher than that in the AAo for all subjects. The investigation into the effects of variable respiratory 

thresholds during image reconstruction suggested this parameter may play a role in this discrepancy, as 

aortic flow was highly dependent on this threshold during exercise. On average, optimal Qp/Qs values were 

obtained during exercise at a threshold of 70% on expiration. This represents approximately a 40% increase 

in reconstructed data over the typical threshold of 50%, which roughly corresponds to an SNR gain of 18%. 

At rest, it was observed that SNR in the AAo was already lower than that in the MPA. It is hypothesized 

that the SNR gain associated with the more lenient respiratory threshold may help offset the measured 

further 15% SNR loss from exercise. Improvements in Qp/Qs ratio did not continue for higher respiratory 

thresholds, as further SNR boosts were likely offset by increased blurring from respiratory motion. It is also 

speculated that differences in AAo and MPA scan plane placement relative to the direction of respiratory 

motion could result in different sensitivities to changes in this motion during exercise. 

 Measurements of internal flow consistency in the systemic and pulmonary circulation showed good 

agreement both at rest and during exercise. These results suggested precision of 4D flow measurements 

during exercise similar to that observed during a typical exam at rest.  Comparisons of SV as measured with 

PC VIPR and a standard breath-held 2D PC sequence showed that PC VIPR consistently underestimated 

flow for all subjects. This was consistent with results reported in prior comparisons of 4D flow MRI and 

2D PC techniques [126,130–133]. While the mechanisms for the disparity between these techniques are not 

fully understood, some have been postulated. As a result of the increased number of velocity-encoding 

steps, 4D flow acquisitions feature poorer temporal resolution than 2D PC approaches. It has been 

demonstrated this will result in poorer characterization of peak flow, and therefore lower stroke volumes 

[132]. Furthermore, 4D flow exams are much longer than 2D acquisitions, resulted in flow waveforms 

averaged over a greater number of heart beats. If heart rate naturally varies during 4D flow imaging, the 

reconstructed waveform will represent an average cardiac response which may be lower than would be seen 

with a faster 2D sequence at the beginning of the imaging period. On the other hand, Frydrychowicz et al. 

reported that using a phantom calibration instead of software calibration to account for phase offsets from 

eddy currents improved agreement between 4D flow and 2D PC measurements, suggesting some additional 
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role of eddy currents [130]. Despite the lower flow measurements with 4D flow techniques, Hanneman et 

al. showed that the Qp/Qs ratio is preserved, suggesting this error is systemic and accurate relative 

comparisons between 4D flow data are still feasible [131]. Thus, while PC VIPR flow measurements may 

have reduced absolute accuracy, comparisons between rest and exercise acquisitions should still hold 

significant value. The relative flow underestimation with PC VIPR slightly increased during exercise, but 

it was unclear if this was a simply result of the smaller sample size, unsuitability of the breath held 2D PC 

sequence for exercise acquisitions, or reduced ability of PC VIPR to adequately characterize peak flow with 

increased heart rates. These factors, combined with the good agreement seen in the internal consistency 

measurements above, suggested PC VIPR was a viable approach for quantitative whole-heart flow imaging 

during strenuous exercise. 

Of all the parameters measured, total ventricular KE proved to be most sensitive to changes with 

exercise, showing the greatest increase in mean value during stress. These results were consistent with those 

reported previously from studies utilizing cardiac catheterization [122]. When compared to one another at 

rest, KERV was higher than KELV during systole but lower during diastole, in agreement with results 

presented from previous 4D flow studies [134,135], and these relationships were preserved in 

measurements during exercise. In the context of this feasibility study, SV normalized by KE energy did not 

provide any additional sensitivity to exercise as a surrogate for ventricular efficiency. However, this was 

possibly because all recruited subjects for this study demonstrated similar healthy ventricular dynamics, 

whereas this parameter may prove more responsive in studies involving patients with compromised or 

irregular cardiac function. 

While KE measurements were the most sensitive to increases in exercise, they also demonstrated 

noticeably increased relative differences and decreased correlation in the inter-observer and intra-observer 

comparisons as compared to flow measurements. This is likely a “double-edged sword” of KE calculations 

based around squared velocity measurements, as the effects of noise are enhanced as well. For reference, 

two KE measurements in a single voxel with a 30% difference, the magnitude typically observed in this 

study, represent a change in velocity of 16%. Correlation was typically poor for end-systolic measurements 
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but good for end-diastolic measurements. This was likely a consequence of using a time-averaged mask 

resulting in analysis volumes closer to end-diastolic volumes than end-systolic. These results suggest the 

application of a time-resolved mask, likely registered from corresponding bSSFP scans to achieve 

reasonable SNR, could greatly improve the repeatability of KE measurements in the ventricles. 

Fascinatingly, relative differences were lowest and correlation was highest for measurements performed 

during exercise, despite reduced SNR. It is hypothesized that the blurring of fine ventricular features may 

have reduced observer subjectivity when contouring the ventricles, resulting in better agreement (though 

not necessarily a more accurate segmentation). 

 This use of 4D Flow MRI for exercise CMR offered many advantages over traditional clinical stress 

echocardiography including (1) time-resolved flow distributions over a 3D imaging volume not reliant on 

fitting data to pre-established flow models, (2) more repeatable quantification of right-heart function, and 

(3) the ability to reconstruct PC angiograms from flow data, all possible from a single scan. Streamline and 

pathline visualizations of flow can also be generated from 4D flow data, allowing for visualization and 

characterization of complex flow patterns. Such tools could be valuable for exploring how ventricular flow, 

which has been shown to be highly vortical [136,137], will evolve in response to exercise, and illustrate the 

reduced ventricular efficiency observed during exercise in all subjects. 

 When compared to prior studies performing exercise CMR, many advantages of using a radially 

undersampled 4D Flow sequence were apparent. To counter the challenges of increased motion and breath 

hold difficulty during exercise, early exercise CMR relied on imaging following exercise [101,138], 

resulting in a rapidly dropping heart rate during imaging due to natural recovery from exercise. The ability 

to image during free-breathing exercise with 4D Flow MRI allowed for quantification of exercise stress 

with a more physiologic, steady-state heart rate. The natural motion robustness of the radial k-space 

trajectory (PC VIPR) mitigated the increased motion artifacts introduced from bulk subject motion during 

exercise and resulted in only a minor SNR loss from motion blurring in exercise images. Radiologist image 

scoring only noted above average noise and artifacts in a single exercise acquisition, with most cases being 

scored as very good or excellent image quality. Alternatively, real-time PC MRI [139] could overcome the 
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challenges of breathing and subject motion during exercise, but currently such approaches are limited to 

2D acquisitions with coarse spatial resolution and are particularly difficult to perform at high heart rates. 

 This study had a few limitations. While the small sample size was sufficient for proof of concept, 

it does not prove definitive robustness of this technique. In addition, each subject’s VO2max was determined 

from exercise challenges on an upright stationary bicycle. Subsequently, the target exercise power during 

scanning was set to 70% of this VO2max. It has been previously shown that posture has an impact on cardiac 

dynamics during exercise [128] and, therefore, the baseline for 100% VO2max might be different in a supine 

position in the bore. On top of this, possible systemic differences in exercise power measurements between 

the exercise stepper and upright bicycle were not characterized. While this was not a major factor for our 

feasibility study, it might be an important consideration for exercise CMR studies that require precise 

exercise responses. The poor repeatability and high variability of KE measurements limited the statistical 

significance of comparisons. This could limit the diagnostic value of this parameter in clinical applications 

and warrants improved characterization of sources of variability to improve performance in future work. 

Possible sources of error in intra-ventricular measurements may include sub-optimal sequence optimization 

(VENC and spatial resolution specifically), differences in segmentation techniques between observers, and 

the use of a time-averaged mask for segmentation. Finally, while the choice of 15 cardiac frames was 

adequate for maintaining sufficient SNR for vessel segmentation during exercise, it limited sensitivity to 

time-resolved cardiac dynamics. 

6.1.4 Conclusions 

In this study, we demonstrated the feasibility of using 4D flow MRI for whole-heart exercise CMR in 

healthy controls. Almost all subjects successfully completed a strenuous exercise challenge at a power 

corresponding to 70% VO2max. MRI measurements showed significant increases in cardiac output and flow 

in the great vessels and KE in the ventricles. Minor decreases in SNR were associated with imaging during 

exercise, but overall flow measurements during stress still appeared to be reliable, in part due to the natural 

motion robustness of PC VIPR. We believe with further testing and development biventricular 4D flow 
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exercise CMR can fulfill a valuable clinical role in evaluating and monitoring patients with right-side or 

whole-heart defects, a group previously not well-addressed by the clinical standard of stress 

echocardiography. Future directions to address the limitations of this work are proposed in Chapter 8. 

6.2 Application in Pediatric Subjects 

The previous feasibility study clearly demonstrated that PC VIPR with retrospective ECG and respiratory 

gating could be used effectively to quantify complex flow in the ventricles and great vessels during 

strenuous exercise challenges in adult subjects. Extending the ability to conduct exercise CMR 

examinations to pediatric populations would be of special interest to clinicians in monitoring the 

manifestation and progression of a variety of conditions, especially those associated with right-heart or 

whole-heart abnormalities which are not well-served by echocardiography. For example, exercise testing 

has been shown to have good prognostic value in pediatric subjects suffering from cystic fibrosis [140]. 

Exercise stress tests can also be used effectively in pediatric patients with Tetralogy of Fallot and other 

congenital heart defects to assess exercise capacity, monitor disease progression, and establish the efficacy 

of surgical repairs [141,142]. 

 Exercise CMR in pediatric subjects, however, presents a few notable challenges not commonly 

observed in an adult population. In general, pediatric subjects are less compliant than adult populations. 

This can result in greater deviations from prescribed exercise protocols than in adults. Also, as a result of 

their smaller body sizes relative to the magnet bore, children have a much greater range of motion in the 

scanner, allowing for increased bulk motion during exercise. A primary concern for this increased motion 

is more prevalent motion artifacts during image reconstruction. While such motion can still be minimized 

with the dual-gating PC VIPR approach described before [40], additional factors inherent to exercise makes 

acquiring robust ECG gating inherently more difficult. Increased respiratory motion in the presence of steep 

gradient fields may induce voltage in the ECG leads, reducing the accuracy of ECG traces [143]. In addition 

to this, on average, children feature increased heart rates relative to adults [144], which has been linked to 

decreased ECG signal fidelity as a result of increased magnetohydrodynamic effects [145]. These factors, 
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when coupled with the decreased quality of ECG lead contact due to subject perspiration, result in a higher 

rate of inaccuracies when attempting to use ECG gating during exercise CMR. A pulse oximeter can be 

used for cardiac gating instead, but these devices are also susceptible to false readings in the presence of 

motion. 

 In the context of these exercise studies, the decreased gating fidelity normally manifested as missed 

cardiac triggers. Increased noise in the ECG trace reduced the accuracy of the algorithm that detected the 

R wave corresponding to the beginning of each new heartbeat. This resulted in the cardiac gating recording 

erroneously long RR intervals, or heart beat lengths, when previous R waves were not detected. This proved 

to be a significant issue with the PC VIPR reconstruction, as the length of the reconstructed cardiac 

waveform was determined from the median heart beat length across the entire acquisition. When a 

significant amount of artificially long RR intervals were recorded, this resulted in an irregularly long 

reconstructed heartbeat. Such a reconstruction could result in the inclusion of a second systolic peak and a 

non-physiologic flow waveform. These effects are demonstrated in Figure 6-11. As seen in Figure 6-11a, 

typical RR interval lengths show a natural variability across a scan, in part due natural heart rate variability 

and limited temporal resolution when sampling. Figure 6-11b shows a typical reconstructed aortic flow 

waveform. In Figure 6-11c, the potential effects of exercise on gating is visualized. There is a notable 

amount of missed heart beats, resulting in an inaccurate flow waveform (Figure 6-11d). This waveform has 

an improperly long reconstructed cardiac cycle length, resulting in the inclusion of the systolic waveform 

from the “next” cardiac cycle. 

 Here we test the feasibility of using PC VIPR to assess flow in the great vessels and ventricles 

during strenuous exercise challenges in a pediatric population. Results are compared to those measured in 

the healthy adult population. To counter the challenges related to the decreased ECG trace fidelity, a custom 

algorithm was implemented to detect missed triggers and assign the corresponding projections to the correct 

phase in the cardiac cycle. 
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Figure 6-11: (a) Typical variability noted in RR interval length as recorded by ECG gating and (b) a typical 

reconstructed aortic flow waveform. (c) During exercise, many artificially long RR intervals are observed 

as a result of previously missed R-wave triggers, resulting in (d) a reconstructed flow waveform with an 

artificially long cardiac length. As a result, systolic data from the “next” cardiac cycle in included, yielding 

an inaccurate representation of flow across the cardiac cycle. 

 

6.2.1 Methods 

Eighteen healthy, prepubescent children (13 ± 1 years; 8 male, 10 female) at similar stages of fitness were 

recruited for this study. All subjects provided written informed consent. As before, exclusion criteria 

included: (1) any history of cardiovascular or cardiopulmonary disease, (2) muscular or skeletal 

abnormalities that could limit exercise capacity, and (3) any contraindications to MRI scanning. This study 

was approved by the local Institutional Review Board and was compliant with the Health Insurance 

Portability and Accountability Act. 

 Exercise Protocol: Exercise was conducted in a supine position in the magnet bore with the 

Ergospect stepper. The target exercise power for each subject was 70% of the power corresponding to each 
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subject’s VO2max, as previously established on a bicycle ergometer in an exercise lab. Subjects were verbally 

coached to step at a cadence of 60 steps/min for the duration of exercise. All exercise imaging was 

performed after subjects had been exercising at the target power output for at least 3 minutes and had 

achieved a steady-state heart rate. 

 4D Flow MRI Acquisition: Subjects were imaged on a clinical 3.0 T scanner (Discovery 750, GE 

Healthcare, Waukesha, WI) with an 8-channel cardiac coil. Cardiac 4D Flow MRI at rest and during 

exercise was performed with an identical radially-undersampled PC VIPR acquisition to that performed in 

the adult subjects [43,44]: TR/TE = 6.2/2.0 ms; flip angle (FA) = 10°, velocity encoding (VENC) = 200 

cm/s; field of view (FOV) = 32x32x32 cm; spatial resolution = 1.25 mm isotropic, scan time = 9.25 

minutes). Images were reconstructed offline with retrospective respiratory gating from an abdominal belt 

to include only data during expiration with adaptive thresholding and 50% efficiency. Retrospective ECG 

gating was used for cine reconstruction [40,124]. Fifteen cardiac phases were reconstructed to allow for 

improved SNR in each time frame during exercise. 

 ECG Gating Correction: During image reconstruction, the median RR interval length was 

calculated and the percentage of data acquired outside of this interval was presented. If more than 5% of 

the acquired projections were outside of this window, a gating correction algorithm was applied to the ECG 

gating track in MATLAB. This threshold was subjectively identified as the amount of inaccuracies that 

could be tolerated before noticeable changes were observed in the reconstructed flow waveforms. The 

algorithm compared each recorded RR interval length to the median length of the fifty closest RR intervals, 

which was assumed to well-approximate the true heartbeat length. If the RR interval length was found to 

be close to an integer multiple (2 or greater) of the median value, and thus the result of previously missed 

R wave triggers, the interval in question was subdivided into multiple equal-length intervals on the order 

of the expected heartbeat length. These corrections were saved as a new ECG gating track. For subjects 

requiring corrected gating, the reconstruction described above was repeated with the new gating track. 

 Image Quality Assessment: To assess the impact of exercise on image quality, relative SNR 

between resting and exercise scans for each subject were compared using the SNRstdv method described by 
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Dietrich et al. [125]. This SNR performance was compared to that quantified in the adult subjects. 

4D Flow MRI Analysis (Flow): 4D Flow MRI complex difference images were segmented with 

MIMICS (Version 17.0, Materialize, Leuven, Belgium) to isolate the ascending aorta (AAo) and main 

pulmonary artery (MPA). Flow quantification was performed using a combination of Ensight (Version 10.0, 

CEI Inc. Apex, NC), to generate two-dimensional, time-resolved magnitude and phase contrast datasets 

perpendicular to the vessel orientation, and a custom MATLAB tool [126], to quantify the flow through the 

AAo and MPA. Stroke volume (SV), cardiac output (CO), and mean flow were recorded in the AAo and 

MPA. The pulmonary to systemic flow ratio, Qp/Qs, was assessed in all subjects to measure the internal 

consistency of the flow measurements. To assess the impact and efficacy of the gating correction algorithm 

on flow measurements, peak systolic flow and stroke volume were compared intra-subject for 

reconstructions with original and corrected gating. 

4D Flow MRI Analysis (Kinetic Energy): The LV and RV were segmented from the time-averaged 

magnitude images in MIMICS [127]. A custom script applied this mask to the time-resolved velocity 

images to extract the velocity magnitude for each voxel in the ventricle. Ventricular KE was calculated 

using Eq. 6-1 from above. Ventricular energy efficiency was defined as the SV normalized to the KE, 𝜂 =

𝑆𝑉

𝐾𝐸
. To minimize the influence of heart rate on comparisons, KE and η were assessed at peak systole and 

peak diastole, rather than across the entire cardiac cycle. 

Statistical Analysis: Unless stated otherwise, all parameters are presented as the mean sample value 

plus/minus the sample standard deviation. Statistically significant differences in these parameters between 

rest and during exercise were determined with a paired student’s t-test (α = 0.05). A standard t-test was 

used for any groupwise comparisons (AAo vs. MPA, RV vs. LV).  

6.2.2 Results 

All subjects successfully completed exercise imaging. The average exercise power output during imaging 

was 107 ± 24 W. This resulted in an average increase of 45 ± 14% in heart rate (approx. 35 bpm) during 

exercise (p < 0.0001). 
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ECG Gating Correction: Seven of eighteen children had corrupted ECG gating where at least 5% 

of all data was acquired outside of the expected RR interval. Across these subjects, an average of 27 ± 13% 

of ECG triggers during the MRI acquisition were missed. ECG correction was attempted in these seven 

subjects, and PC VIPR reconstruction was performed again with the corrected gating track. Following 

correction, only 3 ± 2% of data was acquired outside of the new expected heartbeat length, in excellent 

agreement with 2 ± 1% observed in subjects with robust gating. However, two of the subjects featured 

gating tracks that could not be properly fixed with the MATLAB algorithm. This occurred because these 

gating tracks featured other sources of inaccuracy besides missed triggers, including premature triggers and 

unexpected changes in median signal magnitude, as shown in Figure 6-12. These additional sources of error 

introduced more complex variation in recorded heartbeat length that made correcting for missed beats 

challenging.  

 

 

Figure 6-12: Recorded RR interval lengths over time for the two subjects the ECG correction algorithm 

could not properly correct for. (Left) This gating recorded a multitude of premature triggers (triggers below 

dashed red line). When premature triggers were immediately followed by missed triggers, RR-intervals at 

non-integer multiples of the expected heart beat length (dashed red line) were recorded. The correction 

algorithm, which looked for intervals at integer multiples, could not correct for these. (Right) This subject 

featured an abrupt change in the measured baseline, obfuscating the correct RR interval missed triggers 

should be corrected to. 
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Figure 6-13: Effect of corrected ECG gating on aortic flow waveforms. Shortening of the reconstructed 

cardiac cycle from decreased median RR interval length resulted in the elimination of spurious flow 

corresponding to the systolic upstroke of a second cardiac cycle (as separated by the dashed red line). The 

original systolic waveform (and peak flow) was well preserved, however. 

 

Figure 6-13 shows the impact of reconstruction with a corrected gating file on a representative flow 

waveform, as measured in the ascending aorta. The original systolic waveform and peak flow was preserved 

when compared against the original reconstruction, but total flow decreased due to the elimination of the 

non-physiologic flow upstroke at the end of the cardiac cycle. Quantification of changes in peak flow and 

total flow (stroke volume) with the corrected gating reconstruction are is presented in Table 6-3. Across all 

measurements, peak flow changed an average of 8.3±7.8%, while total flow showed a great average change 

of 28.2±19.4%. 

 Image Quality Assessment: Relative SNR approximations quantified an average decrease in SNR 

of approximately 20% with exercise in child subjects. Ten of eighteen subjects showed changes of less than 

15%, and the maximum loss observed across all subjects was approximately 50%. This represented a greater 

effect of exercise imaging on SNR than noted previously in the adult subjects. 
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Table 6-3: Peak systolic flow (Peak) and stroke volume (SV) in the aorta (Ao) and main pulmonary artery 

(MPA) as measured for reconstructions with original and corrected ECG gating. The gating tracks for 

subjects 1 and 2 could not be salvaged by the correction algorithm. 

 

4D Flow MRI Analysis (Flow): Flow analysis across all subjects (using corrected gating if available) is 

presented in Figure 6-14.  SV showed minimal changes with exercise. Left heart SV was 57.0 mL at rest 

and slightly decreased to 50.5 mL during exercise (p=0.02). Right-heart SV was 57.9 mL at rest and 

increased to 61.0 mL during exercise (p=0.28). Pulmonary SV was significantly higher than systemic SV 

during exercise (p=0.01). These measurements corresponded to average Qp/Qs ratios of 1.02 ± 0.14 at rest 

and 1.23 ± 0.19 during exercise. This mirrored the measurements in the healthy adults, where resting 

measurements showed Qp/Qs measurements exceptionally close to the expected value for healthy subjects 

(Qp/Qs=1), but measured pulmonary flow was noticeably higher than systemic flow during exercise. 

 CO was more sensitive to exercise than SV. Systemic CO increased from 4.5 ± 0.8 L/min at rest to 

5.7 ± 1.0 L/min during exercise (p<0.001). Likewise pulmonary CO increased from 4.6 ± 0.8 L/min to 6.9 

± 1.0 L/min (p<0.001). Once again, during exercise, pulmonary CO was significantly greater than systemic 

CO (p=0.004). Mean flow featured similar relationships to CO. Left-heart mean flow was 84.7 ± 16.8 mL/s 
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at rest and 102.6 ± 22.0 mL/s during exercise (p=0.002). Right-heart mean flow increased from 86.0 ± 14.8 

mL/s at rest to 124.8 ± 24.4 mL/s during exercise (p<0.001). Right-heart flow was significantly higher than 

left-heart flow during exercise (p=0.02). 

 

 

Figure 6-14: Distributions of stroke volume, cardiac output, mean flow, and mean velocity as measured at 

rest and during exercise in the ascending aorta (AAo) and main pulmonary artery (MPA). A bracket 

between two boxplots denotes statistically significant differences (p<0.05). 
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 Mean blood flow velocity in the AAo and MPA was also sensitive to exercise. Mean velocity in 

the AAo was 16.4 ± 3.0 cm/s at rest and 19.6 ± 3.9 cm/s (p<0.001). In the MPA, mean velocity increased 

from 14.3 ± 2.1 cm/s at rest to 19.5 ± 3.6 cm/s during exercise (p<0.001). While there was no significant 

difference between systemic and pulmonary velocity during exercise, pulmonary velocity was significantly 

lower during rest (p=0.04), likely due to the larger vessel cross-sectional area. 

4D Flow MRI Analysis (Kinetic Energy): Figure 6-15 presents the distributions for kinetic energy 

and kinetic energy efficiency (η) at peak systole and diastole during rest and exercise. During peak systole, 

KELV increased from 3.2 ± 1.5 mJ at rest to 5.7 ± 2.3 mJ during exercise (p=0.005). KERV increased from 

5.6 ± 3.3 mJ at rest to 7.7 ± 3.3 mJ during exercise (p=0.003). During peak diastole, KELV was 6.2 ± 2.2 mJ 

and increased to 7.5 ± 2.8 mJ during exercise (p=0.07). Likewise, KERV increased from 4.3 ± 1.0 mJ to 7.0 

± 2.4 mJ (p<0.001). Systolic KERV was higher than KELV at rest (p=0.03) and exercise (p=0.09), but lower 

than KELV at rest (p=0.03) and exercise (p=0.62) during diastole. 

 At peak systole, ηLV decreased from 20.4 ± 7.5 mL/mJ at rest to 10.5 ± 5.7 mL/mJ during exercise 

stress (p=0.007), and ηRV decreased from 12.0 ± 3.6 mL/mJ to 9.3 ± 5.2 mL/mJ during exercise (p=0.08). 

During peak diastole, ηLV was 9.7 ± 2.3 mL/mJ at rest and 8.2 ± 5.5 mL/mJ during exercise (p=0.39). ηLV 

decreased from 13.6 ± 2.3 mL/mJ at rest to 9.6 ± 3.7 mL/mJ during exercise (p<0.001). Right-heart 

efficiency was lower than left-heart efficiency at rest (p=0.001) and stress (p=0.58) during systole, but 

higher than left-heart efficiency at both rest (p=0.004) and stress (p=0.45) during diastole. 
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Figure 6-15: Distributions of kinetic energy and kinetic energy efficiency during systole and diastole as 

measured at rest and during exercise in the left ventricle (LV) and right ventricle (RV). A bracket between 

two boxplots denotes statistically significant differences (p<0.05). 

 

6.2.3 Discussion 

As with the adult subjects, extended exercise challenges at 70% of each subject’s VO2max appeared feasible, 

as all subject successfully completed exercise imaging. A noticeable issue with child exercise studies not 

encountered with the adult subjects, however, was the increased prominence of corrupted ECG gating. 

Almost half of all subjects featured gating tracks where 15-30% of all cardiac triggers were missed by the 

ECG gating. It is theorized that the increased prevalence of missed triggers in this subject population may 
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be due to their smaller size relative to the magnet bore when compared to adults. Greater freedom-of-motion 

allows for increased subject motion, especially during exercise, which could contribute to decreased gating 

fidelity, as outlined in the introduction to this work. Pulse oximetry did not offer a more robust gating 

solution when reliable ECG signals could not be obtained, as it proved to be highly sensitive to subject 

motion as well. As such motion would be difficult to minimize for future exercise studies, there may be 

value in investigating alternative gating methods, such as self-gating techniques [124,146,147]. 

 The implemented ECG correction algorithm proved to be mostly effective at salvaging the scans 

for children with corrupted gating tracks. For most of the subjects, the algorithm effectively corrected 

abnormally long RR intervals to new intervals at the expected RR interval length. This proved to be 

effective at eliminating improperly high flow across the cardiac cycle by removing the second systolic peak 

in the reconstructed flow waveforms. Peak systolic flow was preserved suggesting the algorithm did not 

significantly alter the original systolic waveform. Good agreement was also observed in systolic flow 

profiles between the reconstructed waveforms with original and corrected gating. The most notable 

advantage this algorithm offered was the preservation of original image SNR. An alternative solution would 

be to simply discard projections associated with missed triggers, but given that some subjects had up to 

50% of all triggers missed, this would result in significant SNR losses, rendering images difficult to 

interpret. One of the two cases which the algorithm failed featured numerous early triggers. These, alone 

and when coupled with subsequent missed triggers, resulted in triggers that could not be properly corrected 

for, as their lengths were not integer multiples of the expected RR window. For such cases, a combination 

of the ECG correction algorithm and rejection of projections associated with early triggers may provide the 

most accurate reconstruction. 

 The SNR analysis showed slightly decreased SNR during exercise in the child subjects than was 

observed in the adult subjects. It is hypothesized this may be from increased motion blurring present in 

these images. The ventricles and great vessels were still capable of being resolved and segmented in all 

images, however, so the additional SNR loss was not prohibitive to image analysis. Still, it was likely this 

SNR loss contributed to some increased variability in measurements of various hemodynamic parameters. 
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This additional SNR loss could have been compensated for by using a lower VENC in this subject 

population. For these acquisitions, the same VENC was used as in the adult subjects (200 cm/s), which was 

likely excessive given the naturally lower cardiac output in young subjects. Future studies should explore 

the use of VENCs tailored to the subject groups in question. 

 As in the adult subjects, SV showed weak sensitivity to exercise, likely due to the supine position 

in which the subjects were exercising. CO, mean flow, and mean velocity, on the other hand, were highly 

sensitive to increases with exercise stress, as was expected. At rest, flow parameters in the AAo and MPA 

showed excellent agreement and an expected Qp/Qs ratio around 1. Like in the adult subjects, however, flow 

parameters in the MPA were typically higher than that measured in the AAo – a non-physiologic situation 

for subjects with no inter-cardiac shunts. Investigation in the adult subjects suggested these discrepancies 

may be linked to greater sensitivity to SNR loss and/or differences in susceptibility to altered respiratory 

motion during exercise in the ascending aorta when compared to the MPA. 

 Kinetic energy measurements showed reduced kinetic energy and efficiency when compared to 

adult subjects, as expected for the smaller, still-developing hearts in children. Measurements during systole 

were more sensitive to significant changes with exercise than those during diastole. Similar trends were 

observed as in the adult subjects, where the LV was more efficient during systole, while the RV was more 

efficient during diastole. 

 The congruity of these results with those obtained in the healthy adults suggest 4D flow with PC 

VIPR can also be a valid tool for quantitative exercise CMR in healthy children. Children showed similar 

responses to exercise as adult subjects, but typically had lower magnitude in hemodynamic parameters 

given the smaller heart, ventricle volumes, and vessels. Increased motion proved to be a special challenge 

in imaging child subjects during exercise as compared to adults. The implemented gating correction 

algorithm seemed effective at salvaging flow waveforms corrupted by this excess motion, however. As the 

exercise equipment was tailored for use with grown adults, specialized adjustments for children (such as 

smaller strap-in boots and a smaller chest harness) could help decrease subject motion. 

 There were a few limitations with this study in addition to those already identified in the adult 
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population. As noted before, the sequence used was identical to that used for the adult subjects. Using 

VENCs and imaging volumes more tailored to the smaller size of children may improve SNR and image 

quality. In addition, children were generally less cooperative during exercise challenges than adults and 

were more likely to quit exercise before exhaustion. This introduced some uncertainty in establishing 

VO2max prior to imaging, and likely resulted in a greater variance in achieved exercise power during MRI 

imaging. Finally, while increased SNR loss and decreased gating fidelity suggested increased motion during 

exercise in child subjects, no analysis was done to confirm this. Future studies should quantify the amount 

of motion present during exercise imaging to better understand the impact on image quality and 

repeatability. 

6.2.4 Conclusions 

This study demonstrated that whole-heart exercise CMR was possible in healthy children using 4D flow 

MRI. The children in this study showed similar hemodynamic response to exercise as observed in healthy 

adult subjects. Exercise studies with child subjects tended to have lower SNR and decreased gating quality 

when compared to those in adults due to increased bulk motion during exercise. A custom MATLAB 

algorithm proved capable of correcting for most gating errors and allowed for the reconstruction with more 

accurate flow waveforms. Future studies will focus on performing scans with equipment and sequences 

more tailored to the younger age and smaller body size in this population to improve image quality. Overall, 

however, the work presented in this chapter demonstrated that PC VIPR allows for robust, free-breathing 

acquisitions during exercise in both children and adults that are less susceptible to motion corruption than 

traditional sequences with breath holds. 
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Chapter 7: Exercise CMR in Preterm Children and Adults 

The previous chapter demonstrated the feasibility of exercise CMR with PC VIPR in healthy adults and 

children. These free-breathing acquisitions showed improved robustness to motion over the traditional 

breath-held sequences explored in Chapter 4. This chapter extends this methodology to study cardiac 

performance in preterm adults and children, a population that may have increased risk for heart disease. 

7.1 Background 

Premature (or preterm) birth is a serious health problem, accounting for 12% of all births and contributing 

to more than 85% of all complications and death arising around the time of birth [148]. Preterm birth is 

defined as the birth of a baby earlier than 37 weeks of gestation, rather than the typical average of 40 weeks. 

As a result of underdeveloped lungs and airways, preterm babies often require mechanical ventilation and 

oxygen therapy [149]. Such therapies, however, can induce lung injuries and impair early airway 

development [150,151]. Recent advances, such as surfactant therapy [152], have improved short-term 

respiratory health, but it is unclear how long-term respiratory health, and cardiac health by extension, is 

affected by preterm birth due to previously low survival rates in this subject population.  

 Due to the therapies described above, a sizeable number of preterm subjects have now reached 

early adulthood, allowing for initial examinations on the long-term impacts of preterm birth on 

cardiopulmonary function. One such large-scale study in a group of healthy young adults (age 18-24) born 

preterm found this cohort had higher heart rates, higher systolic blood pressure, and lower diastolic blood 

pressure when compared to age-matched controls born at term [153]. A comparable study utilizing MRI 

imaging found that healthy adults born preterm featured smaller RV volumes but larger RV mass when 

compared to controls [154]. These results suggest preterm-birth infants may have an increased risk for 

cardiovascular disease later in life. 

 The fundamental differences in cardiac function for preterm-birth adults identified by the studies 

above is extremely concerning given their young age and the fact that they were otherwise considered to be 

medically healthy. The underlying mechanisms for this dysfunction is still largely not understood, however. 
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As a result, there is a need for robust biomarkers for understanding these mechanisms, aiding in early 

diagnosis, and monitoring disease progression over time. Continued studies with 4D flow MRI are well-

suited for understanding this underlying dysfunction, as it allows for whole-heart imaging capturing flow 

dynamics in the great vessels and ventricles simultaneously. Furthermore, a wide range of potential 

biomarkers can be derived from a single 4D flow examination, including pressure, wall shear stress, and 

kinetic energy, among others. Coupling 4D flow exams with strenuous exercise challenges may also allow 

underlying cardiac dysfunction to be detected at younger ages, before symptoms become apparent. 

 In this study, a cohort of preterm young adults and children underwent exercise CMR with 4D flow 

MRI to detect and better understand any possible cardiac dysfunction. Flow was assessed in the aorta, main 

pulmonary artery, and the right and left ventricle. Results were compared to those in age-matched controls 

to assess differences associated with premature birth. It was hypothesized that flow field visualizations and 

quantification in the ventricles possible with 4D flow would help explain abnormal cardiac behavior 

observed in other studies.  

7.2 Methods 

Eleven preterm young adults (27 ± 1 years; 5 male, 6 female) and seventeen preterm children (13 ± 1 years; 

6 male, 13 female) were recruited for this study. These subjects were recruited from the Newborn Lung 

Project cohort and were all born prior to 32 weeks of gestation at a birthweight below 1500 g. At the time 

of this study, these subjects were all free of overt cardiovascular and cardiopulmonary disease and had no 

physical limitations inhibiting exercise capabilities. These subject cohorts were age-matched to the healthy 

young adult and child cohorts recruited for the feasibility study described in the previous chapter. This 

study was approved by the local Institutional Review Board and was compliant with the Health Insurance 

Portability and Accountability Act. 

 Exercise Protocol: Exercise was conducted in a supine position in the magnet bore with the 

Ergospect stepper. The target exercise power for each subject was 70% of the power corresponding to each 

subject’s VO2max, as previously established on a bicycle ergometer in an exercise lab. Subjects were verbally 
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coached to step at a cadence of 60 steps/min for the duration of exercise. All exercise imaging was 

performed after subjects had been exercising at the target power output for at least 3 minutes and had 

achieved a steady-state heart rate. 

 4D Flow MRI Acquisition: Subjects were imaged on a clinical 3.0 T scanner (Discovery 750, GE 

Healthcare, Waukesha, WI) with an 8-channel cardiac coil. Cardiac 4D Flow MRI at rest and during 

exercise was performed with an identical radially-undersampled PC VIPR acquisition to that performed in 

the control subjects examined in Chapter 6 [43,44]: TR/TE = 6.2/2.0 ms; flip angle (FA) = 10°, velocity 

encoding (VENC) = 200 cm/s; field of view (FOV) = 32x32x32 cm; spatial resolution = 1.25 mm isotropic, 

scan time = 9.25 minutes). Images were reconstructed offline with retrospective respiratory gating from an 

abdominal belt to include only data during expiration with adaptive thresholding and 50% efficiency. 

Retrospective ECG gating was used for cine reconstruction [40,124]. Fifteen cardiac phases were 

reconstructed. 

 ECG Gating Correction: During the image reconstruction, the median RR interval length was 

calculated and the percentage of data acquired outside of this interval was presented. If more than 5% of 

the acquired projections were outside of this window, the gating correction algorithm described in Chapter 

6 was applied to the ECG gating track in MATLAB. For subjects with corrected gating, the reconstruction 

described above was repeated with the new gating track. 

4D Flow MRI Analysis (Flow): 4D Flow MRI complex difference images were segmented with 

MIMICS (Version 17.0, Materialize, Leuven, Belgium) to isolate the ascending aorta (AAo) and main 

pulmonary artery (MPA). Flow quantification was performed using a combination of Ensight (Version 10.0, 

CEI Inc. Apex, NC), to generate two-dimensional, time-resolved magnitude and phase contrast datasets 

perpendicular to the vessel orientation, and a custom MATLAB tool [126], to quantify the flow through the 

AAo and MPA. Stroke volume (SV), cardiac output (CO), mean velocity, and mean flow were recorded in 

the AAo and MPA.  

4D Flow MRI Analysis (Kinetic Energy): The LV and RV were segmented from the time-averaged 

magnitude images in MIMICS [127]. A custom script applied this mask to the time-resolved velocity 
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images to extract the velocity magnitude for each voxel in the ventricle. Ventricular KE was calculated 

from the sum of the KE for the voxels within the segmented volume using the previously described KE 

formula (Eq. 6-1). Ventricular energy efficiency was defined as the SV normalized to the KE, 𝜂 =
𝑆𝑉

𝐾𝐸
. To 

minimize the influence of heart rate on comparisons, KE and η were assessed at peak systole and peak 

diastole, rather than across the entire cardiac cycle. 

Ventricular Vortex Analysis: To better understand differences in flow dynamics between control 

and preterm subjects, pathline and streamline visualizations were performed in the LV and RV. To remove 

ventricle size and SV as a confounding factor for differences in flow behavior, only control and preterm 

subjects with similar stroke volumes (within 5%) were compared to one another. Differences in flow fields 

were qualitatively assessed at different stages of the cardiac cycle. To quantify differences in ventricular 

flow fields, total vorticity was calculated across each ventricular volume using Eq. 7-1. 

where ω is the vorticity vector, ∇ is the del operator, and u is the velocity field. To minimize ventricle size 

as a confounding factor in comparisons, vorticity was normalized by SV for each subject. Due to the nature 

of the curl computation, vorticity calculation can be very sensitive to the presence of noise in low flow 

regions of the ventricle. As a result, additional calculations were performed where the normalized vorticity 

in each voxel was multiplied by the velocity magnitude in that voxel, to de-emphasize voxels with low 

flow. 

Statistical Analysis: Unless stated otherwise, all parameters are presented as the mean sample value 

plus/minus the sample standard deviation. Statistically significant differences in these parameters between 

rest and during exercise were determined with a paired student’s t-test (α = 0.05). A one-way ANOVA 

analysis with Tukey’s HSD test was conducted to determine statistically significant differences between 

the four cohorts.  

7.3 Results 

Ten of eleven preterm adults and sixteen of seventeen preterm children successfully completed exercise 

 𝝎 = ∇ × 𝒖 Eq. 7-1 
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imaging. The adult who could not complete imaging complained of increased feelings of claustrophobia 

during exercise imaging, while the child simply could not maintain focus for the extended scanning session. 

Table 7-1 compares the mean exercise power corresponding to 70% VO2max for each cohort, and the mean 

heart rate increases associated these exercise powers. Preterm subjects had lower exercise powers 

corresponding to 70% VO2max for comparable increases in heart rate when compared to the age-matched 

control groups. 

 

 

Table 7-1: Mean exercise powers corresponding to 70% of each cohort's VO2max and associated heart rate 

increases when compared to rest. 

 

 ECG Gating Correction: Two preterm adults and two preterm children had noticeably corrupted 

ECG gating (more than 5% of projections detected outside median RR interval) at rest. Seven of ten preterm 

adults and 12 of 16 preterm children who completed exercise imaging had corrupted ECG gating during 

exercise. The ECG correction algorithm proved effective at correcting these gating tracks below the desired 

5% threshold in 22 out of 23 cases. 

 4D Flow MRI Analysis (Flow): Measurements for the control groups have been previously 

presented in Chapter 6. Table 7-2 presents the mean values for cardiac output, stroke volume, and mean 

velocity at rest and stress in all cohorts, as measured in the aorta and MPA. Figure 7-1 shows distributions 

for CO, SV, and mean velocity in each cohort at rest and during exercise. Cardiac output was highly 

sensitive to exercise, with statistically significant increases observed in almost all cohorts in both the aorta 

and MPA. In the aorta, PC VIPR measurements showed average increases in CO with exercise of 49%, 

33%, 27%, and 16% in the adult controls, adult preterms, child controls, and child preterms respectively. 

MPA flow showed slightly greater increases of 63%, 43%, 50%, and 33%.  



112 

 

 

 

Table 7-2: Mean values for cardiac output, stroke volume, and mean velocity at rest and during exercise 

in each cohort as measured in the ascending aorta and main pulmonary artery. 

 

 The control subjects and preterm subjects tended to display different mechanisms for increasing 

their CO in response to exercise. Control subjects tended to show increases in both HR and SV in response 

to exercise, while preterm subjects were more likely to rely only on increases in HR with no change (or a 

slight decrease) in SV. These different mechanisms were more noticeable in the adult subjects. Table 7-3 

shows the average increase in HR and SV with exercise for each cohort. The distributions for both CO and 

SV were increasingly lower as a function of both subject age and birth time. Adults subjects tended to have 

higher CO and SV than child subjects. Term subjects also tended to have higher CO and SV than age-

matched subjects born preterm.  

Mean velocity was also sensitive to exercise, showing statistically significant increases in all 

cohorts. Similar increases were observed in both the Ao and MPA. In the Ao, increases of 44%, 28%, 20%, 

and 15% were measured in the adult controls, adult preterms, child controls, and child preterms 

respectively. In the MPA, increases of 56%, 32%, 36%, and 30% were observed. 
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Figure 7-1: Distributions of cardiac output, stroke volume, and mean velocity as measured in the aorta and 

MPA in all cohorts at rest and during exercise. From left to right, the boxplots represent the adult controls 

(blue), adult preterm (red), child controls (black), and child preterm (green). A bracket between two 

boxplots denotes a statistically significant difference (p<0.05). 
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Table 7-3: Mechanisms for increasing cardiac output in response to exercise. Control subjects tended to 

rely more on a balanced increase of both heart rate and stroke volume to increase cardiac output, whereas 

preterm subjects were more likely to rely only on heart rate. 

 

 4D Flow MRI Analysis (Kinetic Energy): Table 7-4 presents the measurements for KE and KE 

efficiency, η, in the LV and RV for all cohort groups. KE showed significant increases with exercise for 

most subject groups. Measurements in adult subjects were generally higher than those in child subjects, but 

minimal differences were observed between age-matched control and preterm groups. For most 

measurement distributions, KERV was similar to KELV. 

 

 

Table 7-4: KE and KE efficiency, η, in the LV and RV at both rest and exercise for all subject groups. 

Measurements are presented for time frames corresponding to end-systole and end-diastole. 
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 Kinetic energy efficiency was a more robust metric in identifying possible differences in cardiac 

function between these subject groups. Figure 7-2 shows the distributions of this parameter in the LV and 

RV for all cohorts. Results are presented for both end-systole and end-diastole. 

 

 

Figure 7-2: Distributions of kinetic energy efficiency in the RV and LV at end-systole and end-diastole in 

all four subject cohorts. Results are presented at rest and during exercise. From left-to-right, the 

distributions represent adult controls (blue), adult preterms (red), child controls (black), and child preterms 

(green). 
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Although not always significant, KE efficiency distributions in preterm subjects in all cases were lower 

relative to age-matched term controls. These relationships were preserved, and enhanced in many situations, 

with exercise. Preterm subjects showed greater reductions in diastolic efficiency relative to term controls 

than systolic efficiency. 

 Ventricular Vortex Analysis: Streamline analysis was performed in the LV and RV to better 

understand possible variations in flow dynamics resulting in the reduced kinetic energy efficiency in 

preterm subjects. Figure 7-3 shows a representative example of streamline visualizations in the RV of an 

adult control and adult preterm subject with similar stroke volumes. In the RV, controls subjects tended to 

display well-structured diastolic filling vortices. This was not the case in preterm subjects, where less-

structured vortices with more chaotic flow were common. Streamline analysis in the LV did not find any 

consistent differences in flow dynamics between control and preterm groups. 

 

 

Figure 7-3: Representative streamline visualization in the RV for an adult control and adult preterm subject 

with similar stroke volumes. Control subjects tended to have better-structured filling vortices, while preterm 

subjects had filling vortices with more chaotic flow. 
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Vorticity measurements also suggested fundamental differences in RV vortex dynamics, as shown in Figure 

7-4. Total vorticity normalized by SV showed slightly elevated values in preterm subjects when compared 

to age-matched controls. Vorticity scaled by velocity magnitude in each voxel, however, proved much more 

sensitive, with noticeable (and many more significant) differences between groups. These measurements 

showed both an age dependence and cohort dependence on scaled vorticity measurements. Greater 

differences between control and preterm subjects were observed for measurements during diastole, 

consistent with that noted in the qualitative streamline analysis. 

 

 

Figure 7-4: (Top row) Measurements of vorticity in the RV during systole and diastole. (Bottom row) 

Vorticity measurements during systole and diastole scaled by velocity magnitude in each voxel. From left 

to right, the boxplots represent adult controls (blue), adult preterm (red), child controls (black), and child 

preterm (green). A bracket between two boxplots denotes statistical significance. 
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7.4 Discussion 

The high success rate of exercise imaging in this study continued to show the viability of exercise power 

corresponding to 70% VO2max as an individualized metric that was feasible for subjects of all exercise 

capabilities. While such a protocol has yet to be tested in subject with prevalent cardiac disease and severely 

inhibited cardiac function, the previous feasibility of low exercise power exams demonstrated in patients 

with pulmonary hypertension (Chapter 4) suggests some level of exercise power may be sustainable in 

almost all patient populations. The drawback of using 70% VO2max as a guideline for exercise power is it 

requires subjects to come in for two sessions – one to establish VO2max and another to perform exercise 

imaging. This could prove prohibitively difficult for studies that aim to investigate patients who may have 

difficulty traveling due to limited cardiac capabilities or patients who must travel from far away to 

participate. In this study, the preterm subjects demonstrated consistently lower powers corresponding to 

70% of their VO2mx, the first indication they may have altered cardiac function relative to term controls. 

 The preterm subjects seemed more susceptible to corrupted ECG gating tracks than their age-

matched term controls. Seven of ten preterm adults required gating correction, whereas none of the 

corresponding term controls required this. Likewise, twelve of sixteen preterm children that completed 

exercise imaging required gating correction as compared to only seven of eighteen in the healthy child 

controls. In the previous chapter is was suggested that compromised gating in the term child subjects was 

a result of their smaller body sizes and thus increased range of motion in the magnet bore. These results 

suggest preterm birth may also introduce some factors affecting gating fidelity. It is unclear if this is due to 

increased motion in the scanner from a greater perceived difficult of exercise challenges and discomfort, 

altered cardiac function, or something else. Overall, the gating correction algorithm was very effective in 

these subjects, able to correct all cases but one. 

 As demonstrated, the preterm subjects tended to show a different mechanisms for increasing their 

cardiac output in response to exercise. Rather than a balanced increase in both HR and SV, they relied 

almost entirely on HR increases. Many preterm subjects even had measured decreases in SV with exercise. 
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It is likely some of the blunted SV response is due to reduced changes in SV naturally associated with 

supine exercise [128]. Even with this consideration, however, preterm subject showed reduced changes 

relative to term controls. This reliance on increasing only HR to raise CO is concerning, as it consistent 

with that observed in many right-heart diseases, such as pulmonary hypertension [118], and suggests a 

reduced cardiac reserve in these subjects. 

 While KE was not an effective metric for identifying differences between term and preterm groups, 

KE efficiency (SV/KE) presented more noticeable differences. Normalizing KE against SV likely removed 

differences in ventricle size between subjects as a confounding factor. It is worth investigating in future 

studies if normalizing against end-diastolic and end-systolic ventricular volumes, rather than the SV 

integrated across the entire cardiac cycle, improves sensitivity. Such measurements are difficult to obtain 

from 4D flow MRI magnitude images, however, and may require registration of higher SNR bSSFP images 

for more accurate quantification. 

 The consistently lower KE efficiency measurements in preterm subjects relative to term controls 

again suggested fundamental differences in cardiac function between these two groups. This lower 

efficiency was consistent with that observed in strain measurements performed from bSSFP acquisitions in 

the same subjects [155]. These measurements are shown in Figure 7-4. The strain measurements showed 

increased circumferential strain and decreased strain efficiency (SV/strain) in the preterm adults as 

compared to the term controls. This indicates ventricular hyper-contractility, where preterm hearts are 

contracting more to achieve the same SV as in healthy controls. This inefficiency is in line with the 

decreased energy efficiency measured with PC VIPR. As shown in Figure 7-4c, preterm subjects also 

required increased time to reach end-systole and exhibited slower recovery during diastole. These results, 

coupled with the fact that diastolic KE efficiency measurements had the greatest disparity between term 

and preterm subjects, suggested these preterm subjects could have some underlying diastolic dysfunction. 

 



120 

 

 

 

Figure 7-5: (a) RV circumferential strain, (b) RV strain efficiency (SV/strain), and (c) average strain 

profiles over the cardiac cycle for term and preterm adults. Plots courtesy Greg Barton. 

 

 The streamline analysis supported this hypothesis. While minimal differences were observed in LV 

streamlines between subject cohorts, preterm subjects had noticeably less structured diastolic filling 

vortices in their RV. This is a significant finding, as diastolic filling vortices have been hypothesized to be 

an important mechanism for dissipating excess KE from flow entering the ventricle. If this in-flowing KE 

is not properly dissipated, it may otherwise contribute to an inflow-impeding convective pressure rise in 

the ventricle [137]. Such a pressure increase could account for the increased strain and decreased energy 

efficiency observed in these subjects. 

 Vorticity scaled by velocity magnitude seemed to be an effective parameter for quantifying these 

differences in vortex behavior amongst cohorts, while vorticity alone had limited sensitivity and showed 

poor sensitivity to differences between groups. This was likely because the curl calculation inherent to 
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vorticity analysis was highly sensitive regions of low VNR, an issue compounded by the suboptimal VENC 

of this PC VIPR sequence for ventricular flow analysis. The scaled vorticity effectively minimized the 

impact of noise, by exaggerating the curl from voxels with high velocities less affected by noise. The 

drawback is that such a parameter is non-physical and results are thus harder to interpret on their own. A 

close alternative could be to calculate helicity, the dot product of velocity and vorticity, a better defined 

fluid mechanics parameter. More specific segmentation of only the region of the ventricle containing the 

vortex, rather than the entire ventricle, could also be employed to improve the sensitivity of vorticity 

measurements. The use of Lagrangian coherent structures to delineate vortex volumes, as pioneered in MRI 

by the Lund group [56], could be an effective means to isolate the vortex volume in the ventricle. 

 This study had a few limitations beyond the technical aspects reported on in the previous chapter. 

First of all, although there were striking differences in many hemodynamic parameters between term and 

preterm adults and children, the sample sizes are too small to draw definitive conclusions. In addition, the 

ventricular energy efficiency measurements may have reduced accuracy from segmentation on magnitude 

4D flow images, which do not have good contrast between the myocardium and blood pool. Finally, looking 

only at 4D flow measurements and bSSFP strain measurements provides an incomplete picture of total 

cardiac function. There would be great value in future studies with quantitative T1 or T2 sequences to 

identify differences in myocardial structure between these subject groups. 

7.5 Conclusions 

This study demonstrated the feasibility of 4D flow MRI to better understand possible mechanisms for 

cardiac dysfunction in subjects born preterm and the potential of high-power exercise CMR as a tool for 

characterizing abnormal cardiac dynamics in patient populations. A mechanism for increasing cardiac 

output similar to that observed in many right-heart diseases was detected, and kinetic energy efficiency 

measurements in the ventricles showed decreased efficiency in preterm subjects relative to age-matched 

term subjects. Streamline analysis in the RV suggested this decreased efficiency may be the product of less 

structured diastolic filling vortices in preterm subjects. As of now, it is unclear if these altered vortices are 
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the result of previously reported increased ventricular strain and wall thickness [154] in these subjects or 

vice versa. Overall, it is very concerning that such striking differences were observed between term and 

preterm subjects, even in children, especially considering they were otherwise considered to be healthy. 

These results lend further credence to the hypothesis that these subjects may be at increased risk for 

cardiovascular disease later in life. 
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Chapter 8: Summary and Recommendations 

8.1 Summary of Research Findings 

4D flow MRI has been well-established as a powerful tool for characterizing and quantifying complex 

cardiovascular flow dynamics. These sequences have been validated in research and clinical settings for 

cardiac, cranial, hepatic, and renal applications, where motion can be well compensated for with respiratory 

and cardiac gating. Although 4D flow can offer enhanced flow information for a variety of pathologies, due 

to some limitations, Doppler US is still the clinical standard for many types of flow measurements, 

including pregnancy imaging and cardiac exercise stress imaging. The work presented in this thesis 

extended the utility of 4D flow MRI to these novel applications, with a special focus on imaging throughout 

early-life development. Specific contributions of this work include: 

 Feasibility analysis of 4D flow MRI during pregnancy to quantify blood flow in the uteroplacental 

and fetal vessels in the rhesus macaque. The main uteroplacental vessels could be reliably imaged 

by the late 1st trimester of gestations, while the fetal vasculature could be visualized by the late 2nd 

trimester. 

 Feasibility analysis of traditional MRI techniques for cardiac exercise studies. Breath-held 

sequences proved unreliable for imaging following exercise, given the difficulty of the breath holds 

in patient populations with limited cardiac capacity. 

 Implementation of an MR-compatible stepper for high-power exercise challenges in pediatric and 

adult populations.  

 Implementation of strenuous 4D flow MRI exercise exams in pediatric and adult populations 

during, rather than after, exercise. A custom-made gating-correction algorithm was required to 

improve gating signal fidelity due to decreased gating reliability from the increased motion inherent 

to exercise. 

 Assessment of flow dynamics in the hearts of adults and children born preterm with 4D flow 

exercise CMR. Analysis in the ventricles showed decreased energy efficiency in preterm subjects, 
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possibly because of poorly structured diastolic filling vortices. 

8.2 Innovations of this Work 

The work presented in this dissertation involved a variety of innovations over that previously done in the 

field. Notable innovations are as follows: 

 This was the first time 4D flow MRI was ever attempted to characterize uteroplacental and fetal 

flow during pregnancy. Only a few previous attempts with 2D PC techniques have been published 

and featured notable limitations. The PC VIPR sequence was able to overcome these limitations. 

 The implemented Ergospect stepper for high-power exercise challenges was the first ever designed 

for GE scanners and the first ever in North America. This required a variety of unique adjustments 

and calibrations for the equipment not required in previous designs for Siemens systems. 

 The feasibility of 4D flow MRI during strenuous exercise was proven for the first time in young 

adults and children through utilization of an inherently motion-robust PC VIPR acquisition. 

Previous attempts at exercise CMR were generally limited to imaging post-exercise (due to 

increased motion) at lower exercise powers (due to hardware constraints). 

 A novel ECG gating correction algorithm was designed and implemented, which allows data 

associated with a poor gating signal to be salvaged and corrected, preserving image SNR. 

 A unique 4D flow analysis of kinetic energy efficiency alongside streamlines in the ventricles 

during exercise was able to show previously unknown cardiac dysfunction with respect to diastolic 

filling vortices in subjects born preterm. 

This research has been pioneering work at the forefront of two fields of MRI with rapidly growing interest. 

Since this work began, two MRI societies, ISMRM and SCMR, have created study groups devoted to 

placental and fetal imaging. Furthermore, Dr. Chris Francois, who collaborated and advised on much of 

this research, was welcomed to the 2018 SCMR Annual Meeting to give an invited lecture on our 

experiences with 4D flow MRI during exercise. ISMRM has also recognized abstracts on the exercise work 

with their magna cum laude and summa cum laude honors. 
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8.3 Recommendations for Future Work 

The work presented in this thesis represents the first use of 4D flow MRI for two unique applications: 

uteroplacental/fetal imaging during pregnancy and cardiac imaging during exercise. The early results 

presented in this dissertation suggested great promise and utility of these techniques, but there were some 

notable limitations that should be the focus of future investigations. 

 Flow quantification in the uteroplacental vessels showed acceptable mean differences in flow 

between repeated measurements and different observers but featured large ranges corresponding to the 95% 

limit of agreement in measurements. This range was typically the same magnitude as the median flow 

measured in the vessels of interest. This is an important limitation for the proposed use of 4D flow to detect 

abnormal flow associated with pregnancy complications, as only systemic differences between groups 

larger than the limits of agreement can be reliably observed. Thus, the large limits of agreement in the 

rhesus macaque may suggest limited ability to detect flow abnormalities in this animal model, although this 

large range may be a function of the small sample size in this study. The recruitment of larger subject groups 

for future studies should improve statistical sensitivity differences between groups. Furthermore, 

uteroplacental flow normalized by maternal cardiac output or placental volume may offer a better 

representation of placental insufficiency which could improve the diagnostic potential of this technique. 

Poor agreement was also noted between flow measurements on consecutive days.  Possible flow 

redistribution between imaging sessions due to fetal movement should be accounted for by assessing 

measurements of total uterine flow, rather than flow in individual vessels. Care should be taken to eliminate 

other confounding factors such as diurnal flow variations and altered hydration levels between imaging 

sessions, and the impact of these factors on measurement repeatability should be quantified. This is 

especially important for possible longitudinal studies, where these extraneous factors could obscure changes 

in flow from changes in placenta physiology. As this work translates to pilot studies in pregnant humans, 

work should focus on optimizing the scanning protocol and post-processing techniques to reduce 

measurement variability and the limits of agreement. 
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 While the exercise imaging showed excellent repeatability in 4D flow measurements in the aorta 

and MPA, poor inter-observer and intra-observer agreement was observed for KE in the ventricles. Once 

again, large limits of agreement relative to the measured KE suggested poor clinical utility for identifying 

disease-altered dynamics with the current implementation of this analysis. Future work should focus on 

improvements for intra-ventricular flow analysis. This may be addressed through improved VNR via a 

courser spatial resolution, a detailed segmentation protocol to reduce differences in technique between 

observers, and approaches allowing for time-resolved ventricle segmentations (discussed in more detail 

below). Continued work with 4D flow exercise CMR should also investigate the prevalence of bulk subject 

motion during exercise and the impact on flow measurements and gating. Real-time coronal acquisitions 

with low spatial resolution could be used to characterize this motion. Subject motion could be correlated to 

gating quality. 

 Specific recommendations for advancing the investigated imaging techniques include: 

8.3.1 Human Placenta Imaging 

This work proved the feasibility of uteroplacental and fetal imaging in the pregnant rhesus macaque but 

benefited from sedation of both the mother and fetus during imaging. Such sedation will not be possible as 

this work is translated into human subjects. While it is anticipated that motion of the uteroplacental vessels 

can be limited through respiratory gating and coaching of the mother, such techniques are not possible with 

the fetus. Accelerated imaging or taking advantage of physiology (i.e. imaging when the fetus has relaxed 

following a maternal meal) may be required to adequately capture fetal flow. In addition to the 

recommendations summarized above, the use of protocols with optimized velocity-encoding and contrast 

(ferumoxytol) should be investigated to improve VNR and reduce variability in flow measurements. 

8.3.2 Improved Physiologic Gating 

Physiologic gating, especially ECG gating, proved unreliable during exercise imaging, presumably due to 

increased motion. Although the gating correction algorithm was effective at limiting the impact of poor 

gating, there were a few instances that could not be fixed. Thus, there seems to be a need for more robust 
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gating techniques during exercise imaging. Solutions could include alternative gating hardware designed 

for regions of the body less prone to motion, such as the ear gating used in many animal studies. Self-gating 

and self-navigation algorithms [146] could eliminate the need for gating hardware entirely if the algorithms 

can prove robust in the reduced SNR associated with exercise. Machine learning techniques may also 

provide an opportunity to acquire robust gating signals inherently from acquired image data. 

8.3.3 Real-time Imaging during Exercise 

The implementation of real-time PC imaging during exercise could both eliminate the need for physiologic 

gating while still allowing for free-breathing exams and provide valuable complementary information to 

that acquired with 4D flow techniques. Real-time flow imaging could quantify beat-to-beat variations in 

flow and quantify recovery to baseline following cessation of exercise, which could provide valuable 

diagnostic and prognostic information. A golden-angle radial trajectory would allow for motion robust 

acquisitions with variable temporal resolution reconstructions. Two reconstructions that hold promise for 

real-time PC imaging include the MOCCO algorithm [156] and a modified 2D STELLR approach [157]. 

8.3.4 Improved Ventricular Analysis Techniques 

The sensitivity of the ventricular flow analysis in the exercise studies could likely be improved with a few 

modifications to the PC VIPR acquisition and post-processing. A reduced spatial resolution would still 

allow for good coverage of the ventricles and improve image SNR. Furthermore, the VENC of the 4D flow 

acquisitions in these studies was set to 200 cm/s to adequately characterize elevated aortic flow during 

exercise. This resulted in low VNR in the ventricles where flow was noticeably lower. Future studies with 

a lower VENC could improve VNR in the ventricles, while phase unwrapping algorithms [158] could 

correct aliased velocities in the great vessels if required. Further de-noising of ventricular flow could be 

achieved with divergence-free enforcement algorithms. Early results with a divergence-free wavelet 

transform [159] have shown promise in RV flow during exercise, as seen in Figure 8-1.   
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Figure 8-1: Application of a divergence-free wavelet transform to de-noise RV flow during exercise. The 

de-noised flow fields showed improved streamline quality in the diastolic filling vortex of the RV. 

 

The time-resolved ventricular flow analysis could also be improved through the implementation of a time-

resolved segmentation, rather than the time-averaged mask used in this work. The time-averaged mask was 

used out of necessity from poor image contrast when attempting to segment myocardial walls from time-

resolved PC VIPR magnitude images. A significantly improved time-resolved segmentation could be 

achieved with bSSFP images, which feature exquisite myocardium/blood contrast, in the same subjects. If 

such a segmentation could be registered to time-resolved PC VIPR images, improved systolic and diastolic 

analysis could be completed. Others have also demonstrated that ferumoxytol-enhanced 4D flow imaging 

can provide the necessary SNR boost for accurate time-resolved segmentation of the ventricles [160]. 
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