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  Heart Disease, including Coronary Artery Disease, Hypertension, and Stroke, is the 

number one cause of death in the United States. Coronary artery disease (CAD) or ischemic heart 

disease (IHD) kills over 360,000 people per year, make up for 1 in 7 deaths in the United States. 

In current clinical diagnosis and management of patients with suspected CAD, various 

noninvasive methods including personal history, stress electrocardiogram (ECG) tests, and 

advanced imaging techniques are normally performed in patients with intermediate risk of CAD. 

If any combination of the noninvasive results suggests high-risk coronary lesion(s), the patient is 

then suggested to undergo invasive catheterization where invasive coronary angiography (ICA) 
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and/or fractional flow reserve (FFR) or instantaneous wave-free ratio (iFR) are performed as the 

final steps of a diagnostic work-up.  

 Studies have shown that over 50% of patients who undergo invasive catheterization were 

found to have non-obstructive (<50% degree stenosis) or functionally nonsignificant (FFR > 0.80) 

coronary lesions, resulting in unnecessary invasive procedures. This suggests that better 

noninvasive methods are needed to help increase the diagnostic yield for invasive catheterization. 

An emerging noninvasive technique based on coronary computed tomographic angiography 

(CTA) in combination with computational fluid dynamics simulations to measure the functional 

significance of a coronary lesion, FFRCT, has shown promise. However, the method requires 

exposure to ionizing radiation, uses an anatomical model to simulate the hemodynamic behaviors 

in the coronary arteries, and may be hindered by blooming artifacts caused by densely calcified 

plaques which could reduce the accuracy of the overall technique.  

 This dissertation introduces the development of a magnetic resonance (MR) based 

noninvasive functional assessment for the diagnosis and management of stable CAD. The 

developed noninvasive technique mimics the invasive FFR and iFR methods to calculate an 

index using pressure. The proposed noninvasive pressure measurement framework utilizes flow 

velocity information obtained using phase-contrast magnetic resonance imaging (PC-MRI) in 

conjunction with the Navier-Stokes (NS) analysis to derive a pressure gradient across the 

coronary lesion of interest. Validation studies of PC-MRI velocity measurements and NS derived 

pressure gradient measurements were assessed in a small-caliber stenotic flow phantom at 

different degrees of narrowing, in healthy coronary arteries, and in a pilot patient study with 

diseased coronary arteries. In patient studies, noninvasive pressure gradient measurements were 

compared with invasive FFR and iFR to evaluate the potential of the proposed method for 
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noninvasive functional assessment in patients with stable CAD. In addition, the method was 

further improved using a stack-of-stars MR acquisition approach with compressed sensing image 

reconstruction to allow for shorter scan time, compared to Cartesian acquisition. The approach 

was tested in phantoms and healthy volunteers to assess feasibility.  

The success of the proposed noninvasive pressure gradient measurement method 

discussed in this dissertation may serve as a complementary approach to current clinical 

diagnostic tools, providing added information to better risk-stratify and manage patients with 

stable CAD. In addition, the method has the potential to serve as a gatekeeper for patients who 

are unlikely to benefit from invasive catheterization, hence, decrease the number of unnecessary 

invasive procedures.   



	 v 

The dissertation of Zixin Deng is approved. 

Daniel B. Ennis 

Peng Hu 

Michael Albert Thomas 

Zhaoyang Fan 

Debiao Li, Committee Chair 

 

 

 

 

 

University of California, Los Angeles 

2017 

 

 

 

 

 

 

 

 



	 vi 

 

 

 

 

 

 
 

Dedicated to my mother 
 

 

 

 

 

 

  



	 vii 

TABLE OF CONTENTS 

ABSTRACT OF THE DISSERTATION ....................................................................................... ii 

LIST OF ABBREVIATIONS ......................................................................................................... x 

LIST OF FIGURES ..................................................................................................................... xiii 

LIST OF TABLES ...................................................................................................................... xvii 

ACKNOWLEDGEMENTS ....................................................................................................... xviii 

VITA ............................................................................................................................................. xx 

CHAPTER 1 – Dissertation Motivation ......................................................................................... 1 

1.1 Clinical significance ...................................................................................................... 1 

1.2 Current patient management ......................................................................................... 1 

1.3 Challenges of current patient management ................................................................... 3 

1.4 Aims .............................................................................................................................. 4 

1.4.1  Aim 1: To develop a noninvasive pressure gradient measurement framework 

using PC-MRI and validate its feasibility in stenotic phantoms, using pressure 

transducer measurements as reference. ......................................................................... 4 

1.4.2  Aim 2: To translate the noninvasive pressure gradient measurement framework 

in vivo and validate its feasibility in healthy and diseased coronary arteries. .............. 5 

1.4.3  Aim 3: To evaluate the feasibility of the noninvasive pressure gradient 

measurement framework in a cohort of stable CAD patients, using invasive FFR and 

iFR as references. .......................................................................................................... 5 

1.4.4  Aim 4: To further improve coronary PC-MRI using a stack-of-stars acquisition 

with compressed sensing reconstruction and validate its feasibility in stenotic 

phantoms and healthy subjects, using Cartesian PC-MRI as reference. ....................... 6 

CHAPTER 2 - Background ............................................................................................................ 7 

2.1. The coronary circulation ............................................................................................... 7 

2.1.1. Introduction ............................................................................................................... 7 

2.1.2. The coronary tree ...................................................................................................... 7 

2.1.3. Coronary blood flow ................................................................................................. 9 

2.1.4. Coronary flow reserve ............................................................................................. 10 

2.2. Coronary artery disease (CAD) .................................................................................. 11 

2.2.1 Pathophysiology ................................................................................................ 11 



	 viii 

2.2.2 Diagnosis........................................................................................................... 12 

2.2.3 Treatment .......................................................................................................... 18 

2.3 Fundamentals of magnetic resonance imaging (MRI) ................................................ 19 

2.3.1 Introduction ....................................................................................................... 19 

2.3.2 Basics of MRI ................................................................................................... 19 

2.3.3 Phase contrast MRI ........................................................................................... 23 

2.3.4 Cine phase contrast MRI ................................................................................... 29 

2.4 Noninvasive pressure gradient measurement .............................................................. 31 

2.4.1 Introduction ....................................................................................................... 31 

2.4.2 Basics of fluid flow ........................................................................................... 33 

2.4.3 Quantification of noninvasive pressure gradient .............................................. 34 

2.4.4 Applications of noninvasive pressure gradient ................................................. 37 

2.5 Statistical analysis ....................................................................................................... 38 

CHAPTER 3 – Validation of noninvasive pressure gradient measurement framework in stenotic 

flow phantoms ............................................................................................................................... 39 

3.1 Introduction ................................................................................................................. 39 

3.2 Methods....................................................................................................................... 39 

3.2.1. Sequence design ...................................................................................................... 39 

3.2.2. Pressure difference estimation ................................................................................ 40 

3.2.3. Experiments ............................................................................................................ 41 

3.2.4. Data analysis ........................................................................................................... 43 

3.3 Results ......................................................................................................................... 44 

3.4 Discussion ................................................................................................................... 46 

3.5 Conclusions ................................................................................................................. 47 

CHAPTER 4 – Feasibility of noninvasive pressure gradient measurement in healthy and diseased 

coronary arteries ........................................................................................................................... 48 

4.1 Introduction ................................................................................................................. 48 

4.2 Methods....................................................................................................................... 48 

4.2.1. Sequence Design ..................................................................................................... 48 

4.2.1. Experiments ............................................................................................................ 49 

4.2.1. Data analysis ........................................................................................................... 51 



	 ix 

4.3 Results ......................................................................................................................... 52 

4.4 Discussion ................................................................................................................... 57 

4.5 Conclusions ................................................................................................................. 58 

CHAPTER 5 – Feasibility of noninvasive pressure gradient measurement in stable CAD patients 

using invasive FFR and iFR as references .................................................................................... 60 

5.1 Introduction ................................................................................................................. 60 

5.2 Methods....................................................................................................................... 62 

5.2.1. Study population ..................................................................................................... 62 

5.2.1. Study design ............................................................................................................ 62 

5.2.1. MR-iFR protocol ..................................................................................................... 64 

5.2.1. Invasive catheterization (ICA, FFR, and iFR) protocol .......................................... 65 

5.3 Results ......................................................................................................................... 66 

5.4 Discussion ................................................................................................................... 70 

5.5 Conclusions ................................................................................................................. 73 

CHAPTER 6 – Accelerated coronary 4D-Flow using stack-of-stars sampling and compressed 

sensing reconstruction ................................................................................................................... 74 

6.1 Introduction ................................................................................................................. 74 

6.2 Methods....................................................................................................................... 75 

6.2.1. Sequence Design ..................................................................................................... 75 

6.2.2. Image Reconstruction ............................................................................................. 76 

6.2.3. Experiments ............................................................................................................ 76 

6.2.4. Data Analysis .......................................................................................................... 79 

6.3 Results ......................................................................................................................... 79 

6.4 Discussion ................................................................................................................... 84 

6.5 Conclusions ................................................................................................................. 85 

CHAPTER 7 – Conclusions & Future directions ......................................................................... 85 

REFERENCES ............................................................................................................................. 94 

 

  



	 x 

LIST OF ABBREVIATIONS  
General 

T – Tesla 

mT – militesla 

m – meter  

 

Statistics 

ICC – intra-class correlation coefficient 

r – inter-class correlation coefficient or Pearson correlation coefficient 

p – statistical significance coefficient  

 

Medicine 

CVD – cardiovascular disease 

CAD - coronary artery disease 

IHD – ischemic heart disease 

LAD - left anterior descending coronary artery 

pLAD – proximal left anterior descending coronary artery  

mLAD – middle left anterior descending coronary artery  

dLAD – distal left anterior descending coronary artery  

LM – left main coronary artery 

RCA - right coronary artery 

ICA - invasive coronary angiography  

CFR - coronary flow reserve 



	 xi 

FFR - fractional flow reserve 

iFR - instantaneous wave-free ratio 

CTA - computed tomography angiography 

PET – positron emission tomography 

SPECT – single-photon emission computed tomography  

ECG – echocardiography 

HR – heart rate 

BMP – beats per minute  

BMI – body mass index 

 

General Magnetic Resonance Imaging 

MRI – magnetic resonance imaging  

2D/3D – two/three dimensions 

FOV – filed-of-view 

TE – echo time 

TR – repetition time 

 

Cardiac Magnetic Resonance Imaging 

CMR - cardiac magnetic resonance 

PC-MRI - Phase-contrast magnetic resonance imaging  

MR-iFR - magnetic resonance instantaneous wave-free ratio 

cMRA – coronary magnetic resonance angiography 

VENC – velocity encoding  



	 xii 

Vz – through-plane velocity in the z direction 

Vx/Vy – in-plane velocity in the x / y directions 

 

Others 

∆P – pressure gradient  

NS – navier-stokes 

Pa – arterial pressure 

Pd – distal pressure  

ROI – region-of-interest 

CFD – computational fluid dynamics 

CT-FFR – compute tomography derived fractional flow reserve 

 

  



	 xiii 

LIST OF FIGURES  
Figure 1. The coronary artery anatomy .......................................................................................... 8 

Figure 2. Myocardial perfusion territories in the basal, middle and apical slices of the left and 

right ventricles ........................................................................................................................ 9 

Figure 3. Example of a 3D gradient echo imaging sequence. As in the Gz direction, slice 

selective and phase encoding are both on, making it a slab selective excitation where within 

an imaging slab, multiple slices are collected.  SS: slice selective, PE: phase encoding, RO: 

read-out; RF: radiofrequency; ............................................................................................... 22 

Figure 4. Example images of signal magnitude and phase. Mz is the longitudinal and Mxy is the 

transverse magnetization in the region of interest. The length of the transverse 

magnetization represents the magnitude and the orientation or angle of the vector represents 

the phase. ............................................................................................................................... 24 

Figure 5. Example gradient waveforms commonly used for PC-MRI acquisition and their 

corresponding zero (M0) and first (M1) moments.  Left: bipolar gradient, right: flow 

compensated gradients. ......................................................................................................... 27 

Figure 6. Example of an ECG triggered segmented cine acquisition. A set of imaging lines are 

collected within each cardiac phase per R-R wave (heart beat). Each set of imaging lines are 

then combined between different heart beats until a full set of k-space is collected. ........... 31 

Figure 7. a. Schematic of the stenotic phantom model design. b. Stenotic phantom model 

examples at different ranges of % diameter stenosis and 2D PC-MRI images in the through-

plane (Vz) and in-plane (Vy, Vx) directions (velocity maps, cm/s) for a 45-55% diameter 

stenosis phantom model. S=Slice number; ........................................................................... 43 

Figure 8. Bland-Altman plots of (a) peak velocities (bias of 1.530; 95% CI -31.49 to 34.55) at 

all cross-sectional slice from repeat PC-MRI scans and (b) ΔPMR of the stenotic phantoms 

(bias of -1.050; 95% CI -12.03 to 9.934). Mean (bias) and 95% confidence interval limits 

are displayed. c. ΔPMR measurement versus % diameter stenosis. An exponential increase in 

ΔPMR was observed as % diameter stenosis increases. d. Comparison between ΔP calculated 

via NS-equations (ΔPMR) and ΔP measured using pressure transducer (ΔPPT). Excellent 

correlation (R2 = 0.94) was observed between the two techniques. Good correlation (R2 = 

0.90) was also observed between ΔP calculated using through-plane velocity gradients only 

(ΔPMR-Vz) and ΔPPT. ............................................................................................................... 46 



	 xiv 

Figure 9. a. Coronary flow timing diagram. Graph from Arthur Guyton et al, Textbook of 

Medical Physiology, (Elsevier Inc. Copyright 2006). Phase-Contrast (PC)-MRI acquisition 

was obtained during diastole. b. Sequence Design. ECG-triggered, navigator-gated, 2D PC-

MRI with three-directional velocity encoding (Vx, Vy, Vz). View-sharing was implemented 

to restrict the acquisition within the quiescent phase, two cardiac phases (phase 1 and phase 

2) were obtained. NAV=navigator; FATSAT=fat suppression pre-pulse; B=peripheral k-

space (B1); A=center k-space (A1 and A2); ........................................................................... 49 

Figure 10. Example images of a healthy subject. Velocity maps in the through-plane direction 

across a healthy coronary vessel. S = slices; cMRA = coronary magnetic resonance 

angiography; MRI = magnetic resonance imaging; .............................................................. 53 

Figure 11. ΔPMR of healthy control and patient groups. A significant (p=0.025) increase in ΔPMR 

was seen in the patient group (6.40±4.43mmHg) compared against the healthy controls 

(0.70±0.57mmHg). ................................................................................................................ 54 

Figure 12. a) Coronary CTA of the proximal left anterior descending (pLAD) artery reported as 

>70% calcified stenosis. b) Invasive coronary angiography reported as minimum lumen 

narrowing (<30% stenosis), non-significant lesion. c) Magnetic resonance angiography 

(MRA) of the pLAD. d) PC-MRI (8 imaging slices) across the stenotic lesion at the pLAD 

artery. top row: flow compensated images, bottom row: PC-MRI (velocity map) images 

represented in the Vz-direction. ΔPMR was approximately 3mmHg or MR-iFR ≈ 0.96. 

S=Slice number; .................................................................................................................... 55 

Figure 13. a) Coronary CTA of the proximal left anterior descending (pLAD) artery. b) Invasive 

coronary angiography showing diffused irregular lesion, with 50% lumen narrowing and 

FFR of 0.56 (functionally significant lesion). c) Magnetic resonance angiography (MRA) of 

the pLAD. d) PC-MRI (6 imaging slices) across the stenotic lesion at the pLAD. top row: 

flow compensated images, bottom row: PC-MRI (velocity map) images represented in the 

Vz-direction; ΔPMR was approximately 15 mmHg or MR-iFR ≈ 0.80. S=Slice number; ..... 56 

Figure 14. Simplified flow chart to obtain the MR-iFR index. 1) Coronary localization using 

images obtained from coronary MRA, followed by 2) 2D cross-sectional PC-MRI scans 

across the coronary segment of interest. Velocity maps in three orthogonal directions (Vx, 

Vy, Vz) at two cardiac phases was then used for 3) Navier-Stokes analysis to obtain the 

pressure difference (∆P) across the vessel segment. Pa could then be obtained using an 



	 xv 

external aortic pressure device. ∆P and Pa could then be used for MR-iFR calculation. 

Orange and green lines in the cMRA images correspond to the slice locations of the PC-

MRI scans. Yellow circles highlight the location of the coronary artery in the cross-

sectional view. MRA = magnetic resonance angiography, PC-MRI = phase-contrast 

magnetic resonance imaging, Pa = aortic pressure. .............................................................. 65 

Figure 15. Example results of a 71-year-old woman with suspected CAD and lesion-specific 

ischemia. (A) Coronary computed tomography angiography. (B) Invasive coronary 

angiography. (C) Fractional flow reserve. (D) Coronary MRA and phase-contrast MRI 

images of the same LAD segment.  Arrows are pointed to the stenotic lesion, which 

corresponds between different imaging techniques. CAD = coronary artery disease, LAD = 

left anterior descending, MRI = magnetic resonance imaging, MRA = magnetic resonance 

angiography, mLAD = middle left anterior descending, pLAD = proximal left anterior 

descending. ............................................................................................................................ 67 

Figure 16. Analysis of correlation between FFR and iFR and MR-iFR. (A) Correlation 

between invasive FFR and MR-iFR. (B) Correlation between invasive iFR and MR-iFR; 

FFR = fractional flow reserve, iFR = instantaneous wave-free ratio, MR-iFR = magnetic 

resonance instantaneous wave-free ratio .............................................................................. 68 

Figure 17. Bland-Altman analysis of FFR and iFR and MR-iFR. Bland-Altman plots of 

differences against the means of (A) MR-iFR versus invasive FFR and (B) MR-iFR versus 

invasive iFR. The mean bias is represented by the solid line (with 95% confidence interval 

represented by the dashed lines); FFR = fractional flow reserve, iFR = instantaneous wave-

free ratio, MR-iFR = magnetic resonance instantaneous wave-free ratio ............................ 69 

Figure 18. Example phantom set-up for a ~50% diameter narrowing. A flow pump was used to 

circulate flowing water at a constant flow rate of 250mL/min in a 4.8-mm reference 

diameter tubing. Coronary MRA was first obtained followed by Cartesian and stack-of-stars 

4D-flow in arbitrary order. .................................................................................................... 77 

Figure 19. Example comparisons of Cartesian versus stack-of-stars peak and mean through-

plane velocities 0%, ~40%, and ~50% diameter narrowing phantoms. ............................... 81 

Figure 20. Example images comparing Cartesian versus various undersampled Stack-of-stars 

acquisitions in a healthy subject. Images with approximately 23, 20, and 15 minutes scan 

time are equivalent to 1.5x, 1.8x, and 2.3x undersampling, using a Cartesian acquisition 



	 xvi 

with parallel imaging acceleration of 2 (~35 minutes scan time) as a reference. Good 

delineation of the coronary vessel was observed in the undersampled stack-of-stars 

magnitude images. ................................................................................................................ 83 

Figure 21. (a-c) Bland-Altman plots of peak through-plane velocities in all healthy subjects for 

Cartesian versus various undersampled stack-of-stars acquisitions. 1200, 1000, and 800 

projections are equivalent to 1.5x, 1.8x, and 2.3x undersampling, or approximately 23, 20, 

and 15 minutes acquisition time for the stack-of-stars method, using a Cartesian acquisition 

(~35 minutes) as a reference. d. Peak through-plane velocity of Cartesian and various stack-

of-stars undersampling factors. All p-values between Cartesian and various stack-of-stars 

undersampling factors were not significantly different (p>0.05). ........................................ 84 

  



	 xvii 

LIST OF TABLES  
Table 1. Intra-class correlation coefficient (ICC) of peak velocities and ΔPMR measurement of 

the stenotic phantoms. ........................................................................................................... 45 

Table 2. Patient Characteristics; Values are mean ± standard deviation or (%); BMI = body mass 

index; FFR = fractional flow reserve, iFR = instantaneous wave-free ratio; MR-iFR = 

magnetic resonance instantaneous wave-free ratio. .............................................................. 63 

Table 3. Cross-correlation between the maximum velocities of stack-of-stars and Cartesian 4D-

Flow methods for 30-40% and 40-50% diameter narrowing phantoms. Good cross-

correlation and reasonable nRMSE (normalized root-mean-square error) was observed for 

up to 2.5x undersampling. ..................................................................................................... 80 

Table 4. Cross-correlation between the average velocities of stack-of-stars and Cartesian 4D-

Flow methods for 30-40% and 40-50% diameter narrowing phantoms. Good cross-

correlation and reasonable nRMSE (normalized root-mean-square error) was observed for 

up to 2.5x undersampling. ..................................................................................................... 80 

  



	 xviii 

ACKNOWLEDGEMENTS  
 
Firstly, I would like to express my sincere gratitude to my mentor and advisor Dr. Debiao Li for 

his continuous support of my PhD study and research, for his motivation, guidance, 

encouragement, and immense knowledge. I could not have imagined having a better advisor and 

mentor.  

 

Besides my advisor, I would also like to thank my thesis committee: Dr. Daniel B. Ennis, Dr. 

Peng Hu, Dr. Albert Thomas, and Dr. Zhaoyang Fan for their insightful suggestions, guidance, 

and encouragement, which helped widen my research from various perspectives.  

 

I would also like to thank my mentor Dr. Zhaoyang Fan for his patience and guidance throughout 

the years. 

 

My sincere thanks also go to our onsite Siemens scientists for all their help and support, Dr. 

Xiaoming Bi, Dr. Yutaka Natsuaki, and Dr. Gerhard Laub.  

 

I would also like to give a special thank you to Dr. Daniel Berman and Dr. Saibal Kar for sharing 

their clinical knowledge and for their motivation and guidance. 

 

I am grateful to all the collaborators that I have worked with at Yonsei University, University of 

California, Los Angeles, and Cedars-Sinai Medical Center. I would like to thank Dr. Hyuk-Jae 

Chang for the collaborative clinical studies that have made the evaluation of the initial clinical 

feasibility of this dissertation work possible.  I would also like to thank Dr. Daniel Ennis and Dr. 

Michael Loecher for sharing their expertise on flow imaging and sharing the stack of stars flow 

sequence, which is the foundation of the coronary 4D flow work. In addition, I would like to 

thank Dr. Wensha Yang for her continuous guidance in my 4D abdominal imaging work for 

radiation therapy planning. 

 

I would also like to thank the current and previous staff members at the Biomedical Imaging 

Research Institute: Laura Smith, Ed Gill, Lawrence St. John, Eileen Shinn, Maggie Huang, 



	 xix 

Karen Gutierrez, Camille Rogacion-Labao, Rhona Littman, Christy Woo, Johanna Kim for all 

your help and support throughout the years.  

 

I would like to thank the National Institute of Health for awarding me the F31 pre-doctoral 

fellowship to fund my research.  

 

Special thanks also to my fellow graduate students, the postdocs, and the project scientists for 

making graduate life and conference trips exciting: Christopher Nguyen, Zhengwei Zhou, Jaime 

Shaw, Yibin Xie, Randy Yang, Anthony Christodoulou, Jianing Pang, David Chen, and Yuhua 

Chen. In addition, for their work on contributing to the thoughts and ideas presented in Chapters 

3-6.  

 

I would also like to thank my 2016-2017 engineering graduate student association (eGSA) 

family for making my last year at UCLA memorable.  

 

In addition, I would like to thank my KQVZ family (K. C., Q. H., and V. C.), L.P.C., K.M., A.K., 

MG. S., B.V., M.C., and S.H. for your continuous encouragement and friendship throughout the 

years. 

 

Furthermore, I would like to thank D. C. for your moral support and motivation, and making my 

boring weekends fun.  

 

Last but not the least, I would like to thank everyone in my family for your unconditional love 

throughout my graduate studies and my life in general.  

  



	 xx 

VITA 
EDUCATION 
University of California, Los Angeles 
Doctoral Candidate in Biomedical Engineering     2017 
 
University of California, Irvine 
Bachelor of Science in Biomedical Engineering     2012 
 
AWARDS 
F31 Pre-doctoral Fellowship  
National Institute of Health (NIH)      2016–2018 
 
RESEARCH EXPERIENCES 
UCLA, Department of Bioengineering &     2012 – Present 
Cedars-Sinai Medical Center, Biomedical Imaging Research Institute 
Graduate Student Researcher – Professor Debiao Li’s lab 
 
UCI, Department of Biomedical Engineering     2010 – 2012 
Undergraduate Researcher – Professor Gultekin Gulsen’s lab 
 
OTHER EXPERIENCES 
UCLA, Engineering Graduate Student Association (eGSA) 
President         2016 – 2017 
Professional Development Director      2015 – 2016 
 
MANUSCRIPT PUBLICATIONS 
1. Deng Z, Loecher M, Nguyen C, Christodoulou A.G, Zhou Z, Shaw J.L, Xie Y, Bi X, Fan Z, Ennis 

D.B, Li D, Coronary 4D-Flow MRI using Stack-of-Stars Acquisition: towards noninvasive pressure 
gradient measurement in the coronary arteries, {in preparation}. 

2. Deng Z*, Lee SE*, Xie Y, Nguyen CT, Bi X, Zhou Z, Shaw JL, Yang Q, Choi BW, Kim JS, Berman 
DS, Li D, Chang, HJ, Noninvasive Functional Evaluation of Coronary Stenosis using MR 
Instantaneous wave-Free Ratio (MR-iFR): Initial Patient Study, {submitted}.  

3. Deng Z, Yang W, Pang J, Bi X, Tuli R, Li D, Fan Z, Improved vessel-tissue contrast and image 
quality in 3D radial sampling-based 4D-MRI, Journal of Applied Clinical Medical Physics, 2017, 
DOI: 10.1002/acm2.12194 

4. Deng Z, Fan Z, Lee S, Nguyen C, Yang Q, Bi X, Choi BW, Kim JS, Berman D, Chang HJ, Li D, 
Noninvasive Measurement of Pressure Gradient Across a Coronary Stenosis Using Phase Contrast 
(PC)-MRI: A Feasibility Study, Magnetic resonance in medicine 77.2 (2017): 529-537. 

5. Xie, Y., Kim, Y.J., Pang, J., Kim, J.S., Yang, Q., Wei, J., Nguyen, C.T., Deng, Z., Choi, B.W., Fan, Z. 
and Merz, C.N.B., 2017. Coronary Atherosclerosis T1-Weighed Characterization with Integrated 
Anatomical Reference: Comparison With High-Risk Plaque Features Detected by Invasive Coronary 
Imaging. JACC: Cardiovascular Imaging, 10.6 (2017), 637-648. 

6. Yang Q*, Deng Z*, Bi X, Song S, Schlick K, Gonzalez N, Li D, Fan Z, Intracranial Vessel Wall MRI: 
A Parameter Tune-up Solution to Improve the Scan Efficiency 3D Variable-Flip-Angle Turbo Spin-
Echo. Journal of Magnetic Resonance Imaging (2017). Doi:10.1002/jmri.25611  

7. Fan, Z, Yang Q, Deng Z, Li Y, Bi X, Song S, Li D, "Whole-brain intracranial vessel wall imaging at 
3 Tesla using cerebrospinal fluid–attenuated T1-weighted 3D turbo spin echo." Magnetic resonance 
in medicine 77.3 (2017): 1142-1150. 



	 xxi 

8. Jin, J., McKenzie, E., Fan, Z., Tuli, R., Deng, Z., Pang, J., Fraass, B., Li, D., Sandler, H., Yang, G. 
and Sheng, K., Guo S., Yang W., Nonlocal means Denoising of self-gated and k-space sorted 4-
dimensional magnetic resonance imaging using block-matching and 3-dimensional filtering: 
implications for pancreatic tumor registration and segmentation. International Journal of Radiation 
Oncology* Biology* Physics, 95(3) (2016), pp.1058-1066. 

9. Deng Z*, Pang J*, Yang W, Yue Y, Sharif B, Tuli R, Li D, Fraass B, and Fan Z, 4D MRI Using 3D 
Radial Sampling with Respiratory Self-Gating to Characterize Temporal Phase-Resolved Respiratory 
Motion in the Abdomen. Magnetic Resonance in Medicine, 75.4 (2016): 1574 

10. Yang W, Fan Z, Tuli R, Deng Z, Pang J, Wachsman A, Reznik R, Sandler H, Li D, Fraass B, Four-
dimensional Magnetic Resonance Imaging with 3D Radial Sampling and Self-gating based K-space 
Sorting: Early Clinical Experience on Pancreatic Cancer Patients, International Journal of Radiation 
Oncology*Biology*Physics, 93.5 (2015): 1136-1143. 

11. Yong Y, Fan Z, Yang W, Pang J, Deng Z, McKenzie E, Tuli R, Wallace R, Li D, Fraass B, 
Geometric Validation of Self-gating k-Space-sorted 4D-MRI vs. 4D-CT Using a Respiratory Motion 
Phantom, Medical Physics 42.10 (2015): 5787-5797. 

 
*co-first authors 
 
SELECTED CONFERENCE ABSTRACTS 
1. Deng Z, Christodoulou A, Yang W, Bi X, Shaw J, Fraass B, Tuli R, Li D, Fan Z, T2-Weighted 4D-

MRI using an Isotropic 3D Data Acquisition and Retrospective K-Space Binning, 59th Annual 
Meeting & Exhibition of the American Association of Physicists in Medicine (AAPM, MRI session, 
Oral Presentation) TU-D-601-6 (2017) 

2. Deng Z, Lee S, Fan Z, Nguyen C, Xie Y, Pang J, Bi X, Yang Q, Choi B.W, Kim J.S, Berman D, 
Chang H.J., Li D, Noninvasive functional evaluation of coronary stenosis using MR instantaneous 
wave-free ratio (MR-iFR): initial patient study, Society of Cardiovascular Magnetic Resonance 
(SCMR) 20th annual conference, Early Career Award: clinical session candidate, oral presentation, 
2017.  

3. Deng Z, Lee S, Fan Z, Nguyen C, Cho I, Yang Q, Bi X, Choi BW, Kim JS, Berman D, Chang HJ, Li 
D, Pressure Gradient Measurement in the Coronary Artery Using Phase Contrast (PC)-MRI: Initial 
Patient Results Towards Noninvasive Quantification of Fractional Flow Reserve, International 
Society of Magnetic Resonance in Medicine (ISMRM) 24th annual conference, Oral presentation in 
Velocity & Flow Quantification Scientific Session. 

4. Deng Z, Yang Q, Bi X, Fan Z, and Li D, Reproducibility of Phase-Contrast MRI in the Coronary 
Artery: Towards Noninvasive Pressure Gradient Measurement and Quantification of Fractional Flow 
Reserve. International Society of Magnetic Resonance in Medicine (ISMRM, Let it Flow session, 
Oral) (June 2015) 

5. Deng Z, Fan Z, Xie G, He Y, Yang Q, Natsuaki Y, Jin N, Bi X, Li K, Fan Z, Zhang Z, and Li D, 
Pressure Gradient Measurement in the Coronary Artery Using 4D PC-MRI: Towards Noninvasive 
Quantification of Fractional Flow Reserve. Journal of Cardiovascular Magnetic Resonance (17th 
Annual SCMR Scientific Sessions, oral) 16, O55 (2014). 

 
PATENT 
Fan, Z., Pang, J., Deng, Z. and Li, D., Cedars-Sinai Medical Center, 2015. Characterization of respiratory 
motion in the abdomen using a 4d mri technique with 3d radial sampling and respiratory self-gating. U.S. 
Patent Application 14/707,647. 



	 1 

CHAPTER 1 – Dissertation Motivation   

 

1.1 Clinical significance  

Cardiovascular disease (CVD) is the most common underlying cause of death, accounts 

for approximately 1 of every 3 deaths in the United States (US). It is estimated that roughly 

every 40 seconds, 1 American die of CVD. One category of CVD, coronary heart disease (CHD), 

known as coronary artery disease (CAD) or ischemic heart disease (IHD), is the leading cause of 

CVD related deaths, contributing to 45.1% or 1 in 7 deaths in the US (1,2). Patients with CAD 

may be asymptomatic or symptomatic and can present with stable angina pectoris (chest pain 

during exertion), unstable angina pectoris (unexpected chest pain at rest), or Myocardial 

Infarction (MI, or heart attack). In approximately 50% of CAD patients, angina pectoris is the 

initial manifestation of CAD (3). It has been estimated that there are approximately 30 patients 

with stable angina for every patient hospitalized with MI (4). 

1.2 Current patient management  

Current clinical diagnosis and management of patients with suspected CAD utilizes a 

variety of noninvasive and invasive methods to assess for possible lesions in the coronary vessels 

and damages in the heart muscle (myocardium). For patients with stable conditions, guidelines 

recommend continuous monitoring in patients with low risk of CAD, noninvasive testing for 

patients with intermediate risk, and direct referral for invasive catheterization for patients with 

high risk (3-6).  

Initial noninvasive methods include personal history, physical exams and functional or 

stress testing (electrocardiogram, ECG, changes), followed by imaging techniques such as single 
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photon emission computed tomography (SPECT) or positron emission tomography (PET), stress 

and rest echocardiography, or cardiac magnetic resonance (CMR) to assess myocardial perfusion 

defects or wall motion abnormalities. In addition, coronary computed tomography angiography 

(CTA) is also used to help detect the degree of coronary stenosis. If any combination of the 

noninvasive results suggest the patient has high-risk coronary lesion(s) in need of coronary 

revascularization, patient is then recommended for further diagnosis via invasive catheterization 

including invasive coronary angiography (ICA) and/or fractional flow reserve (FFR), else patient 

is recommended for medical therapy (4).  

ICA is mostly used in the final steps of a diagnostic work-up in patients with suspected 

CAD with FFR as an emerging method to evaluate the patient’s need for coronary 

revascularization (4,7). ICA is an anatomical diagnostic tool to visualize the degree of stenosis 

and FFR is a functional diagnostic tool to determine ischemia inducing coronary lesions based on 

pressure measurements across a coronary stenosis (8). For patients undergoing invasive cardiac 

catheterization, based on the American Heart Association (AHA) guidelines, a “significant” 

stenosis is defined as ≥ 70% diameter narrowing (≥ 50% for left main CAD) reported by ICA 

and/or a FFR index of ≤ 0.80. A recently developed invasive diagnostic method, similar to FFR, 

termed instantaneous wave-free ratio (iFR), has shown to be non-inferior to FFR as a guide for 

coronary revascularization (9,10). Although the technique is not yet included in the guidelines, 

an iFR cut-off of 0.89 has shown to be as good as a FFR cut-off of 0.80, suggesting the use of 

iFR in the future as an alternative invasive approach to shorten procedure time and decrease 

patient discomfort.  If a stenosis is considered significant based on a ICA, FFR, and/or iFR, 

patient then undergoes coronary revascularization treatment using methods such as percutaneous 

coronary intervention (PCI) or coronary artery bypass graft (CABG).  
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1.3 Challenges of current patient management  

Accurate identification of patients with suspected CAD who should undergo either 

medical therapy or coronary revascularization is very important in the practice of cardiovascular 

medicine. In current clinical practice, noninvasive diagnostic methods are utilized to help 

identify the severity the coronary disease and used as a gatekeeper to limit the number of 

unnecessary invasive procedures. However, with current techniques, a low diagnostic yield of 

invasive catheterization was observed among patients with suspected CAD (11).  

In patients who were assessed by ICA, according to a retrospective study based on data 

from the American College of Cardiology National Cardiovascular Data Registry between 2004 

and 2008 by Patel et al., among 398,978 patients at 663 hospitals, only a little more than 33% of 

patients had obstructive (≥50% diameter stenosis) CAD (12). This means that more than 50% of 

patients had non-obstructive (<50% diameter stenosis) CAD and didn’t need to undergo invasive 

catheterization. Further, when assessed by FFR, more than 50% of patients with ≥ 50% stenosis 

have normal FFR (>0.80) (13). Specifically, in the FFR versus angiography in multi-vessel 

evaluation (FAME) study, 65% of coronary lesions with angiography severity of 50% to 70% 

were found functionally nonsignificant (FFR > 0.80), suggesting that these patients could be 

deferred from invasive catheterization procedures.   

An emerging noninvasive technique based on coronary CTA in combination with 

computation fluid dynamics (CFD) simulations to derive pressure changes across a coronary 

lesion, FFRCT, has shown promise for the diagnosis of patients with stable CAD. Recent results 

showed that care guided by coronary CTA and selective FFRCT has equivalent clinical outcome 

and quality of life, lower rate of ICA, and lower costs when compared to usual care (11,14,15). 

However, the method requires the exposure to ionizing radiation, uses an anatomical model to 
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simulate the hemodynamic behaviors in the coronary arteries, and may be hindered by blooming 

artifacts caused by densely calcified plaques which could reduce the accuracy of detection of 

coronary stenosis, a necessary component of FFRCT assessment.   

1.4 Aims  

The overall aim of this dissertation is to develop a noninvasive pressure gradient 

measurement technique, termed MR-iFR, for the prediction of the functional significance of 

coronary stenosis using phase-contrast magnetic resonance imaging (PC-MRI). The method is 

essentially a surrogate to FFR or iFR, and has the advantage of being noninvasive and 

comprising of no ionizing radiation. The success of the technique may serve as a complementary 

approach to current clinical diagnostic tools, providing added information to better risk-stratify 

and management of patients with stable CAD.   

 

1.4.1  Aim 1: To develop a noninvasive pressure gradient measurement framework 

using PC-MRI and validate its feasibility in stenotic phantoms, using pressure 

transducer measurements as reference. 

Chapter 3 presents a noninvasive pressure gradient measurement framework using PC-

MRI and Navier-Stokes (NS) analysis. This chapter explores the feasibility of pressure gradient 

quantification in conditions of flowing liquid through small diameters. Validation studies of PC-

MRI velocity measurements and NS derived pressure gradient measurements in a small-caliber 

stenotic flow phantom at different degrees of narrowing, mimicking the scenario of a various 

degrees of diseased coronary arteries, will be described. In addition, correlation analysis between 
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PC-MRI derived pressure gradient measurement and gold standard pressure gradient 

measurement using a pressure transducer is further evaluated.  

 

1.4.2  Aim 2: To translate the noninvasive pressure gradient measurement 

framework in vivo and validate its feasibility in healthy and diseased coronary 

arteries.  

Chapter 4 presents a noninvasive pressure gradient measurement framework in vivo. This 

chapter describes the implementation of PC-MRI for coronary artery applications. Repeatability 

of the velocity measurements in the coronary arteries will be analyzed. Further, pressure gradient 

measurements in the healthy coronary arteries will be evaluated to assess the feasibility of the 

proposed method and compared to a small group of stable CAD patients. 

 

1.4.3  Aim 3: To evaluate the feasibility of the noninvasive pressure gradient 

measurement framework in a cohort of stable CAD patients, using invasive FFR 

and iFR as references.  

Chapter 5 presents the initial feasibility of the proposed noninvasive pressure gradient 

measurement framework in a pilot study consists of a group of stable CAD patients. A 

noninvasive physiological index, termed MR-iFR, is obtained using the proposed PC-MRI 

method and compared to gold standard invasive FFR and iFR indices. In addition, the chapter 

further discusses the potential of MR-iFR as a noninvasive diagnostic tool for patients with 

stable CAD. 
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1.4.4  Aim 4: To further improve coronary PC-MRI using a stack-of-stars 

acquisition with compressed sensing reconstruction and validate its feasibility in 

stenotic phantoms and healthy subjects, using Cartesian PC-MRI as reference. 

 Chapter 6 presents the initial feasibility of a four-dimensional (4D) PC-MRI method 

using golden-angle stack-of-stars acquisition with compressed sensing reconstruction. This 

chapter will further discuss the feasibility of the method for potential scan time reduction, using 

4D Cartesian PC-MRI as reference. Various undersampling factors correlated to reduced scan 

times will be explored in stenotic phantoms at different degrees of narrowing, and healthy 

subjects, to determine a feasible scan time for image acquisition.  
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CHAPTER 2 - Background  

 

2.1. The coronary circulation  

2.1.1. Introduction  

 The cardiovascular system is one of the many systems in our body that plays a major role 

in maintaining our body in a stable internal environment. The system consists of the heart, blood 

vessels, and blood, which all work together to deliver oxygen, nutrients, cells and waste products 

to the appropriate parts of the human body. The most important component in this system is the 

heart, which serves as a pump that circulates oxygenated blood to the entire body and 

deoxygenated blood to the lungs. The heart is composed of different types of cardiac muscle 

through special mechanisms to maintain a continuous rhythm for efficient pumping. Like all 

tissues in the body, the heart itself also needs oxygenate blood to maintain its function. This is 

achieved by the coronary circulation where coronary vessels (arteries and veins) lie on the 

surface of the heart muscle (myocardium) to provide sufficient amount of blood to the 

myocardium to maintain normal cardiac function (16).  

2.1.2. The coronary tree 

Error! Reference source not found. represents the general coronary anatomy. The 

coronary arteries originate from the root of the aorta and are separated into two major branches, 

left and right, to supply blood to different parts of the myocardium. The main coronary vessels 

on the epicardial surface of the heart range from 4 mm to 400 µm in diameter and then branch 

into small arteries and arterioles (<400 µm) penetrating into the myocardium (17).  
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Figure 1. The coronary artery anatomy 

 
Although coronary anatomy may differ depending on the individual, in general, for the epicardial 

vessels, the left coronary artery consists of the left main (LM), left anterior descending (LAD), 

and left circumflex (LCX) coronary arteries, supply blood primarily to the anterior and left 

lateral portions of the left ventricle; the right coronary artery supply blood primarily to the right 

ventricle and the posterior part of the left ventricle (12,13,16). Figure 2 shows the general 

myocardium territory that’s supplied by the different coronary vessels. In cases of coronary 

blockage due to build-up of plaque, the supply of blood to the appropriate myocardium territories 

may be decreased leading to insufficient oxygen supply to the myocardium and myocardial 

infarction or heart attack (details are discussed in chapter 2.2).  



	 9 

 

Figure 2. Myocardial perfusion territories in the basal, middle and apical slices of the left and 

right ventricles 

 
 

2.1.3. Coronary blood flow 

In contrast to the flow mechanics in other vessel locations, the arterial coronary blood 

flow is the highest during diastole and low during systole. On average, the resting coronary 

blood flow is around 225 mL/min and may increase 3-4 times during exercise to compensate for 

the increased oxygen demand in the myocardium and ensure that sufficient amount of nutrients is 

delivered. The increase in coronary flow is mostly achieved by vasodilation of the coronary 

vessels, mainly in the microvasculature (16,17). Eckenhoff et al. have shown in a previous study 

that cardiac oxygen consumption and coronary blood flow are linearly correlated and coronary 

blood flow adjusts itself to meet the demand of the heart for oxygen or the available supply in the 

arterial blood (18).  
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2.1.4. Coronary flow reserve 

To assess if sufficient coronary blood flow is achieved to meet the myocardial metabolic 

demands, a concept of coronary flow reserve was introduced by Gould et al in 1974 (19). 

Coronary flow reserve is defined as the ratio of maximal hyperemic coronary blood flow to 

resting coronary blood flow. In healthy subjects, coronary blood flow could increase up to 4-6 

folds from its resting conditions during exercise or pharmacological induced stress. In the 

presence of coronary stenosis, significant hyperemic flow reduction may occur depending on the 

level of stenosis measured (16,17,20). Based on Gould et al’s study, during rest, coronary flow 

remained constant and did not decrease until approximately 80 to 85% reduction in coronary 

diameter, however, during stress, coronary flow progressively decreased starting from as small 

as 30% reduction in coronary diameter and a more severe decline was observed starting from 60 

to 70% diameter stenosis (19). Current guidelines based on the American Heart Association 

(AHA) have suggested that a “significant” coronary stenosis is defined as ≥ 50% diameter 

narrowing for left main coronary artery and ≥ 70% diameter narrowing for other coronary 

vessels when assessed anatomically (4).  

The assessment of the hemodynamics of a coronary stenosis or the assessment of 

coronary flow reserve could be classified into three types: 1) absolute flow reserve, 2) relative 

flow reserve, and 3) fractional flow reserve (17). The absolute flow reserve is the ratio of blood 

flow in a stenotic artery during maximal hyperemia to the blood flow in the same artery during 

resting conditions. Relative flow reserve is the ratio of blood flow in a stenotic artery during 

maximal hyperemia to the blood flow in an adjacent normal artery under the same maximal 

hyperemia condition. Both methods could be measured invasively using intracoronary Doppler 

ultrasound to directly measure velocity flow in the coronary arteries. Fractional flow reserve is 
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defined as the ratio of hyperemic flow in the stenotic coronary artery to the theoretical hyperemic 

flow if the same artery is normal. This is achieved by measuring pressure before and after the 

stenosis of interest. Due to the variability of normal values and inability to distinguish epicardial 

and microvascular disease when using intracoronary Doppler ultrasound methods, fractional 

flow reserve has slowly become the gold standard for hemodynamic assessment of coronary 

stenosis.  

 
2.2. Coronary artery disease (CAD) 

2.2.1 Pathophysiology 

Coronary artery disease (CAD), or ischemic heart disease (IHD), is a result of 

atherosclerosis in the epicardial coronary arteries, or a build-up of plaque composed of fatty 

deposits along segments of the coronary lumen, which impedes blood flow to the myocardium. 

Patients with CAD may be symptomatic or asymptomatic and can present with stable angina 

pectoris (chest pain during exertion), unstable angina pectoris (unexpected chest pain at rest), or 

myocardial infarction (MI, heart attack).  

There are two extreme phases of CAD, chronic or acute manifestations, leading to stable 

or unstable angina or MI. During the initial stages of plaque progression, atherosclerotic lesions 

start by growing outward, away from the lumen. In an acute phase, substantial outward 

remodeling occurs, resulting in plaque generally composed of thin fibrous caps and large lipid 

pools which may lead to thrombosis. These lesions are considered as high-risk plaques which are 

prone to rupture, leading to unstable angina or MI. In the chronic phase, lesions generally have 

smaller lipid cores, thicker fibrous caps, and calcification. These lesions are more stable, has less 

positive remodeling, and tend to protrude into the vessel lumen, leading to insufficient blood 
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flow to the myocardium or myocardial ischemia (16,18,21). Many atherosclerotic lesions may 

fall in-between these two extremes, resulting in a mixture of different types of atherosclerotic 

plaques and clinical manifestations.  

2.2.2 Diagnosis 

This dissertation will focus on the discussion of chronic stable CAD. In approximately 50% 

of all patients, chronic stable angina is the initial manifestation of CAD (22). Chronic stable 

angina, also called angina pectoris, is a common type of angina associated with chest discomfort 

brought on by exertion or emotional stress and could be relieved with rest or administration of 

nitroglycerin (19,22,23). In patients with chest pain, initial diagnosis of stable CAD includes 

history, physical examination, and observation of changes on the electrocardiogram (ECG) to 

assess the probability of CAD (24). It has been shown that severe angina, older age, female sex, 

history of smoking, and abnormal ECG has been correlated with clinically significant CAD 

assessed using invasive coronary angiography (ICA)  

(4,19,23,25). Stress testing during ECG measurement, imaging techniques, and invasive 

catheterization assessments are common diagnostic tools for the assessment of stable CAD. This 

section briefly introduces a few anatomical and functional assessment tools used for the 

diagnosis of coronary lesions.  

 

Anatomical assessment: 

 In current clinical routine and research, various methods have been used to assess the 

anatomical features of diseased coronary vessels to guide clinical management. Features such as 

percent diameter stenosis and plaque characteristics are commonly used in current clinical 

practice to help guide patient management and determine the need for coronary revascularization. 
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Quantifications of these features could be done invasively or noninvasively using various 

imaging methods. The sections below will briefly introduce a few existing methods and their 

advantage and disadvantages.  

Invasive coronary angiography (ICA) is the most widely used diagnostic method for 

the assessment of luminal obstruction and location of coronary disease(26). Based on the 

American Heart Association (AHA) guidelines, a “significant” stenosis is defined as ≥ 70% 

diameter narrowing (≥ 50% for left main CAD)(4). Studies have shown the over use of ICA procedures in 

the past years, where over 50% of patients who undergo ICA were found to have non-obstructive (< 50% 

degree stenosis). In addition, the method requires exposure to radiation and it’s inherently an invasive 

procedure which may lead to surgical complications.  

Intravascular ultrasound (IVUS) and optical coherence tomography (OCT) are two 

invasive methods used for coronary plaque characterization. IVUS utilizes ultrasound waves to 

provide anatomical characterization of the coronary lesion in terms of vessel size and plaque 

composition. More recently, OCT has been broadly investigated in stable CAD patients with 

superior spatial resolution (<10µm) for the assessment of superficial components including the 

thickness of the fibrous cap, lipidic plaques and vulnerable plaques(26). Both methods have the 

potential to determine the risk of coronary plaque rupture, which could potentially improve the 

prognosis of the patient. However, the technique remains expensive and time-consuming(27). 

Coronary computed tomography angiography (CTA) is a widely used noninvasive 

method for the assessment of lumen narrowing and recently has been used for the assessment of 

plaque characteristics using quantification of Hounsfield units (HU) associated with plaque. 

However, the method is stringent where only patients with adequate breath holding, without 

severe obesity, with relatively low calcium score (e.g. Agatston score < 400), and low heart rate, 
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could undergo a coronary CTA. In addition, although coronary CTA is a noninvasive diagnostic 

tool, the method still requires the exposure to radiation(26).   

Coronary magnetic resonance imaging (MRI) is a noninvasive technique for the 

visualization of coronary arteries. Coronary MR angiography (MRA) could be used to assessed 

the degree of coronary stenosis. Recent studies have also shown the reliability of using MRI for 

the characterization of plaque composition denoted as coronary atherosclerosis T1-weighted 

characterization (CATCH)(28). MRI has the advantage of no ionizing radiation exposure to the 

patient and has the potential to assess both cardiac anatomy and function in one exam. However, 

the technique requires long imaging times, provides lower spatial resolution and require skilled 

technicians for data acquisition. 

 

Functional assessment:  

 As anatomical assessments could provide important information, the functional 

information is also interesting as the overall CAD mechanism is due to the reduction of blood 

flow to the myocardium leading to a lack of oxygen delivery. Numerous studies have 

investigated the feasibility of using functional assessment to guide clinical management. This 

section will briefly introduce a few methods used to assess the hemodynamic significance of 

coronary stenosis.  

Intracoronary Doppler ultrasound, as mentioned briefly in chapter 2.1.4, is an 

invasive method used to measure coronary flow velocity for the assessment of coronary flow 

velocity reserve (CFVR = ratio of maximum to baseline flow velocity). Clinical studies have 

shown that a CFVR of < 2.0 is associated with abnormal myocardial perfusion(29) and patients 

with CFVR of > 2.0 have shown favorable prognosis after deferred ICA(30). The method 
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accounts for both epicardial resistance and myocardial resistance which could be useful for 

studies of microvascular disease. However, the method is not lesion-specific and the normal 

values are not clearly defined(17).  

Fractional Flow Reserve (FFR) is an invasively determined index of the functional 

severity of a coronary stenosis (31). The FFR index is obtained by measuring the pressure distal 

of a stenosis lesion and the aortic pressure simultaneously using a pressure guide-wire and guide-

catheter, respectively. The theory behind FFR is that during maximum coronary and myocardial 

hyperemia, the myocardial resistance is minimal and coronary blood flow is proportional to 

coronary pressure. In the presence of stenosis, maximum achievable blood flow to the 

myocardium would be decreased, meaning the maximum perfusion pressure would also be 

decreased. This could be represented by the equations below:  

𝑄" = 	
𝑃& − 𝑃(
𝑅  

𝑄* = 	
𝑃+ − 𝑃(
𝑅 2.2 − 1  

 
Where QN and QS are normal and stenotic maximum myocardial blood flow, R is the myocardial 

resistance at maximum vasodilation, Pa, Pd and Pv represents the mean aortic, distal coronary, and 

mean central venous pressure at maximum hyperemia, respectively. Since during hyperemia, 

coronary resistance (R) is negligible, flow (Q) therefore is correlated to pressure (P), hence FFR 

describing flow to the myocardium (Qs/QN) could be represented using pressure as: 

𝐹𝐹𝑅 = 	
𝑃+ − 𝑃(
𝑃& − 𝑃(

2.2 − 2  
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In general, since central venous pressure is negligible or close to zero, the equation could be 

simplified to the equation below where Pa and Pd could be measured invasively using pressure 

catheters(17).  

𝐹𝐹𝑅 = 	
𝑃+
𝑃&

2.2 − 3  

Studies have shown an index of ≤ 0.80 is identified as a functionally significant stenosis 

associated with cardiac death or MI, where patients may benefit from PCI, with an accuracy of 

greater than 90% (31-35). Although invasive FFR has been established as the gold standard, it 

remains an invasive procedure with radiation exposure, long procedural times, patient discomfort 

due to adenosine, and high surgical costs (36). 

Instantaneous Wave-free Ratio (iFR) is also an invasive pressure measurement 

technique that’s based on the concepts of FFR. The iFR ratio is, similar to FFR, pressure 

measured at distal of stenosis to the aortic pressure as shown below in the equation below: 

𝑖𝐹𝑅 = 	
𝑃𝑑	3&(456744	8479:+
𝑃𝑎	3&(456744	8479:+

2.2 − 4  

However, instead of measuring the average pressure over the entire cardiac cycle during 

maximum hyperemia, iFR measures the average pressure at a wave-free period (i.e. the 

beginning of diastole is defined at the dicrotic notch where the wave-free period is 25% of the 

way into diastole and ending 5 ms before the end of diastole) during resting conditions. It was 

shown by Sen et al. that during the wave-free period when patient is at rest, coronary resistance 

is naturally minimal, similar to the resistance level observed during maximum hyperemia for 

FFR measurements (37). Therefore, iFR is a method where no adenosine administration is 

needed to detect the functional significance of a coronary stenosis. Two recent studies, DEFINE-

FLAIR(10) and iFR-SWEDHEART(9) have shown that an iFR cut-off value of 0.89 is non-
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inferior to a FFR cut-off value of 0.80 with the advantage of a shorter operation time and less 

chest discomfort as no adenosine administration is needed during the time of operation. 

Positron emission tomography (PET), single photon emission computed tomography 

(SPECT), and cardiac magnetic resonance (CMR) perfusion imaging techniques are 

noninvasive imaging methods for the assessment of myocardial perfusion defects to assess the 

extent of myocardial ischemia. Although PET and SPECT are noninvasive imaging methods, 

both techniques require injection of radionuclides, which involves ionizing radiation. Studies 

have shown that myocardial perfusion imaging methods are useful tools for patients with 

intermediate to high likelihood of having CAD(38). CMR perfusion imaging has the advantage 

of no ionizing radiation. A recent study using CMR myocardial perfusion imaging has shown 

promise as a noninvasive management strategy for patients with stable angina. Preliminary 

results showed that MR perfusion imaging is non-inferior to invasive catheterization supported 

by FFR in a 1-year outcome study, suggesting the potential of the technique for patient 

management (39). 

Echocardiography and cine-CMR are two methods used to for the assessment of left 

ventricular function to evaluate myocardial wall motion abnormalities. Wall motion 

abnormalities have shown to be an indicative of CAD. In echocardiography, stress and rest 

induced wall motion abnormalities may represent ischemia and infarcted myocardium, 

respectively. Cine-CMR has the advantage of excellent soft-tissue contrast where patients with 

poor echocardiography may be recommended for cine-CMR.   

CT-FFR utilizing CTA in combination with computational fluid dynamics (CFD) 

simulations to derive a noninvasive FFR value, denoted as FFRCT, has shown an accuracy of 81% 

in the most recent clinical trial, using invasive FFR as a gold standard.(40). Recent studies have 
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looked into a machine-learning approach to derive FFR from coronary CTA images and results 

showed an accuracy of 83% in a small pilot study with substantial reduction in computation 

time(41) compared to the CFD approach. However, coronary CTA requires exposure to ionizing 

radiation and is more prone to blooming artifacts caused by heavy calcification. 

2.2.3 Treatment 

 In current medical practice, two main treatment strategies for CAD patients are used, 

medical therapy or coronary revascularization. In high risk patients (annual mortality of > 3%) 

with myocardial ischemia of > 10% or high-risk angiographic findings based on ICA may benefit 

from revascularization techniques such as percutaneous coronary intervention (PCI) or coronary 

artery bypass graft (CABG) (26,42-44). In patient with myocardial ischemia of < 10% or stenotic 

lesions that do not induce ischemia, PCI may not be beneficial, whereas medical therapy 

(antianginal therapy or beta blockers) may be more or equally effective (26,35,45).  

 In general, for clinical noninvasive risk stratification, high risk patients are defined as severe 

resting and/or stress left ventricular (LV) dysfunction, resting and/or stress perfusion abnormalities >10% 

of the myocardium, stress ECG findings including ≥ 2 mm of ST-segment depression at low workload, 

wall motion abnormalities, and multi-vessel obstruction CAD (≥ 70% stenosis) or left main stenosis (≥ 50% 

stenosis) on coronary CTA(46). For clinical invasive risk stratification, ICA and FFR are normally used 

to determine the significance of stenosis as described in the previous section. Other measures such as 

IVUS, OCT or CFVR are used if the ICA and FFR weren’t clear in defining the need for coronary 

revascularization (46). 
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2.3 Fundamentals of magnetic resonance imaging (MRI) 

2.3.1 Introduction  

Previous sections have briefly touched upon a variety of noninvasive medical imaging 

modalities for the diagnosis of stable coronary artery disease. These methods include coronary 

computed tomography angiography (CTA), positron emission tomography (PET), single photon 

emission tomography (SPECT), echocardiography, and magnetic resonance imaging (MRI). This 

section will dive deeper into the principles of MRI and further discuss the concepts of flow 

velocity quantification in cardiac magnetic resonance (CMR).  

MRI is a powerful medical imaging tool used for the detection of both anatomical and 

physiological processes in the human body. Information generated by MRI is based on the 

interaction of certain atomic nuclei of interest (e.g. hydrogen) in different types of magnetic 

fields. Hence, it is relatively safe and a truly “noninvasive” method as it doesn’t utilize any 

ionizing radiation. The noninvasive nature of the technique, thus, allows for repeated studies for 

monitoring of disease progression or regression at any age category. In addition, MRI offers 

great flexibility to image a broad range of tissue properties, metabolic processes, and functional 

information based on different variations of the magnetic fields and instrumental parameters. The 

following sections will further introduce the basic principles of MRI. The details of the concepts 

discussed in this section could be found in the following textbooks: (47-50) 

2.3.2 Basics of MRI   

The origin of MRI begins with nuclear magnetic resonance (NMR) where atoms 

containing an odd number of protons and/or neutrons have an intrinsic angular moment (or 

‘spins’). As the human body is composed largely of hydrogen (e.g. 50-65% water and 5-10% fat), 

the hydrogen atom (1H) with a single proton is most commonly studied, which could be referred 
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to as hydrogen (proton) imaging. The overall concept of MRI is based on the interactions of 

these ‘spins’ (e.g. hydrogen) in three types of magnetic fields: main magnetic field (B0), 

radiofrequency field (B1), and linear gradient fields (G). 

 

Main magnetic field (B0): 

In the presence of a static main magnetic field (B0), the magnetic moment vector (e.g. 

hydrogen nucleus) will tend to align along the direction of the external static magnetic field 

when at equilibrium, which is generally denoted as the z-direction or the longitudinal direction. 

In the meantime, the nuclear spins are also precessing around the field direction at an angular 

frequency (𝑓) known as the Larmor frequency represented by the equation below: 

𝜔 = 	𝛾𝐵
𝑜𝑟																																																																																																																																																								

𝑓 = 	
𝛾
2𝜋 𝐵 2.3 − 1

 

where 𝛾 is the gyromagnetic ratio. For hydrogen (1H) specifically, 𝛾 2𝜋 = 42.58 MHz/Tesla. 

Therefore, in a 3.0 tesla MRI scanner (B0 = 3.0 T), the Larmor frequency is 127.74 MHz which 

lies within the radiofrequency region.  

 

Radiofrequency field (B1): 

 To generate a MRI signal, a radiofrequency (RF) magnetic pulse (B1) that’s tuned to the 

resonance frequency (i.e. the Larmor frequency at 127.74 MHz to image hydrogen on a 3.0 tesla 

scanner) is applied in the xy-direction or the transverse direction, to excite the spins out of its 

equilibrium state (z-direction). Based on the prescribed strength and duration of B1, which could 

be represented as an angle, the magnetization rotates away from the longitudinal direction (Mz) 

and towards the transverse plane (Mxy). Generally, the strength and duration of B1 is on the 



	 21 

orders of a few micro-tesla and a few milliseconds, respectively. Once B1 is off, the spins start to 

relax back to its equilibrium state at a rate of T1 (i.e. recovery of the magnetization vector along 

the longitudinal direction) and T2 (i.e. decay of the magnetization vector in the transverse plane). 

It is important to note that the rate of T1 recovery and T2 decay differs for different types of 

tissue and are not constant over time. Based on the Faraday’s law of induction, As the spins are 

rotating back to its equilibrium state, the vectors induce a voltage or electromotive force (EMF), 

which could be detected by a receiver coil orientated to detect the magnetization signal in the 

transverse plane. The generated signal is denoted as a free induction decay (FID) and a set of 

FIDs is normally collected and used to reconstruct an MR image.  

 

Linear gradient fields (G): 

 To distinguish the signals generated from different spatial locations, linear gradient 

magnetic fields in the x, y, and/or z directions are applied to the main B0 field. Adding the 

gradient fields, the overall magnetic field could be expressed as: 

𝑩 𝒓, 𝑡 = 𝐵H + 𝑮 𝑡 ∙ 𝒓 𝒌
																																																					= 𝐵H +	𝐺N 𝑡 𝑥 +	𝐺P 𝑡 !+	𝐺Q(𝑡)𝑧 𝒌 (2.3 − 2) 

This allows a linear change of the spins Larmor frequency in the direction of the applied gradient 

magnetic field. Thus, if a time-varying x-gradient is on, the Larmor frequency would vary with 

x-position and could be represented as: 

𝜔 𝑥, 𝑡 = 	𝜔H + 	Δ𝑤 𝒓, 𝑡 = 	𝛾 𝐵H + 𝐺N 𝑡 𝑥 2.3 − 3  

The magnetic gradient field is generally defined by the gradient amplitude (mT/m), the time it 

takes to reach the maximum gradient strength (i.e. the slew rate, mT/m/ms), the gradient duration 

(ms), and the applied gradient direction (x, y, and/or z).  
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  To obtain an MRI image, the FID signal is encoded for each dimension using the 

magnetic field gradients. This is achieved by frequency encoding, phase encoding, and selective 

excitation to obtain the x, y, and z spatial information, respectively. Figure 3. shows a pulse 

sequence commonly used in MRI (i.e. Gradient echo imaging). 

 

Figure 3. Example of a 3D gradient echo imaging sequence. As in the Gz direction, slice 

selective and phase encoding are both on, making it a slab selective excitation where within an 

imaging slab, multiple slices are collected.  SS: slice selective, PE: phase encoding, RO: read-out; 

RF: radiofrequency; 

 
1) Selective excitation serves as spatial localization in the z-direction, which could be used to 

excite an imaging slab for 3D acquisition or one imaging slice for 2D acquisition. Selective 

excitation is achieved by applying B1 in the presence of B0 and a linear gradient field, which 

results in a range of frequencies within the slice selective region only, allowing acquisition 

within only the desired imaging slice or volume of interest. 2) Phase encoding serves as spatial 

localization in the y-direction resulting in a change of the Larmor frequency of each tissue 

component along the y-axis. This phenomenon induces a phase where all spins are precessing in 
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the same frequency, however, with a variation in phase at different spatial locations along the y-

axis. 3) Frequency encoding serves as a spatial localization in the x-direction resulting in a 

change of the Larmor frequency of each tissue component along the x-axis. The results of these 

three steps produces a spatially unique signal for each pixel or voxel. A 2D or 3D Fourier 

Transform is then used to transform the encoded signal to the spatial domain, giving the final 2D 

or 3D images.  

 

2.3.3 Phase contrast MRI 

Previous section has implicitly assumed that the object being imaged is static, however, 

this may not be the case as not all organs in the human body is stationary. Motion such as flow in 

the blood vessels may be captured in the phase of the MR images, which could provide 

functional information of the cardiovascular system. This section introduces the basic principles 

of MR flow velocity mapping using a technique denoted as phase-contrast MRI (PC-MRI).  

As mentioned in the previous section, the MRI signal is a vector, therefore has a 

magnitude and phase component which could be shown in Figure 4. 
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Figure 4. Example images of signal magnitude and phase. Mz is the longitudinal and Mxy is the 

transverse magnetization in the region of interest. The length of the transverse magnetization 

represents the magnitude and the orientation or angle of the vector represents the phase.  

 

To expand upon eq. 2.3-3, the Larmor frequency of a static or moving spin could be represented 

as: 
	

𝜔 𝒓, 𝑡 = 	𝛾𝐵Q 𝒓, 𝑡 = 	𝛾𝐵H +	γΔ𝐵H + 	𝛾𝒓 𝑡 ∙ 𝑮(𝑡) 2.3 − 4  

Where 𝐵H is the main static magnetic field, Δ𝐵H is the local field inhomogeneity, 𝑮(𝑡) is the time 

varying magnetic field gradient, and 𝒓 𝑡  is the spin at a specified time and location. Integration 

of eq. 2.3-4 results in the phase of the precessing magnetization, which could be represented as:  

∅ 𝒓, 𝑡 = 	∅ 𝒓, 𝑡: +	 𝜔 𝒓, 𝑡 𝑑𝑡
Y

YZ
	

																																																	= 	∅ 𝒓, 𝑡: +	γΔ𝐵H 𝑡 − 𝑡: + γ 𝑮 𝑡 	𝒓 𝑡 𝑑𝑡
Y

YZ
2.3 − 5

 

Using a Taylor series expansion of motion, the resultant phase of the spins could be represented 

as:  
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∅ 𝒓, 𝑡 	= ∅ 𝒓, 𝑡H +	γΔ𝐵H 𝑡 − 𝑡: + ∅\ 𝒓 \ , 𝑡
]

\^H

					= ∅: +	 𝛾	
𝒓(\)

𝑛! 𝑮 𝑡 𝑡 − 𝑡H \𝑑𝑡
Y

Ya

]

\^H

2.3 − 6

 

where 𝒓(\) is the nth derivative of the time dependent spin position and ∅\ is the corresponding 

nth order phase. ∅: represents the additional background phase due to its initial signal phase and 

field inhomogeneities. If the motion of the moving spins does not change drastically with respect 

to the imaging temporal resolution, then the velocities of the moving spins can be assumed 

constant during data acquisition. Hence, 𝒓 𝑡  can be represented as 𝒓 𝑡 = 	 𝑟H + 𝑣 𝑡 − 𝑡H +

⋯	and eq. 2.3-6 could be simplified as:  

															∅ 𝒓, 𝑡 = 	∅: + γ	𝒓H 𝑮 𝑡 	𝑑𝑡
Y

YZ
+ γ	𝒗 𝑮 𝑡 𝑡	𝑑𝑡

Y

YZ	
= 	∅: + 	γ	𝒓H𝑀H + 	γ	𝒗	𝑀g 2.3 − 7

 

Where Mn is the nth moments of the gradient waveform, where zero (M0) and first (M1) order 

gradient moments describe the influence of magnetic field gradients on the signal phase of the 

static spins at r and moving spins with velocities, v, respectively. Mo represents the area of the 

gradient waveform and M1 represents the area of the gradient waveform and its duration. 

𝑀H = 𝑮 𝑡 	𝑑𝑡
Y

YZ
2.3 − 8𝑎  

			𝑀g = 𝑮 𝑡 	𝑡	𝑑𝑡
Y

YZ
2.3 − 8𝑏  

If M0 = 0 where the static spins are refocused at the end of an echo, we could see from eq. 

2.3-9b that the measured phase is then proportional to the velocity of the imaged area of interest. 

Eq. 2.3-9a shows the measured phase of the stationary spins (v = 0) and eq. 2.3-9b shows the 

measured phase of the moving spins (v ≠ 0).  
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∅ 𝒓, 𝑡 = 	∅:																			 2.3 − 9𝑎  

	∅ 𝒓, 𝑡 = 	∅: + 		γ	𝒗	𝑀g 2.3 − 9𝑏  

 
Unfortunately, the background phase (∅:) from magnetic field susceptibility and/or 

inhomogeneity is still present in the resultant phase measurement where only one image 

acquisition is not sufficient to achieve a pure velocity dependent phase measurement. As a result, 

typical PC-MRI experiments normally acquire an additional phase reference image that either 

has a gradient waveform with zero M0 and an opposite M1 component or a gradient waveform 

with zero M1 and M0. A zero M1 and M0 gradient waveform is also denoted as a flow 

compensated gradient waveform. The three gradient waveforms could be represented 

mathematically in eq. 2.3-10 where eq. 2.3-10a has a flow compensated (FC) gradient waveform 

(M0 = 0 and M1 = 0), eq. 2.3-10b has a positive flow encoding (FE+) gradient waveform (M0 = 0 

and +M1), and eq. 2.3-10c has a negative flow encoding (FE-) gradient waveform (M0 = 0 and -

M1). T is represented as total duration of the flow compensated or flow encoded gradient 

waveforms. G is the gradient strength.  

	∅ 𝑣 lm 		= 	∅H																													 2.3 − 10𝑎  

∅ 𝑣 lop = 	∅H + 	γ𝑮(𝑇 2)r 𝒗 2.3 − 10𝑏  

∅ 𝑣 lo5 = 	∅H − 	γ𝑮(𝑇 2)r 𝒗 2.3 − 10𝑐  

 
Figure 5. shows the two types of gradients, flow encoding bipolar and flow compensated 

gradients. A bipolar gradient has a gradient moment of M0 = 0 and M1 (or velocity), where 

velocity induced phase shifts in arbitrary directions could be controlled in the MRI system by 

manipulating the amplitude, slew rate, total duration, and direction of the first gradient moment 
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(M1). Flow compensated gradients has a gradient moment of M0 = 0 and M1 = 0, where the phase 

of both static and flowing spins is refocused back to zero at the end of the echo.  

 

Figure 5. Example gradient waveforms commonly used for PC-MRI acquisition and their 

corresponding zero (M0) and first (M1) moments.  Left: bipolar gradient, right: flow compensated 

gradients. 

  

To isolate phase signal for the detection of moving spins only, a phase difference image 

could be formed. Two types of subtraction could be performed: 1) phase difference between flow 

encoding and flow compensated gradient waveforms (eq. 2.3-11a) or 2) phase difference of 

alternating flow encoding polarities (eq. 2.3-11b). 
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∆∅ = 	±𝛾𝐺 𝑇 2 r𝑣 2.3 − 11𝑎  

∆∅ = 	2𝛾𝐺 𝑇 2 r𝑣	 2.3 − 11𝑏  

The velocity can then be represented as: 

𝑣	 = 	
∆∅

𝛾 ±𝐺 𝑇 2 r = 	
∆∅

𝛾 ±𝑀g
2.3 − 12𝑎 																																																																																																																															  

𝑣	 = 	
∆∅

𝛾 2𝐺 𝑇 2 r = 	
∆∅

𝛾 2𝑀g
2.3 − 12𝑏  

Since phase is a periodic signal limited to –π to π, a maximum velocity, denoted as VENC, could 

be encoded for a given change in the first moment and any measured velocity that’s higher than 

the prescribed VENC will alias as the lower velocity, which is one of the major disadvantages of 

PC-MRI. VENC could be defined as:  

𝑉𝐸𝑁𝐶 = 	
𝜋

𝛾 ∆𝑀g
2.3 − 13  

where ∆𝑀g is the difference between the first moment gradient waveforms. During PC-MRI 

acquisition, it is important to perform a VENC-scout or have prior knowledge of the maximum 

velocity in the imaging vessel of interest to avoid any phase wrap in the phase images.  

Velocity encoding described above could be performed for each velocity direction by 

applying the flow encoding and flow compensated gradient waveforms in each gradient direction 

(x, y, and/or z-gradients). To ensure an optimum acquisition time for three-directional velocity 

encoding, various velocity encoding strategies have been studied. The most commonly used 

velocity encoding method is the simple four-point method, which will be the focus of this 

dissertation. The simple four-point method uses a phase reference ∅H (flow compensated 

gradient waveform), and different velocity encoded phases in each measured direction, providing 

∅N, ∅P, and ∅Q. The velocity components are then computed by subtracting ∅H from ∅N, ∅P, and 

∅Q, similar to eq. 2.3-12a. 
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𝑣N = 	
∅N −	∅H
𝛾 ∆𝑀g

 

𝑣P = 	
∅P −	∅H
𝛾 ∆𝑀g

2.3 − 14  

𝑣Q = 	
∅Q −	∅H
𝛾 ∆𝑀g

 

In PC-MRI imaging, several effects can introduce errors in the velocity measurements by 

affecting the first moments used for velocity encoding. The three major factors are eddy current 

effects, Maxwell terms, and gradient field distortions. Background phase errors from the 

Maxwell gradient terms and gradient field distortions are commonly applied within the image 

reconstruction framework of most vendors. Time-varying magnetic fields and changes in 

different gradient waveforms could lead to different eddy current effects, which results in phase 

changes in the resultant phase images. To eliminate the eddy current induced errors, additional 

post processing is required to regain the original velocity encoded phase. The most common 

correction method is based on the subtraction of the spatially varying eddy current induced phase 

changes estimated from static tissue. In common practice, static tissues such as the chest wall, 

liver and back are normally used for eddy current correction.  

2.3.4 Cine phase contrast MRI  

As flowing blood in the body is periodic, PC-MRI acquisitions are typically gated to the 

cardiac cycle. Image acquisition in areas such as the intracranial, carotid, and peripheral vessels, 

cardiac electrocardiogram (ECG) gating should be sufficient.  However, in areas such as the 

heart or abdomen, additional gating or breath-hold may be necessary to minimize respiratory 

motion. To capture the variation of blood flow from systole to diastole, images are acquired in 

segments at different time points throughout the cardiac cycle where only a few imaging lines 
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could be collected per cardiac phase. Hence, depending on the desired temporal resolution per 

cardiac phase, the number of imaging lines per cardiac phase may vary. Imaging segments are 

collected throughout multiple cardiac cycles and combined together to generate a time resolved 

image set to depict the dynamics of blood flow in a cardiac cycle. This section will dive into the 

basic concepts of how to obtain a cine PC-MRI.  

ECG is commonly used in healthcare to record the electrical activity of the heart 

throughout a period of time using electrodes placed on the surface of the skin. In MRI, 

depending on the vendor, 3-4 leads are used for detection of the cardiac rhythm. A normal 

cardiac rhythm produces four entities, a P wave, a QRS complex, a T wave, and a U wave where 

each wave has its unique pattern. Cardiac gating utilizes mainly the QRS complex, as it is most 

prominent and exhibits the highest amplitude in the ECG signal, for triggering data acquisition.  

Cardiac gating could be performed prospectively or retrospectively. Prospective ECG 

triggering allows a user defined trigger delay time and data acquisition window, whereas 

retrospectively ECG triggering collects all data within the RR-wave and repeats the data 

acquisition scheme once it reaches to the next R-wave. Figure 6 shows an example of ECG 

triggered segmented cine acquisition.  
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Figure 6. Example of an ECG triggered segmented cine acquisition. A set of imaging lines are 

collected within each cardiac phase per R-R wave (heart beat). Each set of imaging lines are then 

combined between different heart beats until a full set of k-space is collected.  

 

To ensure sufficient temporal resolution, cardiac segmentation is used where a set of 

imaging lines are collected per cardiac phase, per heartbeat. As the number of imaging lines 

within a set increases, more lines of k-space are collected per cardiac phase, resulting in a shorter 

scan time with the expense of lower temporal resolution. Essentially, cine PC-MRI is phase 

(velocity) data across one cardiac cycle, “averaged” over N cardiac cycles.  

2.4 Noninvasive pressure gradient measurement 

2.4.1 Introduction  

As mentioned in Chapter 2.2, pressure measurements play an important role in the 

diagnosis of coronary artery disease. Invasive pressure derived index, FFR, using catheter based 

methods to directly measure pressure in the coronary arteries, has shown great promise, with an 

accuracy of > 90%, as a diagnostic tool for PCI treatment (31-35). In addition, pressure is also an 
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important marker for other clinical applications such as aortic valve stenosis(51), aortic 

coarctation(52), and vessel stenosis in areas such as carotid, renal or iliac arteries. In current 

clinical routine, invasive catheterization procedures are considered as the gold standard for 

pressure measurement in vivo. Although invasive methods have shown promise for clinical 

diagnosis, it remains an invasive procedure with its inherent risks, severe side effects, radiation 

exposure, and high surgical costs (36). Ultimately, a noninvasive technique would be desired. 

Doppler echocardiography and PC-MRI are two noninvasive methods that could directly 

measure blood flow velocity in vivo. The velocity obtained from these techniques could then 

subsequently convert to pressure gradients.  

Doppler echocardiography utilizes sound frequency shift of a moving target to determine 

blood flow velocity in the cardiac chambers and great vessels. The method allows measurement 

of flow velocity (speed), direction of flow (towards or away from transducer), and real-time 

signal with high temporal resolution throughout multiple cardiac cycles. This information could 

then be used with the Bernoulli’s equation to subsequently calculate pressure (53,54). It is 

important to note that Doppler echocardiography, although uses similar concept as intracoronary 

Doppler ultrasound, differs in that it’s a noninvasive method that’s used externally on the surface 

of the skin.  

PC-MRI is a noninvasive imaging technique that can directly quantify blood flow 

velocity in all orthogonal directions (Vx, Vy, Vz). The basic concepts of PC-MRI have been 

extensively explained in Chapter 2.3. The measured velocities can be utilized to derive pressure 

gradient across a vessel of interest, hence giving a noninvasive pressure gradient measurement. 

Velocities from PC-MRI could be used for both Bernoulli and Navier-stokes calculations as both 

spatial (Vx, Vy, Vz) and temporal (Vt) velocities are obtained. PC-MRI has the advantage of 
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measuring blood flow in almost all vessels (small or large) throughout the human vascular 

system (55-57). This dissertation will mainly focus on the work of using PC-MRI with the 

Navier-stokes approach as this approach has the advantage of estimating both temporal and 

spatial distribution of pressure gradients within various sized vessels. This section introduces the 

basic concepts of the Bernoulli’s and Navier-stokes equations and some clinical applications.   

2.4.2 Basics of fluid flow  

Under conditions of laminar flow in a viscous fluid, the velocity profile tend to be 

radially symmetric with a parabolic shape. We could express the mean velocity across the 

diameter of the tube as: 

𝑉 𝑟, 𝑡 = 	𝑉z 𝑡 1 −
𝑟
𝑅

\
2.4 − 1  

where 𝑉z 𝑡  is the maximum velocity at time t. For a parabolic velocity profile, n = 2. By 

taking the integral of eq. 2.4-1 we could find the mean velocity. In the case of a parabolic 

velocity profile,  𝑉z4&\ = 	1 2𝑉z&N (58). Below, definitions of a few fluid dynamic terms are 

introduced. 

Compressibility is describing the phenomenon of changes in pressure or temperature in a 

fluid which causes changes in density overtime. Although all fluids are compressible in some 

way, in most cases the changes in pressure or temperature are small enough where the change in 

density is negligible. This is known as an incompressible fluid where it’s assumed that density is 

constant and does not change as it moves through the flow field.  

Laminar flow or non-turbulent flow occurs when fluid flows in parallel layers (along its 

own streamline) without mixing between the adjacent layers. Unlike turbulent flow, laminar flow 

is smooth, tend to travel in an orderly regime, and occur at lower velocities. In contrast, turbulent 

flow intertwines and crosses between the adjacent layers in an irregular manner resulting in 
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mixing of the fluid, especially in high velocities.  A previous study by Nosovitsky et al. has 

studied the assumption of laminar flow in stenotic arteries for the calculations blood flow using 

computational fluid dynamic models. The study used a model with reference artery diameter (D) 

of 4 mm, blood density (𝜌) of 1050 kg/m3, blood viscosity (µ/𝜌) of 3.6e-6 m2/s, and an inflow 

coronary velocity of approximately -0.1 to 0.65 m/s (range of flow velocity over the cardiac 

cycle) and found that the results of velocity vectors between laminar and turbulent models for 25 

and 75% stenosis levels were similar, leading to the conclusion that the effects of turbulence are 

small and can safely be neglected 

(59,60).   

Newtonian fluids are fluids whose viscosity does not change with the rate of flow. A non-

Newtonian fluid, in contrast, experiences changes in viscosity due to increased shear stress. 

Johnston et al. studied the differences between Newtonian and non-Newtonian fluid blood flow 

in human right coronary arteries and found that when studying the wall shear stress for blood 

flow in arteries, the use of a Newtonian blood model for approximation is reasonably sufficient  

(24,60,61). As the calculation of shear stress is related to pressure different, it could be assumed 

that a Newtonian fluid for pressure difference calculations is sufficient.     

2.4.3 Quantification of noninvasive pressure gradient 

Bernoulli’s equation: 

The Bernoulli’s equation is based on the principle of conservation of energy where the 

total amount of energy within an isolated system remains constant over time and it can only be 

transformed from one form to another and can be neither created nor destroyed. The Bernoulli 

equation can be expressed in eq. 2.4-2. 

𝑃g +	
1
2 𝜌𝑣g

r + 	𝜌𝑔ℎg = 	𝑃r +	
1
2 𝜌𝑣r

r + 	𝜌𝑔ℎr 2.4 − 2  
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where 𝑃 = pressure, 𝜌 = fluid density, 𝑣 = fluid flow speed at a point on a streamline, 𝑔 = 

acceleration due to gravity, and ℎ = elevation above a reference plane. For in vivo applications, 

the difference of height between point 1 and point 2 are assumed negligible, therefore the 

pressure gradient calculation could be simplified to: 

𝑃g − 𝑃r = 	
1
2 	𝜌	(𝑣r

r − 𝑣gr) 2.4 − 3  

If 𝑃g and 𝑃r are in units of millimeters of mercury, 𝑣g and 𝑣r are in units of meters per second, 

and blood density is 1060 kg/m3, eq. 2.4-3 could be simplified to: 

𝑃g − 𝑃r = 	4	(𝑣rr − 𝑣gr) 2.4 − 4  

If velocity at point 2 is a lot greater than the velocity at point 1 meaning 𝑣r ≫ 	𝑣g, the equation is 

then simplified to what is commonly used in the clinical routine for noninvasive pressure 

gradient measurements 

(53,54,58,62): 

∆𝑃 = 	4	𝑣rr 2.4 − 5  

Navier-stokes equations: 

The Navier-stokes equations, similar to the Bernoulli’s equation, are derived from the 

conservation of momentum in a controlled volume. It is essentially a momentum balance of the 

pressure force, transient and convective inertia, viscous resistance, and the body force, 

represented as:  

𝑃𝑟𝑒𝑠𝑠𝑢𝑟𝑒	𝐹𝑜𝑟𝑐𝑒 = 𝑇𝑟𝑎𝑛𝑠𝑖𝑒𝑛𝑡	𝐼𝑛𝑒𝑟𝑡𝑖𝑎 + 𝐶𝑜𝑛𝑣𝑒𝑐𝑡𝑖𝑣𝑒	𝐼𝑛𝑒𝑟𝑡𝑖𝑎 

																													−𝑉𝑖𝑠𝑐𝑜𝑢𝑠	𝑅𝑒𝑠𝑖𝑠𝑡𝑎𝑛𝑐𝑒 − 𝐵𝑜𝑑𝑦	𝐹𝑜𝑟𝑐𝑒 

The Navier-stokes equations expresses the relationship between pressure gradients (∇𝑃) and 

velocities (𝑽) in a non-turbulent, incompressible, Newtonian fluid (63-65), which could be 

expressed as:  
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−∇𝑃 = 	𝜌
𝜕𝑽
𝜕𝑡 + 𝜌𝑽 ∙ ∇𝑽 − 𝜇∇

r𝑽 − 𝑭 2.4 − 6  

where 𝑃 is the pressure, 𝜌 is the fluid density, 𝑽 is the three-directional velocity (Vx, Vy, and Vz), 

𝜇 is the fluid dynamic viscosity, and 𝑭 includes the body force terms such as the gravitational 

forces in its respective directions. The Navier-stokes could also be represented in its Cartesian 

form as:  

−
𝜕𝑃
𝜕𝑥9

= 	𝜌
𝜕𝑣9
𝜕𝑡 + 𝜌 𝑣g

𝜕𝑣9
𝜕𝑥g

+ 𝑣r
𝜕𝑣9
𝜕𝑥r

+ 𝑣�
𝜕𝑣9
𝜕𝑥�

 

																																																									−𝜇
𝜕r𝑣9
𝜕𝑥gr

+
𝜕r𝑣9
𝜕𝑥rr

+
𝜕r𝑣9
𝜕𝑥�r

− 𝐹9, 𝑖 = 𝑥, 𝑦, 𝑧	 2.4 − 7  

 
On the right-hand side of the equation, the terms from left to right represent the transient inertia 

(local acceleration), three convective inertia components, viscous friction terms, and the 

gravitational force. The xi’s are the x-, y-, and z-axes in the image frame and the vi’s are the 

corresponding velocity components. The temporal (𝜕𝑣9 𝜕𝑡) and spatial first order (∇𝑽) and 

second order (∇r𝑽) velocity derivatives could be calculated with a central or forward difference 

approximation using velocity values of the nearest temporal and spatial neighbors (62). For in 

vivo estimations, viscosity and density could be set to blood properties, (3 ~ 4) x 10-3 Pa·s and 

1060 kg/m3, respectively.  

From the derived pressure gradients 𝜕𝑃 𝜕𝑥9  where xi = x, y, z in the image frame, 

pressure gradient (∆𝑃) could be calculated using integration along a path (63,66), as represented 

in the equation below: 

∆𝑃 =
𝜕𝑃
𝜕𝑥 9

Δ𝑥9 +
𝜕𝑃
𝜕𝑦 9

Δ𝑦9 +
𝜕𝑃
𝜕𝑧 9

Δ𝑧9
9

										

																																																																																																																					𝑖 = 𝑠𝑙𝑖𝑐𝑒	𝑛𝑢𝑚𝑏𝑒𝑟	 2.4 − 8
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where Δxi, Δyi, and Δzi are the vector length of each linear segment along a predefined path 

determined by connecting the velocity points of consecutive cross-sectional slices, assuming 

integration is not path dependent. The total pressure difference, ΔP, is then calculated as the sum 

of all segments. 

2.4.4 Applications of noninvasive pressure gradient 

Many clinical applications, especially in cardiovascular disease, have adopted the use of 

the Bernoulli principle. Doppler echocardiography has incorporated the Bernoulli principle in 

many of its hemodynamic evaluations of the heart such as transvalvular gradients, intracardiac 

pressures and shunts, valvular stenosis, etc(53). However, the method is highly dependent on the 

skills of the operator when placing the probes and measurements of certain blood vessels may be 

difficult to achieve due to the limited degree of freedom as the transducer is on the surface of the 

skin.  

With the development of PC-MRI, measurement of flow velocities in vessels > 2mm in 

diameter throughout the human body could be achieved. Since PC-MRI has the advantage of 

measuring flow velocity in three orthogonal directions, the Navier-Stokes equations have been 

more widely used for PC-MRI implementations. Noninvasive pressure gradient measurement 

using PC-MRI and Navier-stokes has been studied in different sized vessels such as the cardiac 

chamber (63,67-69), aorta (62,65,70,71), carotid (72,73), renal (64) and intracranial (74,75) 

arteries. In studies by Lum et al and Bley et al, highly significant correlations (r ≈ 0.95) between 

ΔP derived from PC-MRI velocity maps with spatial resolution of 0.78-1.0mm isotropic and 

temporal resolution of ~39.2 - 45.6ms and ΔP measured from invasive pressure wire was 

observed in the carotid and renal arteries (64,73) with ~50-60% diameter stenosis (mean 

reference diameter: ~3.5 - 5 mm). Similar results were seen in the intracranial arteries where high 



	 38 

correlation was observed (r = 0.82) between PC-MRI derived pressure gradient and invasively 

micro-catheter measured pressure gradient in patients with intracranial aneurysms (75).  

2.5 Statistical analysis 

This section briefly introduces the statistical analysis methods used throughout the 

chapters in this dissertation. Intra-class correlation coefficient (ICC) was calculated using SPSS 

v.16.0 (IBM SPSS Statistics, Armonk, NY, USA) to test the statistical significant of similarity. 

Bland-Altman plots and Pearson linear regression were obtained using GraphPad Prism 

(GraphPad Software Inc, La Jolla, CA, USA) to assess the agreement and correlation, 

respectively, between repeat of the same technique and/or between the proposed and gold-

standard methods. Unpaired two-tailed Student’s t-test was used to determine any statistically 

significant differences. In cases where needed, Wilcoxon signed rank test was also performed to 

determine any statistical significant differences using SPSS software. In all tests, statistical 

significance was defined as p<0.05 and all numerical data were presented as mean ± standard 

deviation. 
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CHAPTER 3 – Validation of noninvasive pressure gradient 

measurement framework in stenotic flow phantoms 

 

3.1 Introduction   

 Noninvasive pressure gradient measurement using phase-contrast MRI (PC-MRI) and 

Navier-Stokes (NS) equations have been briefly discussed in chapter 2.3. Many applications of 

the method focused on large to medium sized vessels and have shown good correlation with 

pressure gradients measured from invasive pressure wire. This chapter introduces the validation 

work of a noninvasive pressure gradient measurement framework in a small caliber flow 

phantom at various degrees of narrowing, mimicking the scenario of a various degrees of 

diseased coronary arteries. PC-MRI velocity values and NS derived pressure gradient 

measurements were assessed for their repeatability. In addition, correlation between PC-MRI 

derived pressure gradients and pressure gradients measured using a pressure transducer were 

evaluated.  

3.2 Methods   

3.2.1. Sequence design 

A 2D spoiled gradient recalled echo, PC-MRI, sequence with a conventional four-point 

velocity-encoding scheme (reference, x, y, z) was used for image acquisition on a 3.0 T MR 

system (Verio, Siemens) (76). The three-directional velocity vector field (Vx, Vy, Vz) from all 

cross-sectional imaging slices was used as input parameters for pressure gradient estimation 

using NS equations (31,33,34,63). 
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3.2.2. Pressure difference estimation 

 To obtain the pressure difference (ΔP) across a region of interest, the NS equations were 

used to investigate the relationship between velocity and pressure. The NS equations, as briefly 

discussed in chapter 2.3 is shown below in its Cartesian form. The equation expresses the 

conservation of momentum of a non-turbulent, incompressible Newtonian fluid (26,42-44): 

−
𝜕𝑃
𝜕𝑥9

= 	𝜌
𝜕𝑣9
𝜕𝑡 + 𝜌 𝑣g
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+
𝜕r𝑣9
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− 𝐹9, 𝑖 = 𝑥, 𝑦, 𝑧	 3 − 1  

where P is pressure, ρ is fluid density, μ is fluid dynamic viscosity and F includes the body force 

terms. On the right-hand side of the equation, the terms from left to right represent the transient 

inertia (local acceleration), three convective inertia components, viscous friction terms, and the 

gravitational force. The xi’s are the x-, y-, and z-axes in the image frame and the vi’s are the 

corresponding velocity components. To calculate the temporal [𝜕𝑣9 𝜕𝑡] and spatial 

[𝜕𝑣9 𝜕𝑥g,r,�] first order velocity derivatives, a forward difference approximation at the pixel 

with maximum coronary velocity identified in each PC-MRI cross-sectional slice was used. 

Using the maximum velocity could avoid any partial volume errors caused by the limited spatial 

resolution at the stenotic regions of the phantom. Due to the narrowness of the phantom tubing, it 

is spatially limited to accurately calculate the spatial second order velocity derivatives 

[𝜕r𝑣9 𝜕𝑥g,r,�r ], therefore, to prevent any unwanted error, the viscosity terms were ignored 

assuming inviscid flow. In addition, since the phantom was horizontally positioned in the 

scanner during MR acquisition with minimal influence from gravity, the body force terms (Fi), 
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which includes gravity, is also neglected. The simplified form of the NS equation (Euler’s 

equation, neglecting gravity) is used for all calculations as shown below: 

− ��
�N�
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+ 𝑣g
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		,						𝑖 = 𝑥, 𝑦, 𝑧	 3 − 2   

 Two methods were explored to obtain the pressure gradients. Velocity gradients from all 

three directions was first analyzed. As the in-plane velocities are small and may have minimal 

contribution to the overall pressure gradient, velocity gradient from through-plane direction only 

was also analyzed to explore this phenomenon.    

From the derived pressure gradients 𝜕𝑃 𝜕𝑥9  where xi = x, y, z in the image frame, 

pressure difference [ΔP] was then calculated using integration along a path (63,66), as 

represented in the equation below: 

∆𝑃 =
𝜕𝑃
𝜕𝑥 9

Δ𝑥9 +
𝜕𝑃
𝜕𝑦 9

Δ𝑦9 +
𝜕𝑃
𝜕𝑧 9

Δ𝑧9
9

,											𝑖 = 𝑠𝑙𝑖𝑐𝑒	𝑛𝑢𝑚𝑏𝑒𝑟	 3 − 3  

where Δxi, Δyi, and Δzi are the vector length of each linear segment along a predefined path 

determined by connecting the maximum velocity points of consecutive cross-sectional slices, 

assuming integration is not path dependent (31,35). The total pressure difference, ΔP, is then 

calculated as the sum of all segments shown in eq. 3-3. 

3.2.3. Experiments 

The feasibility of the technique was demonstrated in a stenotic phantom with various 

degrees of narrowing. Scans were performed on a MAGNETOM Verio 3.0 T MRI system 

(Siemens Healthcare, Erlangen, Germany) equipped with a 32-channel (Invivo, Gainesville, FL). 
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A schematic of the phantom design is shown in Figure 7a. Twelve stenotic phantoms with 

reference inner diameter (ID) of 4.8 mm at a range of 0% - 60% diameter stenosis (DS) were 

individually connected to a flow pump (Masterflex, Cole-Parmer®, IL, USA) that pumped 

gadolinium-doped water (density of ~1000 kg/m3) at a constant volume velocity of 250 mL/min 

while 2D PC-MRI images were acquired. Imaging parameters were: field of view (FOV) = (215 

x 215 mm)2; flip angle (FA) = 15o; echo time (TE) = 3.86 - 4.51 ms; repetition time (TR) = 67.12 

- 73.92 ms; in-plane spatial resolution = (0.50 - 0.58 x 0.50 - 0.58 mm)2; slice thickness = 3.2 

mm; Venc = z (40 – 260 cm/s) and x, y (40 – 80 cm/s), depending on %DS. Repeat scans were 

performed in seven of the twelve phantoms to assess reproducibility. Immediately following the 

PC-MRI scans, pressure was measured using a pressure transducer (Invivo, FL, USA), as shown 

in Figure 7a, before and after the maximum narrowing. Examples of 2D PC-MRI images are 

shown in Figure 7b. 
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Figure 7. a. Schematic of the stenotic phantom model design. b. Stenotic phantom model 

examples at different ranges of % diameter stenosis and 2D PC-MRI images in the through-plane 

(Vz) and in-plane (Vy, Vx) directions (velocity maps, cm/s) for a 45-55% diameter stenosis 

phantom model. S=Slice number; 

3.2.4. Data analysis 

All PC-MRI images were directly reconstructed on the MRI scanner. PC-MRI image 

corrections and NS analysis were performed using a customized MATLAB program 

(Mathworks, Natick, MA). The resultant image dataset includes: one flow compensated image 
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and three magnitude image sets and three phase image sets in x, y and z directions, respectively. 

Image based eddy current corrections were performed in all PC-MRI images prior to NS analysis 

(77,78).  

To calculate the pressure difference (ΔPMR) from PC-MRI, region of interest (ROI)s were 

first drawn on the magnitude images and mapped onto its corresponding velocity maps to obtain 

the maximum velocities for NS analysis. Density of fluid and was 1000 kg/m3 for in vitro ΔPMR 

estimations. ΔPMR derived using velocity gradients from all three directions (ΔPMR) and from 

through-plane direction only (ΔPMR-Vz) were explored. Note that velocities used for ΔPMR-Vz 

calculations were not acquired separately in this study. 

To calculate the pressure difference from the pressure transducer (ΔPPT), differences of 

the recorded pressure values at the two measurement locations (before and after maximum 

narrowing) were obtained. The %DS of each phantom model was calculated from 3D-FLASH, 

anatomical, images using the maximum and minimum diameters measured in OsiriX (Pixmeo, 

Bernex, Switzerland). Reproducibility of the peak velocity and ΔPMR measurements were 

assessed and the correlation between ΔPMR and ΔPPT and ΔPMR-Vz and ΔPPT were evaluated. 

3.3 Results   

A total of 10-20 cross-sectional slices were acquired for each stenotic phantom. Table 1 

represents the reproducibility of peak velocity and ΔPMR measurements in its %DS groups (1. 35-

45%; 2. 45-55%; 3. 55-60%;) and all together.  
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Stenotic Phantoms 
(% diameter stenosis) 

Peak Velocity    (ICC) ΔP
MR

 
(ICC) V

z
 V

x
 V

y
 

35 - 45 %  (n=1) 0.998 0.839 0.868 0.976 
45 - 55 %  (n=2) 0.999 ± 0.00 0.857 ± 0.05 0.853 ± 0.12 0.964±0.01 
55 - 60 %  (n=3) 0.950 ± 0.07 0.558 ± 0.10 0.640 ± 0.24 0.859±0.12 

All (n = 7) 0.948 0.724 0.731 0.867 
Table 1. Intra-class correlation coefficient (ICC) of peak velocities and ΔPMR measurement of 

the stenotic phantoms. 

 
Overall, excellent ICC was observed in the Vz encoding direction and slightly lower in Vx 

and Vy. When comparing between %DS groups, peak velocity and ΔPMR measurements showed 

higher ICCs in the lower %DS groups and relatively lower ICCs as %DS increased. Little bias 

was observed from the Bland-Altman plots of the peak velocities (Figure 8a) and the ΔPMR 

measurements (Figure 8b). An exponential relationship was observed between ΔPMR and %DS 

(Figure 8c). In addition, excellent correlations (R2 = 0.938 and R2 = 0.904) were observed 

between ΔPMR and ΔPPT and ΔPMR-Vz and ΔPPT, respectively (Figure 8d).  
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Figure 8. Bland-Altman plots of (a) peak velocities (bias of 1.530; 95% CI -31.49 to 34.55) at 

all cross-sectional slice from repeat PC-MRI scans and (b) ΔPMR of the stenotic phantoms (bias 

of -1.050; 95% CI -12.03 to 9.934). Mean (bias) and 95% confidence interval limits are 

displayed. c. ΔPMR measurement versus % diameter stenosis. An exponential increase in ΔPMR 

was observed as % diameter stenosis increases. d. Comparison between ΔP calculated via NS-

equations (ΔPMR) and ΔP measured using pressure transducer (ΔPPT). Excellent correlation (R2 = 

0.94) was observed between the two techniques. Good correlation (R2 = 0.90) was also observed 

between ΔP calculated using through-plane velocity gradients only (ΔPMR-Vz) and ΔPPT.  

3.4 Discussion   

 The phantom analysis in this chapter shows that noninvasive pressure gradient 

measurement is feasible in a small-caliber flow phantom at various degrees of narrowing in a 

non-motion, static, case. Phantom results showed a high correlation between ΔPMR and ΔPPT with 

overall good reproducibility of the peak flow velocity and ΔPMR measurements. ΔPMR derived 
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using velocity gradients from all three directions (ΔPMR) and from through-plane direction only 

(ΔPMR-Vz) were both explored and good correlation was observed in both methods when 

compared to ΔPPT measured using a pressure transducer. As the phantom is straight, it is 

expected that in-plane velocities has minimal contribution to the overall pressure gradient 

estimations.  

3.5 Conclusions   

We can conclude from this initial phantom study that quantification of ΔP in a small 

caliber is feasible and pressure gradients estimated noninvasively using PC-MRI correlates well 

with pressure gradients measured using pressure transducers. This leads us to the next step of 

implementing the method for in vivo noninvasive pressure gradient estimations. Technical 

improvements to address both cardiac and respiratory motion in vivo will be further discussed in 

the next chapter. 
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CHAPTER 4 – Feasibility of noninvasive pressure gradient 

measurement in healthy and diseased coronary arteries 

 

4.1 Introduction   

Noninvasive pressure gradient measurement has been studied in different sized vessel 

such as the cardiac chamber (63,66,68,69), aorta (62,65,70,79), carotid (72,73), iliac (73), renal 

(64), and intracranial (74,75) arteries using PC-MRI in conjunction with the NS analysis. Highly 

significant correlations (R2 = 0.91 and R2 = 0.95) between ΔP derived from PC-MRI and that 

measured using a pressure wire were found in relatively small and semi-stationary vessels 

(carotid/iliac (73) and renal (64) arteries, respectively) with ~50-60% DS from previous studies. 

However, it has not been used in the coronary artery due to the small size and mobility of the 

vessel.  

This chapter will introduce the technical improvements of PC-MRI for coronary artery 

applications and evaluate the initial feasibility of noninvasive pressure gradient measurement in 

healthy and diseased coronary arteries. A pilot study was performed in healthy controls and a 

small cohort of stable CAD patients to evaluate the feasibility of ΔPMR in the coronary arteries. A 

MR-iFR index, similar to FFR or iFR, was estimated based on ΔPMR to observe the trend of this 

index in different coronary artery stenosis. 

4.2 Methods   

4.2.1. Sequence Design 

 A 2D spoiled gradient recalled echo, PC-MRI sequence with four-point velocity encoding 

scheme, similar to the stenotic phantoms study in chapter 3, was used for image acquisition on a 
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3.0 T MR system. To minimize cardiac and respiratory motion effects, the acquisition window 

was limited to diastole and end-expiration using ECG triggering and navigator gating, 

respectively, as shown in Figure 9. To ensure the total acquisition time per cardiac cycle is within 

the quiescent phase, a view sharing (VS) technique where data were shared between different 

cardiac phases was implemented (80). Three-directional 2D cross-sectional coronary artery slices, 

Vx, Vy, Vz at each slice location, were acquired for pressure gradient estimation using NS 

equations.  

 

Figure 9. a. Coronary flow timing diagram. Graph from Arthur Guyton et al, Textbook of 

Medical Physiology, (Elsevier Inc. Copyright 2006). Phase-Contrast (PC)-MRI acquisition was 

obtained during diastole. b. Sequence Design. ECG-triggered, navigator-gated, 2D PC-MRI 

with three-directional velocity encoding (Vx, Vy, Vz). View-sharing was implemented to restrict 

the acquisition within the quiescent phase, two cardiac phases (phase 1 and phase 2) were 

obtained. NAV=navigator; FATSAT=fat suppression pre-pulse; B=peripheral k-space (B1); 

A=center k-space (A1 and A2);  

4.2.1. Experiments 

To validate the reproducibility and feasibility in healthy coronary arteries, eleven healthy 

controls (2 females; average age 47.3±14.6 years, group A) were recruited and two repeat PC-
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MRI scans were performed to assess reproducibility. Scans were performed on a MAGNETOM 

Verio 3.0 T MRI system (Siemens Healthcare, Erlangen, Germany) equipped with a 32-channel 

(Invivo, Gainesville, FL). The intervals between repeat acquisitions were approximately 5 

minutes apart to avoid any physiological changes that could potentially alter the velocity 

measurements. Imaging protocols were: 1) targeted free-breathing contrast enhanced 

(0.20mmol/kg Gd-BOPTA (MultiHance, Bracco Imaging SpA, Milano, Italy) at 0.30mL/s) 3D-

FLASH coronary magnetic resonance angiography (cMRA) for coronary localization, 2) cross-

sectional image locations across the coronary segments of interest were obtained using 3D 

multiplanar reconstruction (MPR) and used for PC-MRI scans, 3) free-breathing 2D coronary 

PC-MRI with fat-suppression to avoid chemical shift effects and increase vessel contrast (81,82). 

Approximately 4-9 contiguous PC-MRI imaging slices were consecutively collected across the 

coronary segment of interest. Imaging parameters were: FOV = (215 x 215 mm)2 with 10 - 50% 

oversampling in the phase-encode, depending on subject size; FA = 15o; Venc = 35 – 45 cm/s in 

all 3 orthogonal directions; cardiac phase = 2 (~70 ms/phase); in-plane spatial resolution = (0.5 - 

0.6 x 0.5 - 0.6 mm)2; slice thickness = 3.2 mm; and time of acquisition = 3-5 mins per image 

slice.  

To test the initial feasibility in diseased coronary arteries, seven patients (3 females; 

average age 68±7.7 years) with new-onset or recurrent stable chest pain were enrolled. Patient 

inclusion criteria: patients with 1) known or suspected stable CAD, 2) at least one suspected left 

coronary artery stenosis at the proximal to middle region detected by CCTA and/or ICA. Patient 

exclusion criteria: patients with 1) acute coronary syndrome (acute myocardial infarction or 

unstable angina), 2) previous coronary revascularization (coronary bypass surgery and/or 

stenting), 3) contradiction to Gadolinium contrast, and 4) non-MRI compatible implants and/or 
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claustrophobia. One patient was excluded due to poor PC-MRI image quality (limited spatial 

resolution and minor motion artifact).  

Imaging studies and analysis were performed in all six patients. Five of the six patients 

(group B) have non-obstructive coronary stenosis (3 patients with ICA of <50% DS and 2 

patients without ICA has CCTA of <70% DS) and no invasive FFR. One out of six patients has 

an obstructive (diffused, 50% DS) and functionally significant (FFR = 0.56) coronary stenosis 

(group C) at the left anterior descending (LAD) coronary artery. CCTA, ICA and FFR (Volcano, 

CA, USA) measurements of all patients were obtained from their routine clinical records.  

Similar imaging protocol and parameters as healthy controls were used. The difference 

between the two consists of 1) 0.20mmol/kg Gd-DOTA (Dotarem, Guerbet Group, Villepinte, 

France) at 0.20mL/s, 2) Venc = 35–65 cm/s in 3 orthogonal directions, depending on %DS shown 

from CCTA and/or cMRA, and/or obtained from a Venc scout, and 3) imaging slices were 

collected across the stenotic lesion of interest (location matched to invasive catheterization). 

Scans were performed on a MAGNETOM Trio 3.0 T MRI system (Siemens Healthcare, 

Erlangen, Germany) equipped with body-matrix coil. PC-MRI reproducibility was not tested, as 

scan time was limited. 

All human studies where approved by the institutional review board (IRB) and written 

consent was obtained before imaging. All pressure difference estimation was done similarly as 

the stenotic phantom studies.  

4.2.1. Data analysis 

All pressure difference estimation was done similarly as the stenotic phantom studies. As 

coronary flow is phasic, the temporal [𝜕𝑣9 𝜕𝑡] component was incorporated. The resultant 

image dataset includes: one flow compensated image and three magnitude image sets and three 
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phase image sets in x, y and z directions, respectively, per cardiac phase. A total of two cardiac 

phases were collected, resulting in a total of 14 images per cross-sectional slice. Similar to 

stenotic phantom studies, ΔPMR derived using velocity gradients from all three directions (ΔPMR) 

and from through-plane direction only (ΔPMR-Vz) were explored. Since the proposed technique is 

a measure of the relative pressure difference (ΔP = Pa – Pd), when comparing with invasive 

pressure measurements, a Pa of 74.2 mmHg (83) was used when calculating the MR-index: MR-

iFR = Pd / Pa = (Pa - ΔP) / Pa. It is important to note that the proposed technique was acquired at 

rest and during diastole only, thus more similar to the iFR technique. 

Reproducibility of the peak flow velocities was assessed in healthy controls and ΔPMR for 

both healthy controls and patients were then statistically compared. In addition, MR-iFR index 

was calculated in all patients. Example cases are described to show the feasibility of the 

proposed technique.  

4.3 Results 

A total of 4-9 cross-sectional slices across a coronary segment (healthy controls) or 

stenotic lesion (patients) were acquired for each subject. In healthy controls (group A), excellent 

ICCs were observed in the through-plane peak velocities (Vz) (0.94 and 0.95) for cardiac phase 1 

and 2 and slightly lower in Vx (0.76 and 0.74) and Vy (0.80 and 0.77), respectively. 

Reproducibility of the ΔPMR measurement in healthy controls was not assessed as the values 

were near zero. Figure 10 shows example cross-sectional images across a total of five imaging 

slices of a healthy coronary.  
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Figure 10. Example images of a healthy subject. Velocity maps in the through-plane direction 

across a healthy coronary vessel. S = slices; cMRA = coronary magnetic resonance angiography; 

MRI = magnetic resonance imaging; 

 
When comparing between healthy and diseased coronary arteries, a significant (p=0.025) 

increase in ΔPMR was seen in the diseased arteries: patient group (6.40±4.43 mmHg) vs. healthy 

controls (0.70±0.57 mmHg) (Figure 11). MR-iFR index of patients and healthy controls were 

0.91±0.06 and 0.99±0.01, respectively.   



	 54 

 

Figure 11. ΔPMR of healthy control and patient groups. A significant (p=0.025) increase in 

ΔPMR was seen in the patient group (6.40±4.43mmHg) compared against the healthy controls 

(0.70±0.57mmHg).    

 
  Five of the six patients (group B) had non-obstructive coronary stenosis found by CCTA 

and/or ICA. Relatively small pressure drops or higher MR-iFR index (ΔPMR = 4.73±1.93mmHg 

or MR-iFR = 0.94±0.03) was observed using the proposed noninvasive pressure gradient 

measurement method, respectively. Example images from group B are shown in Figure 12. 
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Figure 12. a) Coronary CTA of the proximal left anterior descending (pLAD) artery reported as 

>70% calcified stenosis. b) Invasive coronary angiography reported as minimum lumen 

narrowing (<30% stenosis), non-significant lesion. c) Magnetic resonance angiography (MRA) 

of the pLAD. d) PC-MRI (8 imaging slices) across the stenotic lesion at the pLAD artery. top 

row: flow compensated images, bottom row: PC-MRI (velocity map) images represented in the 

Vz-direction. ΔPMR was approximately 3mmHg or MR-iFR ≈ 0.96. S=Slice number;  

One of the six patients (group C) has an obstructive (diffused, 50% DS) and functionally 

significant (FFR = 0.56) coronary stenosis at pLAD by ICA and invasive FFR, respectively. 

Relatively high pressure drops or lower MR-iFR index (ΔPMR ≈ 15 mmHg or MR-iFR ≈ 0.80) 

was observed using the proposed noninvasive pressure gradient measurement method. Example 

images from group C are shown in Figure 13. 
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Figure 13. a) Coronary CTA of the proximal left anterior descending (pLAD) artery. b) Invasive 

coronary angiography showing diffused irregular lesion, with 50% lumen narrowing and FFR of 

0.56 (functionally significant lesion). c) Magnetic resonance angiography (MRA) of the pLAD. d) 

PC-MRI (6 imaging slices) across the stenotic lesion at the pLAD. top row: flow compensated 

images, bottom row: PC-MRI (velocity map) images represented in the Vz-direction; ΔPMR was 

approximately 15 mmHg or MR-iFR ≈ 0.80. S=Slice number; 

 
ΔPMR measurement derived using through-plane velocity gradients only was also 

explored in both patient groups. A ΔPMR-Vz or MR-iFRVz index of 3.85±1.89mmHg or 0.95±0.03 

and ~ 7 mmHg or 0.91 was observed in group B and group C, respectively. 
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4.4 Discussion   

In this work, we have demonstrated the feasibility of a noninvasive blood pressure 

gradient measurement technique in the coronary arteries using PC-MRI. The proposed method 

has the advantage of being a noninvasive technique with no ionizing radiation. Human studies 

have demonstrated the feasibility of velocity and pressure gradient measurements in small sized 

vessel using PC-MRI and NS analysis, respectively. Human studies demonstrated the feasibility 

of coronary flow velocity and ΔPMR measurements in both healthy and diseased coronary 

arteries. In addition, the MR-iFR results across the three groups studied (A: controls, B: patients 

with non-obstructive coronary stenosis, and C: patient with obstructive and functionally 

significant stenosis) have shown consistent trends with that of invasive FFR and iFR in literature.  

Specifically, in vivo studies showed close to zero ΔPMR or MR-iFR index close to 1 in 

healthy controls, slight pressure drop (higher ΔPMR, ~4.73 mmHg) or lower MR-iFR index 

(~0.94) in patients with non-obstructive stenosis, and relatively high ΔP (~15 mmHg) or low 

MR-iFR index (~0.80) in patient with obstructive and functionally significant stenosis. This 

trend is consistent with the general tendency of invasive FFR and iFR where healthy coronaries 

have no significant decline of pressure, FFR or iFR close to 1 (close to zero ΔP) and as the %DS 

and functional significance of a coronary lesion increases, a lower FFR or iFR value was 

observed (higher ΔP) (32,37). The lesion is then considered an ischemia inducible stenosis if 

FFR is £ 0.80 (high ΔP) (84) or iFR £ 0.89 (9,55-57). 

A recent noninvasive technique, FFRCT, has shown promise in deferring patients from 

unnecessary invasive procedures. However, the technique exposes patients to ionizing radiation. 

In addition, a small subset of CCTA images suffer from poor image quality for FFRCT analysis 

partially due to excessive calcium blooming (40), which could potentially be mitigated through 
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the use of MRI. In one patient case where obstructive coronary artery stenosis (heavy 

calcification, >70% DS) was initially reported by CCTA; the proposed technique subsequently 

showed ΔPMR ≈ 3 mmHg or MR-iFR ≈ 0.96, suggestive of a low likelihood of a significant 

stenosis. The discrepancy was then later confirmed by ICA, showing a non-obstructive lesion 

(<30% DS), confirming the PC-MRI results. A major advantage of MRI is the ability to perform 

a comprehensive examination of CAD in the same setting. The proposed technique can be 

potentially combined with MR myocardial perfusion imaging for the assessment of reduced 

blood flow to myocardium and that caused by a specific coronary stenosis, which could be useful 

in making treatment decisions.  In addition, MRI is a purely noninvasive technique that uses no 

ionizing radiation or invasive catheterization. This proposed technique could serve as an 

additional complementary noninvasive functional test that could potentially provide lesion 

specific diagnosis prior to invasive catheterization. Thus, potentially allow for a more effective 

risk stratification of patients, better differentiate the patients who would most likely benefit from 

invasive catheterization and reduce unnecessary invasive procedures (11,12).  

In patients, in-plane velocity may have a higher contribution at higher stenotic levels as 

an approximately 50% underestimation was observed in group C compared to B. However, both 

in vitro (chapter 3) and in vivo (chapter 4) studies have demonstrated the potential of using 

through-plane velocities only, which may allow for shorter scan times. Although underestimation 

was observed in vivo, a new cut-off value could potentially be established to help determine the 

functionally severity of a stenosis.  

4.5 Conclusions 

Our preliminary studies demonstrated the feasibility of a noninvasive pressure gradient 

measurement in the coronary arteries using PC-MRI. Upon further validation, this approach has 
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the potential to serve as a gatekeeper to prevent unnecessary invasive catheterization procedures 

in patients with CAD. 
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CHAPTER 5 – Feasibility of noninvasive pressure gradient 

measurement in stable CAD patients using invasive FFR and 

iFR as references 

 

5.1 Introduction   

In patients with suspected or stable CAD undergoing ICA, studies have shown that 

approximately 50-60% of patients were found to have nonobstructive (<50% diameter stenosis) 

coronary lesions (11,12). Further, in patients with obstructive coronary lesions who were 

assessed using FFR, the currently accepted standard for the evaluation of functionally significant 

stenoses, more than 50% of patients with ≥50% stenosis had normal FFR (>0.80) (13). Such low 

diagnostic yields indicate poor selection of patients for invasive catheterization, and the 

unnecessary invasive procedures (ICA, FFR) may lead to potential complications and high costs. 

A recently developed physiological index for the evaluation of functionally significant stenoses, 

instantaneous wave-free ratio (iFR), derived from pressure measurements at rest has shown to be 

non-inferior to FFR as an adenosine-free guide for coronary revascularization (9,10). Although 

the technique may reduce the risks and costs associated with adenosine, the procedure remains 

invasive. Therefore, noninvasive tests for the assessment of patients with suspected CAD which 

could predict invasive FFR or iFR measurements would be useful in guiding patient management 

(26). 

Noninvasive imaging techniques have been used extensively in the diagnosis of CAD. 

Techniques such as echocardiography, single photon emission computed tomography (SPECT) 

and positron emission tomography (PET), cardiac magnetic resonance (CMR), and coronary 
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computed tomographic angiography (CTA) have been used in routine clinical procedures to 

assess myocardial perfusion or wall motion abnormalities or directly detect coronary luminal 

narrowing (85). SPECT, PET, and CMR techniques mainly focus on myocardial perfusion 

defects to assess the extent of myocardial ischemia (86,87). However, identification of ischemia 

inducing coronary lesions on a per vessel basis, could provide added information to the overall 

diagnosis and management strategies of CAD (26). Recently, an emerging noninvasive imaging 

method using coronary computed tomographic angiography (CTA) in combination with 

computational fluid dynamics simulations, FFRCT, has shown promise in the diagnosis of CAD 

by estimating the functional significance of coronary artery lesions on a per vessel basis (14). 

However, the method requires the exposure to ionizing radiation and may be hindered by 

blooming artifacts caused by densely calcified plaques that could reduce the accuracy of 

detection of coronary stenosis, a necessary component of FFRCT assessment.   

More recently, a novel noninvasive method using phase-contrast magnetic resonance 

imaging (PC-MRI) in conjunction with Navier-Stokes analysis to derive a physiological index 

(MR–Instantaneous wave Free Ratio, MR-iFR) for the assessment of the functional significance 

of coronary lesions has shown initial feasibility in phantoms, healthy subjects and a few stable 

CAD patients (88). The technique is a surrogate of iFR, where measurements were obtained 

during diastole without adenosine (37). The MR-iFR technique has the advantage of no ionizing 

radiation, allows longitudinal monitoring of patients, and could be utilized in conjunction with 

other CMR protocols to provide complimentary information to existing techniques such as MR 

perfusion imaging.  

This chapter introduces the initial findings of the feasibility of the proposed noninvasive 

pressure gradient measurement method in a small cohort of stable CAD patients. The 
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noninvasive physiological index, MR-iFR, was obtained and compared to gold-standard invasive 

indices, FFR and iFR.  

5.2 Methods   

5.2.1. Study population 

Patients with stable angina were screened for enrollment of this study. Inclusion criteria 

were 1) age ≥ 18 years, and 2) patients undergoing clinically indicated non-emergent ICA 

(4,7,64,73-75). Exclusion criteria included patients with: 1) known myocardial infarction, 2) 

previous coronary revascularization (percutaneous coronary intervention and/or coronary artery 

bypass graft), 3) contradiction to gadolinium-based contrast media, and 4) non-MRI compatible 

implants and/or claustrophobia. Coronary CTA and MR-iFR scans were performed < 60 days 

before invasive catheterization procedures (ICA, FFR, and/or revascularization) in enrolled 

patients. The study protocol was approved by the institutional review board and written consent 

was obtained before enrollment in the study.  

5.2.1. Study design 

This study aimed to evaluate the feasibility of the proposed MR-iFR technique in stable 

CAD patients and its association with invasive FFR and iFR measurements. Overall study flow 

was as described below. All patients had MR-iFR, coronary CTA, ICA, and invasive FFR and 

iFR assessments. First, coronary CTA images were obtained based on routine clinical protocol. 

Second, MR imaging was performed. Specifically, a three-dimensional (3D) coronary MR 

angiography (MRA) scan was first performed for coronary localization followed by multiple 

two-dimensional (2D) cross-sectional PC-MRI scans covering the coronary lesion of interest. 

Coronary velocity maps from PC-MRI were then used for MR-iFR calculation. Lastly, invasive 

catheterization (ICA and/or FFR) was performed within 60 days of the MR-iFR and coronary 
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CTA scans, based on routine clinical procedures by physicians blinded to the result of MR-iFR 

and coronary CTA.  

All the above data were then filtered where patients with 1) ≥ 1 suspected left anterior 

descending (LAD) stenosis ≤ 70% in the proximal and/or middle coronary segment by visual 

assessment based on ICA and 2) MR imaging anatomically corresponding to the measured 

invasive FFR locations were included for analysis. Specific patient characteristics are 

summarized in Table 2. 

 All patients 
(n=24) 

FFR > 0.80 
(n=21) 

FFR ≤ 0.80 
(n=3) 

p value 

Age, yrs 63 ± 9.4 63 ± 9.7 66 ± 7.2 1.00 

Male, n (%) 17 (71%) 16 (76%) 1 (33%) 0.56 

BMI, kg/m2 25.5 ± 2.6 25.8 ± 2.7 23.5 ± 0.8 1.00 

Diabetes Mellitus, n (%) 8 (33%) 6 (29%) 2 (67%) 0.16 

Dyslipidemia, n (%) 4 (17%) 4 (19%) 0 (0%) 0.32 

Hypertension, n (%) 15 (63%) 14 (67%) 1 (33%) 0.56 

Past Tobacco use 8 (33%) 6 (29%) 2 (67%) 0.16 

Current Tobacco use 2 (8.3%) 2 (9.5%) 0 (0%) 1.00 

Heart rate, beats/min 69 ± 7.7 69.3 ± 7.3 67 ± 12.1 0.59 

Medications, n (%) 
Aspirin 
Beta-blocker 
Statin 

 
21 (88%) 
11 (46%) 
18 (75%) 

 
18 (86%) 
8 (38%) 
16 (76%) 

 
3 (100%) 
3 (100%) 
2 (67%) 

 
1.00 
0.16 
0.32 

Table 2. Patient Characteristics; Values are mean ± standard deviation or (%); BMI = body mass 

index; FFR = fractional flow reserve, iFR = instantaneous wave-free ratio; MR-iFR = magnetic 

resonance instantaneous wave-free ratio. 
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5.2.1. MR-iFR protocol 

The proposed MR-iFR technique consists of the steps shown in Figure 14. Briefly, 3D 

coronary MRA was first obtained for coronary localization followed by consecutive cross-

sectional 2D PC-MRI image acquisitions along a coronary lesion of interest. All PC-MRI images 

were reconstructed directly on the MR scanner. Total MR scan time was approximately one hour. 

Velocity maps (Vz, Vx, and Vy at two cardiac phases for all cross-sectional slices) obtained 

from PC-MRI were then used in the Navier-Stokes analysis to derive the pressure difference (∆P) 

across the coronary lesion. In this study, aortic pressure (Pa) was obtained from invasive pressure 

measurements as the noninvasive pressure measurement device was not available at the time of 

the study. MR-iFR was then calculated as (Pa - ∆P) / Pa. MR-iFR calculations were performed 

using a customized MATLAB program (The Mathworks, Inc., Natick, MA, USA), blinded to the 

results of invasive FFR and iFR measurements. In addition, a MR-iFR-vz measurement was also 

calculated using z-directional velocity maps only to assess the feasibility of the method to 
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potentially decrease MR image acquisition time.

 

Figure 14. Simplified flow chart to obtain the MR-iFR index. 1) Coronary localization using 

images obtained from coronary MRA, followed by 2) 2D cross-sectional PC-MRI scans across 

the coronary segment of interest. Velocity maps in three orthogonal directions (Vx, Vy, Vz) at 

two cardiac phases was then used for 3) Navier-Stokes analysis to obtain the pressure difference 

(∆P) across the vessel segment. Pa could then be obtained using an external aortic pressure 

device. ∆P and Pa could then be used for MR-iFR calculation. Orange and green lines in the 

cMRA images correspond to the slice locations of the PC-MRI scans. Yellow circles highlight 

the location of the coronary artery in the cross-sectional view. MRA = magnetic resonance 

angiography, PC-MRI = phase-contrast magnetic resonance imaging, Pa = aortic pressure.  

 
5.2.1. Invasive catheterization (ICA, FFR, and iFR) protocol 

Stenosis levels from ICA were determined by visual estimation at the time of the 

procedure by the interventionalists. FFR is defined as the ratio of distal coronary pressure (Pd) 
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over aortic pressure (Pa) measured under maximal hyperemia (46). iFR is defined as the resting 

pressure ratio between Pd and Pa measured during the part of diastole where microvascular 

resistance is low and stable (9,10,64,76). Pressure measurements were obtained using standard 

FFR (Volcano Inc., Rancho Cordova, CA, USA and St Jude Medical Inc., Little Canada, MN, 

USA) systems during ICA. Maximal hyperemia was induced by intravenously administered 

adenosine at the dose of 140 µg/kg/min. Rest and stress pressure curves were obtained. FFR 

values were obtained directly from the system console during maximal hyperemia. iFR values 

were calculated offline using the resting pressure curves obtained during the pressure 

measurement procedures. Calculations were done using a MATLAB program based on methods 

described by Sen et al. (37). FFR ≤ 0.80 or iFR ≤ 0.89 were used to define a hemodynamically 

significant stenosis (9,10,46). 

5.3 Results   

Among 28 patients who met the inclusion criteria, 4 patients (14.3%) were excluded from 

analysis due to poor image quality caused by cardiac and/or respiratory motion during the PC-

MRI scans. Among the 24 patients, the interval between the proposed MR-iFR and invasive 

catheterization (ICA and/or FFR and iFR) was 4.08 ± 4.27 days (range between 0 to 20 days) 

and between the proposed MR-iFR and coronary CTA was 15.50 ± 13.22 days (range between 0 

to 45 days). Coronary CTA of these patients showed lumen stenosis ranging from normal (no 

lumen stenosis) to severe (70-99% stenosis). 12 (50%) had obstructive (≥50%) stenosis based on 

ICA, 19 (79.2%) had obstructive stenosis based on coronary CTA, three (12.5%) had 

functionally significant stenosis (FFR ≤ 0.80) based on FFR, and five (20.8%) had functionally 

significant stenosis (iFR ≤ 0.89) based on iFR.  
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Figure 15 shows a representative case of a patient with suspected CAD and lesion-

specific ischemia. Coronary CTA showed a severe stenosis (70-99%) of the proximal LAD and 

moderate stenosis (40-69%) at the middle LAD. Invasive catheterization showed a diffuse (65% 

lumen narrowing) and functionally significant (FFR = 0.75) lesion across the proximal to middle 

LAD. The proposed MR technique showed a pressure difference (∆P) of approximately 12 

mmHg, MR-iFR of 0.82 and MR-iFR-vz of 0.85 across the lesion. 

 
 
Figure 15. Example results of a 71-year-old woman with suspected CAD and lesion-specific 

ischemia. (A) Coronary computed tomography angiography. (B) Invasive coronary angiography. 

(C) Fractional flow reserve. (D) Coronary MRA and phase-contrast MRI images of the same 

LAD segment.  Arrows are pointed to the stenotic lesion, which corresponds between different 

imaging techniques. CAD = coronary artery disease, LAD = left anterior descending, MRI = 
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magnetic resonance imaging, MRA = magnetic resonance angiography, mLAD = middle left 

anterior descending, pLAD = proximal left anterior descending. 

 

Figure 16 shows the correlation between MR-iFR and invasive FFR and invasive iFR. 

Good correlation was found between MR-iFR and invasive FFR (r=0.701, p=0.0001), as well as 

MR-iFR and invasive iFR (r=0.698, p=0.0001). Similarly, good correlation was observed when 

comparing between MR-iFR-vz and invasive FFR (r=0.832, p<0.0001) and MR-iFR-vz and 

invasive iFR (r=0.680, p=0.0003).  

 

Figure 16. Analysis of correlation between FFR and iFR and MR-iFR. (A) Correlation 

between invasive FFR and MR-iFR. (B) Correlation between invasive iFR and MR-iFR; FFR = 

fractional flow reserve, iFR = instantaneous wave-free ratio, MR-iFR = magnetic resonance 

instantaneous wave-free ratio 

 

Figure 17. shows the Bland-Altman analysis between MR-iFR and invasive FFR and iFR. 

Small bias was observed when comparing between MR-iFR and invasive FFR (bias = 0.08±0.05), 

as well as between MR-iFR and invasive iFR (bias: 0.01±0.03). Similar results were found when 
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comparing between MR-iFR-vz and invasive FFR (bias = 0.09±0.05) and MR-iFR-vz and 

invasive iFR (bias = 0.02±0.03).  

 
 
Figure 17. Bland-Altman analysis of FFR and iFR and MR-iFR. Bland-Altman plots of 

differences against the means of (A) MR-iFR versus invasive FFR and (B) MR-iFR versus 

invasive iFR. The mean bias is represented by the solid line (with 95% confidence interval 

represented by the dashed lines); FFR = fractional flow reserve, iFR = instantaneous wave-free 

ratio, MR-iFR = magnetic resonance instantaneous wave-free ratio 

 

Using invasive FFR cut-off of 0.80 as reference, various MR-iFR cut-off values could be 

obtained. To optimize sensitivity, a MR-iFR cut-off of 0.93 results in a sensitivity, specificity, 

positive predictive value (PPV), and negative predictive value (NPV) of 100%, 85.71%, 50%, 

and 100%, respectively. To optimize specificity, a MR-iFR cut-off of 0.87 results in a sensitivity, 

specificity, PPV, and NPV of 66.67%, 100%, 100%, and 95.45%, respectively. If a MR-iFR cut-

off of 0.89 (similar cutoff as invasive iFR) was used, the sensitivity, specificity, PPV, and NPV 

were 66.67%, 95.24%, 66.67%, and 95.24%, respectively.  

 Using invasive iFR cut-off of 0.89 as a reference, similarly, various MR-iFR cut-off 

values could be obtained. To optimize sensitivity, a MR-iFR cut-off of 0.95 results in a 

sensitivity, specificity, PPV, NPV of 100%, 78.95%, 55.56%, and 100%, respectively. To 



	 70 

optimize specificity, a MR-iFR cut-off of 0.91 results in a sensitivity, specificity, PPV, NPV of 

60%, 100%, 100%, and 90.48%, respectively. If a MR-iFR cut-off of 0.89 was used, sensitivity, 

specificity, PPV, NPV of 40%, 100%, 100%, and 86.36% was observed, respectively. 

5.4 Discussion   

In this initial patient study, we have demonstrated the feasibility of a noninvasive 

imaging technique, MR-iFR, in patients with stable CAD. Preliminary comparison with invasive 

FFR and iFR has shown good correlation, high specificity and high NPV, suggesting the 

potential of the technique to serve as a gatekeeper for unnecessary invasive catheterization in 

patients with stable CAD. The proposed technique has the advantage of being noninvasive, 

comprising of no ionizing radiation, and could potentially serve as a complementary approach to 

current clinical diagnostic tools, providing added information to potentially allow for better risk-

stratify and triage patients. To best of the authors’ knowledge, this is the first patient study 

demonstrating the feasibility of MR-iFR in diseased coronary arteries.  

FFR is the current accepted standard to assess the functional severity of coronary stenosis 

and guide coronary revascularization in patients with CAD. Many clinical studies have shown 

the advantage of the technique in identifying lesion-specific ischemia and in improving clinical 

outcomes (89,90). Recently, studies by Davies et al. (10) and Gotberg et al. demonstrated the 

potential of an adenosine-free technique, iFR, in the diagnosis of coronary hemodynamics and 

showed that iFR-guided coronary revascularization was non-inferior to FFR-guided 

revascularization. This suggests that the use of iFR may result in outcomes similar to those 

associated with FFR. However, both FFR and iFR techniques are invasive procedures associated 

with potential complications (91) A noninvasive FFR or iFR technique could help defer patients 

who would most likely not benefit from revascularization. For example, the Fractional flow 
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reserve versus Angiography in Multivessel Evaluation (FAME) study has showed that 65% of 

stenosis with angiography severity of 50% to 70% were found functionally nonsignificant 

(FFR>0.80) (13), suggesting that these patients could potentially be deferred from invasive 

procedures.  This MR-iFR study focused on patients with angiography severity of ≤70% with 

approximately half of the patients with intermediate (50-70%) stenosis. The high specificity and 

NPV observed in this study demonstrates the potential of the MR-iFR technique in identifying 

patients with functionally nonsignificant stenosis, which may allow for better stratification of 

patients who wouldn’t benefit from invasive catheterization because of a low likelihood of 

needing revascularization. 

An emerging noninvasive technique, FFRCT, has shown promise for the diagnosis of 

patients with stable angina. Recent results showed that care guided by coronary CTA and 

selective FFRCT has equivalent clinical outcome and quality of life, lower rate of ICA, and lower 

costs when compared to usual care (14,40,92). However, the technique involves ionizing 

radiation and is susceptible to calcification-related blooming artifacts. The proposed MR-iFR 

could potentially be performed in patients, in whom FFRCT could be inaccurate due to blooming 

artifacts, and provide added value to overall patient management.   

PC-MRI directly measures blood flow velocity and its usage for pressure difference (∆P) 

calculations has been studied in applications such as atherosclerosis in the renal (64) and carotid 

(73) arteries. Studies have shown highly significant correlations (renal: r=0.98; carotid: r=0.89) 

between ∆P derived noninvasively using MRI and invasively using pressure transducers. In this 

study, we used a similar technique to demonstrate the feasibility of measuring pressure gradients 

in patients with coronary artery disease. MR-iFR derived using velocity maps from all three 

directions (MR-iFR) and from through-plane direction only (MR-iFR-vz) were respectively 
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compared to invasive FFR and iFR. Good correlation was observed between MR-iFR, and 

invasive FFR (r=0.701), and invasive iFR (r=0.698). Similar correlation was observed when 

comparing between MR-iFR-vz and invasive iFR (r=0.680). Interestingly, slightly higher 

correlation was observed when comparing between MR-iFR-vz and invasive FFR (r=0.832), 

suggesting the potential of using through-plane velocity (Vz) derived MR-iFR for estimating 

FFR. The success of using only Vz may allow for up to approximately 50% reduction of scan 

time or higher spatial or temporal resolution, which could improve image quality or scan success 

rate.  

Furthermore, the proposed MR-iFR technique could be combined with other noninvasive 

MR tests where cardiac anatomy, function and myocardial structure could be obtained in one 

single imaging session, achieving a one-stop-shop cardiac examination. A recent study using MR 

myocardial perfusion imaging has shown promise as a noninvasive management strategy for 

patients with stable angina. Preliminary results showed that MR perfusion imaging is non-

inferior to invasive angiography supported by FFR in a 1-year outcome study, suggesting the 

potential of the technique to guide patient management  

(39,93). The proposed MR-iFR technique has the potential of identifying lesion-specific 

ischemia, thus could especially be beneficial to serve as an integrated approach with MR 

myocardial perfusion imaging. A combined approach could potentially help identify ischemia 

both from the vessel lesion itself and the reduced flow to the myocardium. In addition, recent 

studies have shown that coronary plaque characteristics observed using T1-weighted (T1w) 

CMR may be associated with high risk of coronary events (72,73,94). An integrated anatomical 

(T1w CMR) and functional (MR-iFR) assessment of vessel-specific ischemia could also be 

valuable for the diagnostics of CAD.  
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5.5 Conclusions 

In this work, we have demonstrated the feasibility of the noninvasive imaging technique, 

MR-iFR, in a small cohort of stable CAD patients. The preliminary comparison with invasive 

FFR and iFR showed the potential of the proposed technique to serve as a gatekeeper for more 

effective risk stratification of patients who would most likely benefit from invasive 

catheterization.  
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CHAPTER 6 – Accelerated coronary 4D-Flow using stack-

of-stars sampling and compressed sensing reconstruction  

 

6.1 Introduction 

Chapters 3-5 introduced an overall noninvasive pressure gradient measurement 

framework and showed the feasibility of the method in stenotic flow phantoms, healthy subjects 

and a small cohort of stable CAD patients. One major drawback of the technique is its long scan 

times. The previously introduced Cartesian method requires approximately 30-40 minutes to 

obtain the necessary number of cross-sectional images for Navier-Stokes analysis, which hinders 

the translation of the method into a clinical setting. This chapter introduces an accelerated 

imaging approach using stack-of-stars (radial in-plane and Cartesian through-plane) sampling 

and compressed sensing reconstruction to potentially achieve accelerated PC-MRI acquisition in 

the overall framework of noninvasive pressure gradient measurements.  

Radial sampling methods such as stack-of-stars acquisition and 3D radial acquisitions 

have shown promise in decreasing scan time for large to medium sized motion-induced vessels 

and various types of stationary vessels  

(64,74,75,95,96). As the proposed framework focuses only on the coronary vessel, a stack-of-

stars approach was chosen where it has the freedom to choose any arbitrary vessel segments of 

interest for image acquisition. Imaging reconstruction methods such as parallel imaging (SENSE, 

SENSitivity Encoding, and GRAPPA, GeneRalized Autocalibrating Partially Parallel 

Acquisitions), compressed sensing, and low-rank modeling has also shown promise to achieve 

accelerated imaging(97-101). The proposed approach explores a combined SENSE and 
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compressed sensing approach for image reconstruction to potentially achieve accelerated 

imaging.  

The initial feasibility of the proposed method is evaluated in stenotic flow phantoms at 

various degrees of narrowing and in the healthy coronary arteries, using Cartesian acquisition as 

reference. The goal was to develop a more clinically feasible noninvasive pressure gradient 

measurement method for the assessment of CAD. 

6.2 Methods 

6.2.1. Sequence Design  

 A spoiled gradient recalled echo, PC-MRI, sequence with stack-of-stars sampling (i.e. 

radial in the kx-ky plane and Cartesian in the kz plane) was implemented on a 3.0 T MR system 

(SKYRA, Siemens) with a conventional four-point velocity-encoding scheme (reference, x, y, z) 

(76). In-plane k-space was filled using radial golden angle trajectories(102) as it’s more suited 

for arbitrary retrospective data sorting, able to combine with sparse MRI reconstruction methods 

due to incoherent aliasing artifacts(103), and it has relatively low sensitivity to motion(104). 

Each velocity-encoding set (reference, x, y, z) was acquired with the same sampling angle. In the 

partition, kz, direction, a random Cartesian sampling pattern was achieved to further induce an 

incoherent undersampling artifact pattern.  Water-excitation pulse was implemented to suppress 

fat surrounding the coronary arteries to avoid chemical shift effects and increase vessel contrast 

(81,82). In addition, fat suppression could also allow for less streaking artifacts from the 

contribution of fat signals in the back and chest-wall regions in the overall image. To ensure 

minimal cardiac and respiratory motion in the coronary arteries, ECG-triggering to diastole and 

navigator-gating to end-expiration was implemented, respectively.  
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6.2.2. Image Reconstruction 

 Image reconstruction was done individually for each velocity encoding direction 

(reference, x, y, and z) and each cardiac phase. Gradient delay correction was first performed by 

determining the shift between the closest two opposite trajectories. Coil compression was 

performed by combining the receiver channels into eigenmodes, removing higher-order modes 

such that 99% RMS signal was preserved (105). Coil sensitivity maps were computed from flow 

compensated (reference) encoding dataset only and applied to other encoding directions. Fast 

Fourier transform (FFT) was applied along the kz dimension. Compressed sensing reconstruction 

is solved using the equation below(106): 

𝑑 = arg 	min	 𝐹𝑆𝑑 −𝑚 r
r + 	𝜆	 𝑇𝑑 g 6 − 1  

where d contains the images, F is the non-uniform fast Fourier Transform (NUFFT) operator, S 

is the coil sensitivity operator, m is the measured k-space data, 𝜆 is the regularization term. T 

could be any sparsity transform, in this case, a 4-level 3D Daubechies-4 wavelet transform was 

used. 𝜆 was chosen empirically as 5e-11 for all reconstructions. Phase maps of the reconstructed 

images were then converted to velocity maps based on the prescribed velocity encoding (VENC). 

6.2.3. Experiments 

Stack-of-stars and Cartesian PC-MRI methods were first compared in a stenotic flow 

phantom with a constant volume velocity of 250 mL/min and reference diameter of 4.8 mm. 

Various stenotic narrowing was assessed, spanning from approximately 0% to 50% diameter 

stenosis. Specifically, a total of 5 stenotic flow phantoms were assessed: 0% (n=1) 30-40% (n=2), 

and 40-50% (n=2).  
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The imaging work flow include: 1) a 3D-FLASH coronary magnetic resonance 

angiography (cMRA) was first obtained for anatomic localization and for determining the 

stenotic level of the phantoms. 2) stack-of-stars PC-MRI and Cartesian PC-MRI data were then 

acquired in arbitrary order. Shared imaging parameters between stack-of-stars and Cartesian PC-

MRI were: FA = 15°; spatial resolution = 0.5 x 0.5 x 3.2 mm3; FOV = 220 x 220 mm2; Matrix = 

448 x 448; VENC = 70 - 110 cm/s depending on the degree of narrowing; Partitions = 10 

imaging slices; Slice oversampling = 25%; For Cartesian acquisition, an iPAT factor of 2 was 

used, giving a 3D image set with approximately 2500 total imaging lines per velocity encoding, 

per cardiac phase. For stack-of-stars acquisition, 2500 radial projections were used as the 

maximally sampled reference, matching to the similar number of imaging lines as Cartesian 

acquisition, for comparison. Figure 18 shows an example phantom set up for a ~50% stenotic 

phantom.  

 
 

Figure 18. Example phantom set-up for a ~50% diameter narrowing. A flow pump was used to 

circulate flowing water at a constant flow rate of 250mL/min in a 4.8-mm reference diameter 
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tubing. Coronary MRA was first obtained followed by Cartesian and stack-of-stars 4D-flow in 

arbitrary order. 

 
To simulate an in vivo environment, a simulated ECG with 60 beats per minute (bpm) 

was used during acquisition. Data acquisition was triggered to diastole where 2 segments were 

collected per cardiac phase for both Cartesian and stack-of-stars methods, resulting in an 

approximately 22-minute scan time for each imaging acquisition. To evaluate the effect of the 

number of projections on the stack-of-stars image quality, retrospective undersampling was 

achieved by discarding the sampled data after Ni number of projections. As an initial test, 

retrospective undersampled images for Ni of 2000, 1500, 1000, and 500 imaging lines from a 

total of 2500 imaging lines were performed and compared to the Cartesian images. 

Stack-of-stars and Cartesian PC-MRI methods were also compared in three healthy 

subjects (average age of 40.7±17.9 yrs, 2 females). Similar imaging parameters were used as in 

vitro studies. Some differences may include: spatial resolution = 0.6 x 0.6 x 3.2 mm3; Matrix = 

368 x 368; Partition = 8 imaging slices; VENC = 45 cm/s in all three orthogonal directions; 

Cardiac phase = 2 (~ 70.4 ms / cardiac phase); 3D-FLASH cMRA was performed prior to PC-

MRI for coronary localization. An abdominal belt was used in all subjects to ensure minimal 

respiratory motion, therefore giving a higher navigator acceptance rate.  For Cartesian 

acquisition, an iPAT factor of 2 was used, resulting in approximately 1800 imaging lines per 3D 

image set. Due to limited scan time for in vivo studies, a total of approximately 1200 imaging 

lines (~1.5x undersampling compared to Cartesian) were collected per velocity encoding, per 

cardiac phase for stack-of-stars acquisition. Similar retrospective undersampling experiment as 

in vitro studies was performed where retrospective undersampled images for Ni of 1000 and 800 
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imaging lines from a total of 1200 imaging lines were performed and compared to the Cartesian 

images.   

6.2.4. Data Analysis 

SENSE and compressed sensing image reconstruction was implemented offline using 

MATLAB (Mathworks, Natick, MA). All parameters for image reconstruction were kept 

constant for all in vitro and in vivo studies. Eddy current correction was performed in all stack-

of-stars and Cartesian PC-MRI images prior to image analysis (77,78). Region of interest (ROI)s 

were first drawn on the magnitude images and mapped onto its corresponding velocity images to 

obtain the maximum and mean velocities. In cases where ROIs weren’t clear on the magnitude 

images, velocity maps where used for direct analysis.  

For the stack-of-stars PC-MRI method, retrospective undersampling of 2500, 2000, 1500, 

1000, and 500 imaging lines were assessed for in vitro studies and 1200, 1000, and 800 imaging 

lines were assessed for in vivo studies. All reconstructed images were compared to the collected 

Cartesian PC-MRI images to assess the feasibility of the stack-of-stars method.  

Peak and mean velocities across all imaging slices were compared between stack-of-stars 

and Cartesian PC-MRI methods in both in vitro and in vivo experiments. Cross-correlation and 

Bland-Altman analysis in the maximum velocities across all imaging slices was performed for a 

range of stack-of-stars projections versus Cartesian.  

 
6.3 Results 

Good cross-correlation of up to 2.5x undersampling, 0.95 and 0.93, was preserved in the 

peak and average velocities, respectively, as stack-of-stars projection number decreased ( 

Table 3 and Table 4).  
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Figure 19 shows the peak velocity values from data acquired using various stack-of-stars 

undersampling factors and Cartesian across each imaging slice in various degrees of stenotic 

phantoms. Similar maximum velocities across each imaging slice were observed between the 

stack-of-stars and Cartesian methods. 

Peak velocities (z-direction) 
Cross-correlation 

(CC) 

Projections  
(undersampling factor) 

2500 2000  
(1.25x) 

1500  
(1.7x) 

1000 
(2.5x) 

500  
(5x) 

30-40% narrowing (n=2) 0.95±0.02 0.95±0.01 0.95±0.01 0.93±0.03 0.83±0.03 
40-50% narrowing (n=2) 0.94±0.05 0.93±0.03 0.93±0.03 0.91±±0.04 0.82±0.07 

All (n=5) 0.966 0.959 0.958 0.951 0.898 
nRMSE (n=5) 8.2% 9.0% 10% 12.4% 18.8% 

 
Table 3. Cross-correlation between the maximum velocities of stack-of-stars and Cartesian 4D-

Flow methods for 30-40% and 40-50% diameter narrowing phantoms. Good cross-correlation 

and reasonable nRMSE (normalized root-mean-square error) was observed for up to 2.5x 

undersampling. 

Average velocities (z-direction) 
Cross-correlation 

(CC) 

Projections  
(undersampling factor) 

2500 2000  
(1.25x) 

1500  
(1.7x) 

1000 
(2.5x) 

500  
(5x) 

30-40% narrowing (n=2) 0.93±0.01 0.92±0.00 0.91±0.00 0.90±0.01 0.83±0.02 
40-50% narrowing (n=2) 0.93±0.02 0.92±0.04 0.91±0.05 0.89±0.02 0.80±0.02 

All (n=5) 0.949 0.938 0.936 0.928 0.858 
nRMSE (n-5) 15.6% 15.3% 14.1% 13.9% 18.5% 

 

Table 4. Cross-correlation between the average velocities of stack-of-stars and Cartesian 4D-

Flow methods for 30-40% and 40-50% diameter narrowing phantoms. Good cross-correlation 

and reasonable nRMSE (normalized root-mean-square error) was observed for up to 2.5x 

undersampling. 
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Figure 19. Example comparisons of Cartesian versus stack-of-stars peak and mean through-

plane velocities 0%, ~40%, and ~50% diameter narrowing phantoms. 

 

 In the in vivo studies, total average Cartesian scan time was 35.46 ± 0.3 minutes. For 

stack-of-stars, 1200, 1000, and 800 imaging projections are equivalent to 1.5x, 1.8x, and 2.3x 

undersampling factors using Cartesian as a reference or approximately 23, 20, and 15 minutes 

scan time. Figure 20 shows the example images of Cartesian and stack-of-stars methods in a 
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healthy subject. Average maximum through-plane velocity in all healthy volunteers was 

15.6±3.6 cm/s, 14.7±4.1 cm/s, 16.2±6.2 cm/s and 16.2±5.4 cm/s for Cartesian, stack-of-stars 

with 1200, 1000, and 800 imaging projections, respectively. Cross-correlation of the peak 

through-plane velocities between Cartesian and stack-of-stars with 1200, 1000, and 800 imaging 

projections are 0.80, 0.77, and 0.70, respectively.  Figure 21 shows the Bland-Altman plots of 

the maximum through-plane velocities across all subjects between various stack-of-stars 

undersampling factors and Cartesian acquisition. A bias of 0.86, -0.66, and -0.63 was observed 

for 1200, 1000, and 800 projections, respectively 
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Figure 20. Example images comparing Cartesian versus various undersampled Stack-of-stars 

acquisitions in a healthy subject. Images with approximately 23, 20, and 15 minutes scan time 

are equivalent to 1.5x, 1.8x, and 2.3x undersampling, using a Cartesian acquisition with parallel 

imaging acceleration of 2 (~35 minutes scan time) as a reference. Good delineation of the 

coronary vessel was observed in the undersampled stack-of-stars magnitude images.  
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Figure 21. (a-c) Bland-Altman plots of peak through-plane velocities in all healthy subjects for 

Cartesian versus various undersampled stack-of-stars acquisitions. 1200, 1000, and 800 

projections are equivalent to 1.5x, 1.8x, and 2.3x undersampling, or approximately 23, 20, and 

15 minutes acquisition time for the stack-of-stars method, using a Cartesian acquisition (~35 

minutes) as a reference. d. Peak through-plane velocity of Cartesian and various stack-of-stars 

undersampling factors. All p-values between Cartesian and various stack-of-stars undersampling 

factors were not significantly different (p>0.05). 

 

 
6.4 Discussion 

In this work, we have demonstrated the feasibility of a stack-of-stars 4D flow sequence 

with SENSE and compressed sensing reconstruction in the coronary arteries. The proposed 

method has the advantage of up to approximately 2-3 times undersampling (~10-20 mins) 
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compared to Cartesian acquisition (30-40 mins). The shorter scan time may allow for an easier 

adoption in the routine clinical procedures. In addition, could also be implemented as an add-on 

scan to other existing CMR protocols as a complementary diagnostic tool for the diagnosis of 

stable CAD. In the in vitro studies, the changes in velocity across various degrees of stenosis was 

observed in both stack-of-stars and Cartesian methods. Good peak velocity correlation was 

observed in both in vitro and in vivo studies between various undersampled stack-of-stars 

acquisitions and Cartesian acquisition.  

More in vivo experiments in healthy coronary arteries are needed to further evaluate the 

performance of the method. Radial sampling is known to be robust to motion as each imaging 

line crosses the center of k-space during acquisition. A larger sample size could help further 

evaluate the potential advantage of radial sampling to motion. For 3D imaging, drastic changes 

in heart rate or breathing pattern within the 10 to 20 minutes acquisition time may corrupt the 

overall image quality. 2D radial acquisitions could be explored in the future to evaluate its 

robustness to motion and the feasible undersampling factor.  

6.5 Conclusions 

Our preliminary results showed the feasibility of stack-of-stars 4D Flow measurement in 

the coronary arteries. It has the potential to reduce scan time (2-3x) as compared to conventional 

Cartesian imaging. Larger healthy volunteer studies and in vivo studies involving patients with 

coronary artery disease are underway to evaluate the performance of the method. 

CHAPTER 7 – Conclusions & Future directions 
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  In this dissertation work, a new noninvasive diagnostic tool for the assessment of stable 

CAD was developed. The developed technique has the potential to serve as a complementary 

approach to current clinical noninvasive diagnostic tools, providing added information for better 

risk stratification and management of patients with stable CAD. Specifically, chapter 3-6 

described the noninvasive pressure gradient measurement framework using PC-MRI and Navier-

stokes analysis, termed MR-iFR, and its potential for prediction of FFR or iFR in the coronary 

arteries. As the coronary arteries are relatively small, approximately 3 to 4 mm, a high spatial 

resolution PC-MRI sequence was used to ensure that adequate number of pixels were obtained 

for analysis. Due to cardiac and respiratory motion in the heart, coronary arteries tend to be 

difficult to image. To minimize motion, ECG-triggering to diastole and navigator-gating to end 

expiration were implemented in the PC-MRI data acquisition. With high spatial resolution comes 

the tradeoff of lower temporal resolution. To ensure minimal motion in each acquired cardiac 

phase, a view-sharing technique was implemented to share the k-space data between the 

neighboring cardiac phases. The resultant coronary velocity maps were then used in the Navier-

stokes equations to obtain the pressure gradient across the vessel segment of interest.  

 The developed framework described in this dissertation was first evaluated for its 

feasibility in vitro (stenotic flow phantoms at various degrees of narrowing), using pressure 

transducer measured pressure gradient as a reference. The technique was then implemented and 

evaluated in healthy and diseased coronary arteries.  For the in vitro studies, good repeatability 

of both velocity and pressure gradient measurements was observed. In addition, good correlation 

was observed using PC-MRI derived and pressure transducer measured pressure gradients. For 

the in vivo studies, good repeatability of coronary velocity maps was observed. In addition, good 

correlation was observed between the proposed noninvasive pressure gradient measurement 
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framework, MR-iFR, and the invasive FFR and iFR methods. The patient studies also showed 

high specificity and high negative predictive value, suggesting the potential of the proposed 

technique to serve as a gatekeeper for unnecessary invasive catheterization in patients with stable 

CAD.  

 To eventually translate the proposed technique for routine clinical use, further reduction 

in scan time and improvement in scan success rate is needed. In chapter 3-5, data collected in the 

in vitro and in vivo studies were also analyzed using z-directional coronary velocity maps only 

for Navier-stokes analysis. Good correlation was observed in the in vitro studies and in vivo 

patient studies, suggesting the possibility of using z-directional coronary velocity maps only in 

the overall framework. The use of z-directional coronary velocity may allow for an overall 50% 

scan time reduction; however, the method may not apply to all coronary vessels as some vessels 

are more tortuous than others.  In addition, in chapter 6, an improved PC-MRI acquisition 

approach using stack-of-stars sampling and compressed sensing reconstruction was implemented. 

The proposed stack-of-stars approach showed good correlation to reference Cartesian acquisition 

with two to three times scan time reduction, allowing a decrease in scan time from approximately 

40 minutes to 15 minutes.      

In short, this dissertation demonstrated the feasibility of the proposed noninvasive 

pressure gradient measurement framework in stenotic phantoms, healthy subjects and a small 

cohort of stable CAD patients. The preliminary comparison with invasive FFR and iFR in 

patients showed the potential of the proposed technique to serve as a gatekeeper for more 

effective risk stratification and management of patients who would most likely benefit from 

invasive catheterization.  
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The emerging noninvasive pressure measurement method using coronary CTA and 

computational fluid dynamics, FFRCT, has shown to decrease the rate of invasive catheterization 

and overall cost when compared to usual care, suggesting that it’s a promising technique for the 

noninvasive diagnosis of patients with stable angina(14,15,92). However, the technique requires 

exposure to ionizing radiation, uses an anatomical model to simulate the hemodynamic behaviors 

in the coronary arteries, and is prone to blooming artifacts caused by densely calcified plaques 

which could reduce the accuracy of the overall technique. In the FFTCT NXT (analysis of 

coronary blood flow using CT angiography: next steps) trial, approximately 13% of coronary 

CTA data were discarded due to image artifacts such as motion and misregistration, image noise, 

calcium blooming, and low contrast to noise ratio (107). As shown in a patient case in chapter 4, 

MR-iFR correctly identified the severity of the coronary lesion in a patient with heavy 

calcification, which was wrongly determined by coronary CTA.  The proposed MR-iFR method 

could potentially be performed in patients, in whom FFRCT could be inaccurate due to blooming 

artifacts, and provide added value to overall patient management.  In addition, MRI has the 

advantage of no ionizing radiation where longitudinal monitoring of patients with potential risk 

of CAD could be performed. Furthermore, in coronary CTA, injection of iodine contrast is 

required during the scan to ensure sufficient blood to tissue contrast of the coronary tree. Recent 

studies have reported that a significant portion of patients with chronic kidney disease suffers 

from cardiovascular disease (1 in 3 CKD patients has CVD)(108), requiring a contrast-free 

approach. It was mentioned by Briasoulis et al. that the risk of CAD increases exponentially with 

declining kidney function where CKD patients are more likely to die of CVD than to progress to 

end stage kidney disease(109,110). The proposed framework although used Gadolinium contrast 

for coronary MRA image acquisition, a non-contrast coronary MRA protocol could be achieved 
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for coronary localization where no exogenous contrast agents are needed. The non-contrast 

approach could be especially advantageous for patients with chronic kidney disease or patients 

who are allergic to the contrast agents or patients who simply prefer no contrast injection.   

The proposed MR-iFR technique could be combined with other noninvasive MR tests 

where cardiac anatomy and function could be obtained in one single imaging session, achieving 

a one-stop-shop cardiac examination. On a per vessel analysis, MR-iFR could be added to MR 

plaque characterization (28,81-83,94) and MRA where the degree of coronary stenosis severity, 

various coronary plaque composition, and the coronary hemodynamic factors could be obtained 

in one imaging session for a noninvasive comprehensive coronary exam. On a vessel to 

myocardium analysis, the proposed MR-iFR method could be especially beneficial to serve as an 

integrated approach with MR myocardial perfusion imaging. MR myocardial perfusion imaging 

has shown to be non-inferior to invasive angiography supported by FFR as a noninvasive 

management strategy for patients with stable CAD (39,84,93). A combined approach could 

potentially help identify ischemia from both the vessel lesion itself and the reduced flow to the 

myocardium. 

In the pilot patient study presented in this dissertation, the functionally nonsignificant 

patient group had coronary stenosis range from 30% to 70% shown in ICA, where treatment was 

deferred in this patient group. The proposed framework was able to detect the functionally 

nonsignificant patients with high specificity using either FFR or iFR as the reference, showing 

the feasibility of the proposed method in potentially limiting the number of unnecessary invasive 

procedures. The current study is limited by the small sample size of the functionally significant 

coronary lesions. A larger patient study with more positive invasive FFR and iFR values are 

needed to further investigate the accuracy of the approach.  More patient studies could also allow 
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for the identification of an optimal MR-iFR cut-off value based on the tradeoffs of sensitivity 

and specificity.  

In current clinical practice, coronary lesions with ³ 70% diameter stenosis (³ 50% in the 

left main) are treated with either PCI or CABG. In coronary lesions with < 70% diameter 

stenosis (< 50% in the left main), medical therapy and continuous monitoring is suggested for 

the patient. This dissertation focused on the patient group with ≤ 70% diameter stenosis, 

however, in patients with smaller reference coronary diameter, the proposed method may not 

have sufficient spatial resolution to accurately assess the pressure gradient. For example, if we 

consider an average of 50% diameter stenosis in a 3-4mm diameter coronary segment, 

approximately 3-4 residual pixels remain if a 0.5x0.5 mm2 in-plane resolution is used. Studies by 

Casas et al have shown that a ΔP underestimation of up to 5.8% average difference may occur 

with an approximately 3 voxels remain in the x and y directions (111). Therefore, > 50% 

diameter stenosis in smaller reference coronary diameters may lead to pressure gradient errors 

due to the limited number of pixels across the remaining coronary lumen and a higher spatial 

resolution is necessary. However, since ΔPMR was shown to increase exponentially with increase 

in % DS, in a clinical setting, the estimated ΔPMR for a functionally significant stenotic lesion 

may still remain above the prescribed cut-off threshold despite the potential errors. In addition, in 

current clinical practice with existing non-invasive methods, approximately 45% of patients who 

undergo invasive catheterization has a < 50% diameter stenosis, who didn’t need the invasive 

procedures. The proposed method could potentially defer that 45% of patients from the invasive 

catheterization lab, which is still valuable in clinical practice. Nevertheless, to better understand 

the accuracy and robustness of the technique, future technical development in higher spatial 

resolution needs to be explored.  
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With improvement in spatial resolution, techniques such as iterative refinement could be 

implemented to obtain a pressure difference map (62) across the coronary artery and viscosity 

terms that were ignored in this study could be incorporated. In addition, in the current study, the 

integration path was defined by connecting the maximum velocity pixels in consecutive cross-

sections to exploit high velocity to noise ratio. However, integration along a streamline (path 

parallel to the velocity field at a single instant in time) or pathline (path of particles as they move 

through space over time) and its effect on the accuracy of the MR-iFR measurements need to be 

explored. In addition, in situations of higher orders of fluid motion such as turbulence, higher 

spatial resolution may help better determine the non-turbulent flow stream (i.e. velocity jet) to 

avoid potential error caused by the dephased pixels due to turbulence. As the focus of the 

proposed technique is in stenosis with < 70% diameter, the effect of turbulence should be small 

as discussed by Nosovitsky et al. in a simulation study that the effect of turbulence in the 

velocity vectors is small for up to 75% stenosis in the coronary arteries (59). Furthermore, higher 

spatial resolution may allow for imaging of the more distal coronary segment to achieve imaging 

of the entire coronary tree. 

To achieve higher spatial resolution, further technical improvements could be explored. 

As in MRI, there’s a direct tradeoff between spatial resolution and scan time. If one could 

achieve a higher undersampling factor with sufficient image quality, a higher resolution could be 

achieved within a reasonable scan time. Smith et al. have explored the concept of reduced filed-

of-view (rFOV) MRI with outer volume suppression (OVS) to improve sampling efficiency and 

reduce scan time(112). OVS is a magnetization preparation method used to suppress the signal 

outside of a region of interest. In case of a radial acquisition as discussed in chapter 6, the 

implementation of OVS could suppress the signal from peripheral regions (i.e. chest wall and 
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back). These signals would otherwise contribute to streaking artifacts in the FOV if drastic k-

space undersampling is used. By using OVS, a higher undersampling rate may be achieved with 

sufficient image quality. In addition, rFOV could also be used to achieve shorter scan time or 

increase spatial resolution since the main region of interest is the coronary arteries which 

contributes only to a small portion of the overall FOV. In MRI, an increase in spatial resolution 

comes with a tradeoff of decreased SNR. In case where insufficient SNR is observed, an 

alternative approach is to use contrast enhanced imaging to achieve sufficient SNR for analysis.  

In cardiac imaging, especially in the coronary arteries where vessel size is relatively 

small, any unexpected cardiac and respiratory motion may affect the overall image quality.  In 

the proposed approach, two imaging lines per velocity encoding were collected per cardiac 

phase, giving a temporal resolution of approximately 70 ms, resulting in a total acquisition of 

approximately 140 ms within diastole per heartbeat. Although previous study in coronary flow 

velocity by Keegan et al. have shown that coronary velocity in diastole is relatively constant 

within a 150ms window (82), minor cardiac motion may occur within diastole for subjects with 

short quiescent periods. Future technical developments could further explore a MR 

reconstruction method such as highly constrained projection reconstruction (HYPR) technique to 

decrease the temporal resolution, hence, restrict acquisition to a smaller window to possibly 

achieve reduced cardiac motion. The HYPR reconstruction is based on two components, a 

weighting image at each time frame and a composite image formed by all time frames.  HYPR 

has the advantage of preserving the SNR and spatial resolution from the fully sampled composite 

image at each time frame, therefore, provides adequate image quality for each temporal dynamic 

information. Increase in temporal resolution also has the advantage to allow acquisition during 

the iFR wave-free period only instead of the entire diastolic period or may allow acquisition 
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under stress conditions where FFR could potentially be calculated. In addition, higher temporal 

resolution may allow us to better capture the peak flow velocity period in diastole.  

In summary, the development of a truly noninvasive method for the assessment of the 

functional significance of a coronary lesion is extremely impactful in the current clinical 

management of stable CAD patients. Current noninvasive clinical diagnostic tools tend to have 

poor diagnostic yield of invasive catheterization, where approximately 50% of patients undergo 

unnecessary invasive procedures. The unnecessary invasive procedures may lead to additional 

risks for patients, higher overall costs, and patient discomfort. These patients should be more 

carefully assessed during their noninvasive diagnostic work-up for the need of invasive 

catheterization. The proposed framework in this dissertation showed the feasibility of using an 

MR derived functional index, MR-iFR, for the assessment of stable CAD. This method may 

potentially help improve the diagnostic yield of invasive catheterization and help clinicians better 

identify patients with or without suspected stable CAD and consequently determine the optimal 

patient management.  
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