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Light Sheet Fluorescence Microscopy enables multi-dimensional and multi-scale imaging via 

illuminating specimens with a separate thin sheet of laser.  It allows rapid plane illumination for 

reduced photo-damage and superior axial resolution and contrast.  By combining our approach 

with tissue clearing techniques, we reveal the entire cardiac structures and hypertrabeculation of 

adult zebrafish hearts in response to doxorubicin chemotherapy treatment.  We incorporate light-

sheet fluorescent microscopy and pulsed-wave Doppler ultrasound to unravel the 3D architecture 

and electromechanical coupling of doxorubicin-induced cardiac injury and regeneration in the 

adult zebrafish model.  3-month old zebrafish were injected intraperitoneally with doxorubicin 

followed by imaging at 3, 30, and 60 days post-injection.  We observed an initial decrease in 

myocardial and endocardial cavity volume at day 3, followed by ventricular remodeling and 

hypertrabeculation at day 30, and normalization at day 60.  Doxorubicin-injected fish developed 

ventricular diastolic dysfunction evidenced by elevated E/A ratios at day 30, normalizing at day 

60.  Myocardial performance indexes were also elevated at day 30 in the doxorubicin group, 

indicating worsening of global cardiac function, followed by normalization at day 60.  qRT-PCR to 

investigate the pathways involved revealed up-regulation of Notch signaling genes, particularly 

the ligand Jagged1 and target gene HEY2 at days 30 and 60.  Treatment with the γ-secretase 

inhibitor DAPT to inhibit Notch signaling attenuated restoration of ventricular function, 



 

iii 
 

demonstrated by persistence of abnormal E/A ratios and myocardial performance indexes at day 

60, thereby implicating Notch pathways in the cardiac regeneration process.  Our results suggest 

that doxorubicin-induced cardiac injury leads to ventricular remodeling, followed by activation of 

Notch signaling to promote hypertrabeculation and restoration of cardiac function.   

 

Next, we developed and studied invasive, and non-invasive imaging approaches to characterize 

atherosclerotic plaques.  Four-point electrode systems are commonly used for electric impedance 

measurements of biomaterials and tissues.  We introduced a 2-point system to reduce electrode 

polarization for heterogeneous measurements of vascular wall.  Presence of endoluminal oxidized 

low density lipoprotein (oxLDL) and lipids alters the electrochemical impedance that can be 

measured by electrochemical impedance spectroscopy (EIS).  We developed a catheter-based 

2-point micro-electrode configuration for intravascular deployment in New Zealand White rabbits.  

An array of 2 flexible round electrodes, 240 µm in diameter and separated by 400 µm was 

microfabricated and mounted on an inflatable balloon catheter for EIS measurement of the oxLDL-

rich lesions developed as a result of high-fat diet-induced hyperlipidemia.  Upon balloon inflation, 

the 2-point electrode array conformed to the arterial wall to allow deep intraplaque penetration via 

alternating current.  The frequency sweep from 10 – 300 kHz generated an increase in 

capacitance, providing distinct changes in both impedance () and phase () in relation to varying 

degrees of intraplaque lipid burden in the aorta.  Aortic endoluminal EIS measurements were 

compared with epicardial fat tissue and validated by intravascular ultrasound and 

immunohistochemistry for plaque lipids and foam cells.  Thus, we demonstrate a new approach 

to quantify endoluminal EIS via a 2-point stretchable electrode strategy.       

 

In the next study, a new absolute quantitation of myocardial blood flow (MBF) method with the 

novel positron emission tomography (PET) 18F-Flurpiridaz radiopharmaceutical was developed, 

taking advantage of its early kinetics and high first-pass extraction by the myocardium.   We 
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performed the first in human measurements of MBF in 7 normal subjects and 8 patients with 

documented coronary artery disease (CAD).  PET images with time-activity curves were acquired 

at rest and during adenosine stress.  In normal subjects, regional MBF between coronary artery 

territories did not differ significantly, leading to a mean global MBF of 0.73 mL/min/g at rest and 

2.53 mL/min/g during stress, with a mean global myocardial flow reserve (MFR) of 3.70.  CAD 

vascular territories with <50% stenosis demonstrated a mean MBF of 0.73 at rest and 2.02 during 

stress, leading to a mean MFR of 2.97.  CAD vascular territories with ≥50% stenosis exhibited a 

mean MBF of 0.86 at rest and 1.43 during stress, leading to a mean MFR of 1.86.  Differences in 

stress MBF and MFR between normal and CAD territories, as well as between <50% and ≥50% 

stenosis vascular territories, were significant.  The significant decrease in stress MBF and ensuing 

MFR in CAD territories allows a clear distinction between vascular territories exhibiting stress-

inducible myocardial ischemia and those with normal perfusion using 18F-Flurpiridaz PET.   

 

In the last study, we studied the ability of fractional flow reserve by computerized tomography 

(FFR-CT) to predict subsequent coronary revascularization.  FFR-CT provides non-invasive 

functional assessment of the hemodynamic significance of coronary artery stenosis.  We 

determined the FFR-CT values, receiver operator characteristic curves and predictive ability of 

FFR-CT for actual standard of care guided coronary revascularization.  Consecutive outpatients 

who underwent coronary CT angiography (coronary CTA) followed by invasive angiography over 

a 24-month period from 2012-2014 were identified, sent for FFR-CT analysis, and results stratified 

by coronary artery calcium (CAC) scores.  Coronary CTA studies were re-interpreted in a blinded 

manner, and baseline FFR-CT values obtained retrospectively.  Therefore, results did not 

interfere with clinical decision-making.  Median FFR-CT values were 0.70 in revascularized (n=69) 

and 0.86 in not revascularized (n=138) coronary arteries.  Using clinically established significance 

cutoffs of FFR-CT ≤0.80 and coronary CTA ≥70% stenosis for the prediction of clinical decision 

making and subsequent coronary revascularization, the positive predictive values were 74% and 
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88%, and negative predictive values 96% and 84%, respectively.  The area under the curve (AUC) 

for all studied territories was 0.904 for coronary CTA, 0.920 for FFR-CT, and 0.941 for coronary 

CTA combined with FFR-CT.  With increasing CAC scores, the AUC decreased for coronary CTA 

but remained higher for FFR-CT.  The addition of FFR-CT provides a complementary role to 

coronary CTA and increases the ability of a CT-based approach to identify subsequent standard 

of care guided coronary revascularization.   
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A question that may arise upon reading this dissertation, is:  “How are the individual Chapters 

interconnected?”  In reality, the present body of work is divided into two main overarching themes:   

 

1. Light sheet fluorescent imaging for functional studying and quantitative analysis of 

experimental models of disease, in particular chemotherapy-induced cardiomyopathy 

(Chapters 1 – 2).   

 

2. Characterization of atherosclerotic plaques using:   

a) novel bioengineering approaches and invasive sensors in experimental models 

(Chapters 3 – 4),  

b) nuclear cardiology (Chapter 5 – 7),   

c) cardiac computerized tomography (Chapters 8 – 9).   

 

I hope the reader will find this dissertation both enjoyable and instructive.     
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Chemotherapy-induced cardiomyopathy 

Heart failure afflicts nearly 5 million people in the United States, and an additional 550,000 new 

cases are diagnosed each year 1.  Despite current regimens, cardiotoxicity of chemotherapeutic 

agents remains an important clinical problem 2.  These treatments can adversely affect the heart 

in an array of ways, including myocardial ischemia, arrhythmia or pericardial disease 2.  While 

treatment-related impairment of cardiac function can be either transient or irreversible, the most 

frequent complication remains heart failure 2 3.  This can manifest itself either as diastolic 

dysfunction progressing to heart failure with preserved ejection fraction, decreased systolic 

function leading to depressed ejection fraction, or both.  The emerging interests and growing 

understanding of this problem led to the new field of cardio-oncology 4.   

 

Anthracyclines, such as doxorubicin (Doxo), are a cornerstone of chemotherapeutic strategies in 

various cancers such as breast cancer, lymphoma, sarcoma and pediatric leukemia 5.  Their 

widespread use, however, is currently limited mostly by anthracycline-induced cardiotoxicity 6 

leading to a reduction in optimal dose delivery and duration of treatment in certain patients 5.  

Direct evidence of cardiomyocyte death following anthracycline treatment is provided by elevation 

of troponin levels following treatment 7.  Cardiotoxicity due to anthracycline treatment is clinically 

quantified by changes in ejection fraction 5.  The primary mechanism underlying anthracycline-

induced cardiomyopathy is cell death, both by activation of apoptotic pathways and necrosis 

mediated by topoisomerase-II in cardiomyocytes 8 9.  Generation of excess reactive oxygen 

species (ROS) by electron exchange with the anthracycline quinone moiety has been established 

for decades 5.  The ROS induce mitochondrial damage, release of cytochrome c and activation of 

caspases 9 and 3 leading to cellular deoxyribonucleic acid (DNA) fragmentation.   

 

Previously the exclusive domain of developmental biology, the zebrafish (Danio rerio) is now 

increasingly used as a vertebrate model to provide valuable insights into cardiovascular disease 
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10 11 12 and cancer 13.  Despite having only 1 atrium and 1 ventricle connected by 1 atrioventricular 

valve, the zebrafish electrocardiogram patterns are very similar to those observed in humans, 

with sequential atrial and ventricular depolarization and repolarization 14 15.  Importantly, zebrafish 

hearts have a complete regenerative capacity following injury which is deficient in humans 16 17 

which may pave the way for novel therapeutic pathways and approaches.  In zebrafish, 

regenerating myocardium electrically couples with uninjured myocardium 18.  Adult zebrafish 

provide a conserved vertebrate model for human cardiomyopathies to elucidate the 

cardioprotective effect of inhibiting target of rapamycin (TOR) signaling in response to doxorubicin 

(Doxo)-induced cardiotoxicity 19.  Embryonic zebrafish further enable visualization of myofibrillar 

microarchitecture as a model to study ErbB2 signaling, a component of the Notch pathway, in 

response to the breast cancer chemotherapy target HER2/NEU 20.   

 

4D (3D + time) imaging to recapitulate the zebrafish endocardium requires fast tissue scanning 

and high axial resolution.  For these reasons, we have developed in-house Light-Sheet 

Fluorescent Microscopy (LSFM), also known as Selective Plane Illumination Microscopy (SPIM), 

to capture the endocardial trabecular network.  We have further investigated the electrical and 

mechanical attributes of regenerating myocardium in adult zebrafish by utilizing 

microelectrocardiogram (μECG) and high-frequency ultrasonic transducers 21 22 23 24.  To assess 

ventricular function during repair, we synchronize μECG signals with an ultrasound pulsed-wave 

(PW) Doppler to interrogate cardiac hemodynamics 17. We further developed analysis of 

ventricular inflow tract Doppler signals to determine isovolumic contraction and relaxation times, 

ejection times and calculation of the myocardial performance index 25.   

 

In this context, we interface SPIM with high-frequency PW Doppler transducers to study the 3D 

architecture, electrical and mechanical coupling of Doxo-induced cardiac injury and repair.  We 

hypothesize that Doxo-induced cardiomyopathy develops ventricular remodeling, followed by 
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activation of Notch-mediated endocardial trabeculation to regain contractile function in an adult 

zebrafish model of heart regeneration.  

 

Imaging of zebrafish hearts in 3D with high spatial, temporal, and axial resolution by laser 

light-sheet microscopy 

One approach used in zebrafish systems relies on super-resolution microscopes known as light 

sheet microscopes or single plane illumination microscopy (SPIM) 26.  These provide a unique 

combination of capabilities, including high spatial and temporal resolution, high signal-to-noise-

ratio and low level of photobleaching 26.  Whereas initially used almost exclusively in transparent 

tissues, essentially zebrafish and fly embryos 27, the advent of chemical clearing techniques have 

allowed for the progressive adaptation of this powerful imaging tool to larger tissues and adult 

organisms 28 29 30.  The high-resolution images can visualize elements as small as 1 m, enabling 

precise determination of tissue, cellular and subcellular processes.  

 

Contrary to conventional wide-field and confocal microscopes which use the same lens for 

excitation of the fluorophore and collection of emitted fluorescence, these are separate events in 

light sheet microscopy where the detection lens is arranged at a 90° angle relative to the emission 

lens 28.  In addition, optical sectioning is obtained by placement of a pinhole in front of the intensity 

detector, permitting only the observed plane to be illuminated and excited, decreasing 

photobleaching, and in the case of live animal imaging, phototoxicity 28.  While fluorescence 

microscopy techniques have become increasingly developed in terms of resolution, speed and 

penetration, they remain limited to thin and transparent samples 31.  Current fluorescent imaging 

techniques are limited by their intrinsic depth penetration and z-resolution 32.  Images acquired by 

conventional microscopy techniques incur significant background noise due to out-of-focus 

illumination, and low axial resolution due to a large depth of field.  Confocal laser scanning 

microscopy uses a pin-hole to eliminate the out-of focus excitation to improve the axial resolution.  
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However, the dynamic range and penetration depth are significantly reduced due to ~95% 

blockage of fluorescence. 

 

To address these optical challenges, light sheet microscopy applies 2 separate sets of lenses for 

illumination and detection through its selective plane excitation (laser light sheets) and offers 

numerous optical advances to study anthracycline-induced cardiotoxicity:  1) deep axial 

resolution, 2) large dynamic range, 3) rapid data acquisition, 4) 3D organ structure reconstruction, 

and 5) reduced photobleaching.  In our light sheet microscopy setup, a low numerical aperture 

objective lens is combined with a cylindrical lens to generate a light sheet for scanning across the 

sample.  A stack of images is acquired by moving the sample in a stepwise fashion along the 

detection axis.  As a result, the z-axial resolution of the sample is dominated by the illumination 

side that will not be limited by the objective of the detection lens.  Furthermore, the low 

magnification lens allows for a large field of view and a wide dynamic range without compromising 

the axial resolution.  Thus, our light sheet fluorescent microscopy system introduces high-speed 

data acquisition in which thousands of images in different colors are acquired within a short period 

(< hours).  For these reasons, stacks of images can be recorded in a few seconds, allowing high 

repetition rates in time-lapse recording of live embryos.   

 

We optimized the benzyl alcohol–benzyl benzoate (BABB, also known as Murray’s clear) 33 optical 

clearing protocols.  Briefly, hearts will be placed in a phosphate buffered saline 1x solution to 

remove retained blood, paraformaldehyde 4% for fixation, agarose 1.5% for embedding, multiple 

ethanol steps for dehydration and BABB for lipid removal.  In optics, the refractive index is a 

dimensionless number describing how light propagates through a given medium.  As light exits a 

medium, it may also change its propagation direction, being bent (refracted) in proportion to the 

refractive index.  To prevent this phenomenon, we need to match as closely as possible the 

refractive indexes of the sample, surrounding media and tube.  In our case, BABB was used for 
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clearing, leading to a refractive index change of the tissue to that of BABB (index 1.51).  BABB 

will also be used as an immersion liquid and the sample placed in a special glass tube (index 

1.53) to match the refractive indexes.  This prevented refraction, and loss of fluorescent signal, 

from occurring.   

 

Following precise manual set-up with multiple verifications of the exact location of each crucial 

element of the laser imaging system, a fully automated image acquisition was implemented using 

a customized LabVIEW program.  To quantify changes in global myocardial volume, compact and 

trabeculated myocardium, we use Amira software (FEI Visualization Sciences Group) to 

reconstruct the 3D cardiac volume.   

 

Determining cardiac functional phenotypes in response to doxorubicin via high-frequency 

ultrasonic transducers 

We apply an ultrasound array imaging system with the use of pulsed wave (PW) Doppler, high-

frequency ultrasonic array 30 MHz transducers 21 34 35 to obtain ventricular inflow hemodynamics 

in zebrafish, similar to those obtained in humans in the Echocardiography lab.  To assess 

ventricular function in response to Doxo treatment, we synchronize micro-electrocardiogram 

(µECG) signals with high-frequency ultrasound pulsed-wave (PW) Doppler to interrogate cardiac 

hemodynamics.  The detection of µECG signals are performed via micro-needles customized to 

give free access to the array transducer.  For ECG acquisition, signals are amplified 10,000-fold 

(1700 Differential Amplifier, A-M Systems), and filtered between 0.1 and 500 Hz at a cut-off 

frequency of 60 Hz.  Wavelet transform and thresholding techniques is used to enhance signal-

to-noise ratios (Matlab, MathWorks) for the individual ECG recording as previously reported 22.  A 

trigger signal generated from the ultrasound system is sent to the ECG recording system to 

synchronize acquisitions.  µECG signals allow identification of PW Doppler signals of passive 

(early [E] wave velocity) and active ventricular filling (atrial [A] wave velocity) during diastole.  The 
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ratio of these 2 waves, the E/A ratio, allows determination of diastolic function.  Contrary to these 

measures which are dependent on the angle of the transducer beam with the flow of blood 36 

and hence prone to variability, measurement of various temporal segments of the cardiac cycle 

are independent of ultrasound signal angulation.  These measures – isovolumic contraction time 

(IVCT), ejection time (ET) across the bulboventricular valve and isovolumic relaxation time (IVRT) 

determine the myocardial performance index (MPI) as follows:  MPI = (IVCT + IVRT) / ET.  MPI 

constitutes an integrated measure of systolic and diastolic function, with increases in MPI values 

indicating a worsening of cardiac function.  Under the guidance of B-mode imaging, Doppler gate 

(window) is positioned downstream from the atrioventricular (AV) valve in the ventricular inflow 

region to interrogate inflow velocities.  The pulse repetition frequency (PRF) for PW Doppler is 

set to 9.5 kHz.  PW Doppler signals are recorded for the control and Doxo groups for ~3 seconds, 

and stored for further off-line analysis using Matlab 37.  

 

Notch signaling as a possible mechanism underlying myocardial repair in response to 

doxorubicin-mediated injury 

During development, the myocardium differentiates into 2 layers, an outer compact zone and an 

inner trabeculated zone.  Mutations in this genetic program result in congenital heart defects 38.  

Trabeculae form a network of branching outgrowths from the ventricular wall 39.  A significant 

reduction in trabeculation is usually associated with ventricular compact zone deficiencies (known 

as hypoplastic ventricle), whereas hypertrabeculation (non-compaction) is closely associated with 

left ventricular non-compaction 40.  Previous studies have revealed the critical role of Notch 

signaling in the proliferation and differentiation of cardiac trabeculation 38 41.  Hemodynamic shear 

stress, which is altered in the setting of cardiac remodeling observed in chemotherapy, induces 

endocardial stretch and strain during ventricular loading, which in turn is implicated in intracellular 

Notch signaling.  The Notch pathway mediates differentiation and proliferation of trabecular 

myocytes 40 41 42 43.    Mutations in Notch pathway regulator MIB1 (mindbomb homolog 1), which 
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encodes an E3 ubiquitin ligase to promote endocytosis of the Notch ligands Delta and Jagged, 

cause left ventricular non-compaction cardiomyopathy 44.  Notch activation by delta-like ligand 1 

(DLL1) or delta-like ligand 4 (DLL4) in the endocardial cell results in transcription of ephrin B2 

(EPHB2), which in turn regulates neuregulin (NRG1) 38.  As a secreted factor, NRG1 signals to 

adjacent cells to promote their differentiation into trabecular myocytes.  In a parallel pathway, 

Notch activity in the endocardium also activates bone morphogenetic protein 10 (BMP10) 

expression in the adjacent myocytes, promoting their proliferation 38.  In response to epi- or 

endocardial injury, Notch signaling regulates cardiomyocyte proliferation during zebrafish heart 

regeneration 45.  In this context, we sought to determine Notch signaling pathways underlying 

myocardial repair in response to Doxo treatment and to modulate these pathways using chemical 

inhibitors.  We hypothesize that Doxo-induced cardiomyopathy regains contractile function via 

Notch-mediated trabecular cardiomyocyte proliferation in a zebrafish model of heart regeneration.  

 

Invasive and non-invasive approaches to assess atherosclerotic vascular disease  

In addition to metabolic 46, environmental 47, microbiotal 48, and genetic 49 50 mechanisms at play, 

atherosclerosis is recognized as a chronic inflammatory disease involving both the innate and 

adaptive arms of immunity which modulate lesion initiation, progression, and potential late 

complications 51 52 53.  Thrombosis often complicates physical disruption of the protective collagen-

rich fibrous cap overlying the atheroma, exposing circulating clotting factors to pro-coagulants 

expressed within lesions as a result of inflammatory activation and initiation of the coagulation 

cascade and ensuing clinical symptoms 51 52.  Despite a broad array of available pharmacological 

and procedural interventions, atherosclerosis remains the leading cause of death and disability in 

the developed world 54.   

 

In this setting, considerable research and clinical efforts of preventive cardiovascular medicine 

have been geared towards identifying high-risk atherosclerotic plaques and high-risk patients 55 
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56.  To help address these challenges, we conducted studies both in a translational animal model 

of atherosclerosis 57 and in humans 58 59.  These studies detailed below involved the 

microfabrication of an electrochemical impedance spectroscopy sensor for intra-arterial 

deployment and underlying plaque characterization in vivo 57, the biomathematical modeling and 

determination of 18F-flurpiridaz positron emission tomography (PET) absolute myocardial blood 

flow quantitation in control subjects and patients with coronary artery disease 58, and the 

assessment of fractional flow reserve by computerized tomography (FFR-CT) based on 

computational fluid dynamics principles as a strategy to predict patients undergoing clinically 

indicated coronary revascularization procedures 59.   

 

Invasive electrochemical impedance spectroscopy to characterize atherosclerotic plaques 

Currently, fractional flow reserve, intravascular ultrasound or optical coherence tomography are 

limited to anatomic and hemodynamic characteristics of atherosclerotic plaques 60.  Despite the 

advent of computerized tomographic (CT) angiography, high resolution magnetic resonance 

imaging 61, intravascular ultrasound, near-infrared fluorescence 62, and time-resolved laser-

induced fluorescence spectroscopy 63, real-time interrogation of metabolically active, lipid-rich 

plaques remains an unmet clinical need.  Electrochemical impedance spectroscopy (EIS) 

measures charges stored in tissues by electrical impedance developed in response to applied 

alternating current.  EIS is the macroscopic representation of the electric field and current density 

distribution within the experimented samples.  Fat-free tissue is known to be a viable electrical 

conductor for its high water and electrolytes content.  However, fat tissue is anhydrous and thus, 

a poor conductor.  The high lipid content, including negatively charged active lipids such as 

oxidized low density lipoprotein (oxLDL) 64 and foam cells present in the plaque change the 

endoluminal electrochemical properties that can be measured by EIS 65 66 67.   
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We previously developed concentric bipolar microelectrode sensors (diameter = 300 µm) and 

introduced balloon-inflatable electrodes to measure EIS signals from non-homogeneous tissue 

composition, non-planar endoluminal surface, and non-uniform electric current distribution of the 

atherosclerotic lesions 68 69.  With our novel EIS design and microfabrication 57, we introduce a 2-

point configuration to avoid separate current paths and common-mode signals that confound 

measured data 70.  The 2-point configuration with flexible round electrodes (diameter = 240 µm) 

enables deep intraplaque penetration by alternating current, allowing for quantification of 

atherosclerotic plaques from the thoracic to distal abdominal aortas in the New Zealand White 

rabbit model.  We quantified and validated EIS signals both in vivo and ex vivo in relation to 

epicardial fat tissue, and recapitulated the frequency range from 10 – 300 kHz in which distinct 

capacitive and phase changes revealed low, intermediate and high oxLDL-rich lesions.  Thus, we 

demonstrate a new generation of balloon-inflatable 2-point microelectrodes as a reliable, safe and 

robust approach to complement diagnostic angiography 57.  Our findings provide a basis for future 

pre-clinical studies to determine the EIS sensor either as a stand-alone catheter or packaged with 

other modalities such as intravascular ultrasound 60.   

 

18F-flurpiridaz positron emission tomography for the absolute quantitation of myocardial 

blood flow 

The importance of absolute quantitation of myocardial blood flow (MBF) expressed as mL/min/g 

of myocardium, above and beyond relative perfusion imaging, has been well established and is 

progressively entering routine clinical practice 71 72 73.  13N-ammonia coronary flow reserve (CFR), 

expressed as the ratio of stress to rest MBF, increases diagnostic sensitivity 74 and has a strong 

association with prognosis 75 76.  82Rb-chloride MBF and CFR correctly detects 3-vessel CAD 77 

and predicts adverse cardiovascular events 78 beyond relative perfusion 79 80.  Most importantly, 

absolute quantitation of MBF with 82Rb-chloride is a strong and independent predictor of cardiac 
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mortality in patients with known or suspected CAD, providing incremental risk stratification over 

established clinical variables and relative perfusion 81.   

 

18F-flurpiridaz is a novel PET radiopharmaceutical with a half-life of 108 minutes and is a structural 

analog of the insecticide pyridaben, a known inhibitor of the mitochondrial complex-1 of the 

electron transport chain 82.  The first-pass extraction fraction of 18F-flurpiridaz by the myocardium 

is elevated – 94% – and flow-independent over a wide range of conditions 83, implying a linear 

relationship between uptake and MBF 84.  In comparison, 13N-ammonia has an extraction fraction 

of 82% at rest and 82Rb-chloride one of 42% with a significant roll-off phenomenon, i.e. low 

extraction at high flows 85. 

 

The elevated extraction fraction of 18F-flurpiridaz over a wide range of flow rates makes it an 

optimal candidate for absolute MBF quantitation.  We employed a quantitation method that utilizes 

the early kinetics of myocardial uptake of the tracer, taking advantage of the high first-pass 

extraction fraction 83 with no requirement for compartmental modeling as is the case for currently 

available PET tracers.  Our method depends only on the dynamic images of the first 90 seconds 

and is thus less sensitive to patient movement 58.  We applied this quantitative method to normal 

subjects with low likelihood of myocardial ischemia and CAD patients with stress-inducible 

myocardial ischemia, providing MBF data over a wide range of conditions 58.  In CAD patients, 

diseased vascular segments had significantly lower MBF in response to adenosine stress and 

thus a reduced CFR compared to controls.  Interestingly, CAD vascular segments with <50% 

stenosis exhibited stress MBF and CFR values between those from vascular segments with ≥50% 

stenosis and those from normal subjects.  Consistent with previous reports, this suggests that 

despite being labeled as angiographically non-significant, these territories are not normal and 

exhibit hemodynamic and metabolic abnormalities.  Previously suggested mechanisms include 

abnormalities of endothelium-dependent and/or smooth muscle cell-dependent vasomotion, with 
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these patients being at increased risk of future cardiovascular events 71.  Our first-in-human results 

create the foundation for future studies of MBF quantitation with 18F-flurpiridaz in larger 

populations and subgroups of interest, such as patients with metabolic abnormalities but clinically 

silent CAD.   

 

Fractional flow reserve by coronary computerized tomography angiography to determine 

the hemodynamic significance of coronary lesions non-invasively   

Coronary computed tomography angiography (CTA) is being used increasingly in patient care 

despite the highest standard ever set for adoption of a noninvasive imaging test for diagnosing 

coronary artery disease (CAD). Recent analyses from the SCOT-HEART (Scottish Computed 

Tomography of the HEART) trial, which randomized patients to standard of care with or without 

coronary CTA 86, demonstrated that following a coronary CTA, invasive angiograms are 

significantly more likely to show obstructive lesions, and appropriate therapy to be initiated, 

associated with halving of myocardial infarction occurrence 87. Combined with the recent 

PROMISE (Prospective Multicenter Imaging Study for Evaluation of Chest Pain) trial 88, these 

data support this expanding role for coronary CTA in CAD management 89. Furthermore, coronary 

CTA may be used to monitor coronary plaque progression 90 91 and has an increasing role in 

patients with acute chest pain 92 presenting to the emergency department 93. These studies and 

others have fueled the proposal that coronary CTA is a highly competitive or superior modality as 

a gatekeeper to invasive angiography 94 95. 

 

Complementing this role of coronary CTA, considerable effort has been devoted to assess the 

physiologic significance of stenosis burden by different CT-based approaches, of which fractional 

flow reserve CT (FFR-CT) is the most rigorously studied 96 97 98 99.  FFR-CT computation is based 

on calculations of coronary flow and pressure fields from anatomic data, in particular construction 

of an anatomic model of the coronary arteries, a mathematical model of coronary physiology to 
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derive boundary conditions representing cardiac output, aortic pressure, microcirculatory 

resistance, and their combination with fluid dynamics principles which relate to conservation of 

mass and balance of momentum 100 101.   

 

We determined baseline FFR-CT values in patients undergoing coronary revascularization and 

those treated with optimal medical therapy, establishing significant differences in median values 

(0.70 vs. 0.86, respectively) 59.  A comparison of accepted and routinely used clinical significance 

cutoffs of FFR-CT ≤ 0.80 and coronary CTA stenosis ≥ 70% highlighted important different 

behaviors of these 2 tests.  Indeed, a coronary CTA approach had a significant positive predictive 

value and positive likelihood ratio, indicating that in the presence of an angiographically significant 

stenosis, the odds of having a downstream revascularization were high, reflecting the ability of 

coronary CTA to identify high-risk patients.  In contrast, an FFR-CT approach had a significant 

negative predictive value and negative likelihood ratio, supporting the hypothesis that in the 

presence of a hemodynamically insignificant FFR-CT value > 0.80, the odds of having 

downstream revascularization were low, thereby reflecting the ability of FFR-CT to exclude high-

risk patients.  Our results suggest that coronary CTA combined with FFR-CT allows individual 

patient-level, artery-specific decision making, thereby enhancing the gatekeeping function of 

coronary CTA and increasing the diagnostic and therapeutic yield of invasive coronary 

angiography.   
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ABSTRACT 

Light Sheet Fluorescence Microscopy (LSFM) enables multi-dimensional and multi-scale imaging 

via illuminating specimens with a separate thin sheet of laser.  It allows rapid plane illumination 

for reduced photo-damage and superior axial resolution and contrast.  We hereby demonstrate 

cardiac LSFM (c-LSFM) imaging to assess the functional architecture of zebrafish embryos with 

a retrospective cardiac synchronization algorithm for four-dimensional reconstruction (3-D space 

+ time).  By combining our approach with tissue clearing techniques, we reveal the entire cardiac 

structures and hypertrabeculation of adult zebrafish hearts in response to doxorubicin treatment.  

By integrating the resolution enhancement technique with c-LSFM to increase the resolving power 

under a large field-of-view, we demonstrate the use of low power objective to resolve the entire 

architecture of large-scale neonatal mouse hearts, revealing the helical orientation of individual 

myocardial fibers.  Therefore, our c-LSFM imaging approach provides multi-scale visualization of 

architecture and function to drive cardiovascular research with translational implication in 

congenital heart diseases. 
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INTRODUCTION 

The advent of three-dimensional imaging of biological organisms and tissues provides a paradigm 

shift to interface optical imaging with cardiovascular research.  Unraveling cardiac 

morphogenesis, regeneration, differentiation and proliferation require deep tissue penetration to 

visualize the dynamic events with high spatiotemporal and depth resolution.  While modern light 

microscopy techniques, such as wide-field microscopy and confocal scanning microscopy, have 

enabled spatial resolution to image intracellular organelles, insufficient axial resolution and 

noticeable photo-damage remain a challenge.  The 3-D post-imaging reconstruction and stitching 

for large sample size renders the imaging processes laborious and prolonged1-3.  The advent of 

Optical Coherence Tomography (OCT) and Optical Projection Tomography (OPT) has enabled 

3-D and non-invasive imaging of large specimens.  OCT allows imaging of living samples by light 

sectioning through coherence4,5 and OPT operates on a similar principle with X-ray computed 

tomography to image chick embryos with intermediate sizes at high resolution.  However, OCT is 

limited from fluorescent imaging due to the lack of coherence, and OPT is limited by its spatial 

resolution and recording rate6.  Recently, the use of micro-Computed Tomography (CT) with 

intrinsic resolution limit (15-45 m) has provided high spatial and temporal resolution for imaging 

newborn (<3.5 mm) and fetal mouse hearts (<2 mm) with routine operation (<35 min) for 

congenital heart disease7.  In addition, micro–Magnetic Resonance Image (MRI) has allowed for 

live imaging of mouse brain with high spatial resolution (30x30x60 m) and compatible scanning 

acquisition time (<45 min)8.  Both micro-CT and micro–MRI are limited from tracking the 

fluorescently labeled live zebrafish and neonatal hearts for cardiac development, injury and repair.  

In this context, Light Sheet Fluorescence Microscopy is an emerging imaging modality for multi-

dimensional, -scale, and -channel visualization of cardiac architecture and physiology 

accompanied by rapid and precise tracking of multi-fluorescently labeled intracellular, cellular or 

tissue components from several microns to millimeters9-11.  
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Light Sheet Fluorescence Microscopy (LSFM) has allowed for high speed, precise tracking of 

multi-fluorescently labeled cells or tissues of interests within a complex and dynamic 

cardiovascular environment10,11.  Unlike conventional wide-field and laser scanning microscopy, 

LSFM applies two separate optical paths for plane illumination and fluorescence detection.  

Instead of wide-field excitation or point scanning in which the excitation path is parallel to the 

detection path, LSFM selectively illuminates an ultra-thin plane of the sample via a sheet of light 

orthogonal to the detection path.  By providing sharp and in-focus excitation along the axial 

direction, LSFM reduces the photon burden to the sample, enhances the image contrast via 

eliminating out-of-focus contamination, and improves the axial resolution under a large field-of-

view.  With its numerous structure variants, including Selective Plane Illumination Microscopy 

(SPIM), Multidirectional SPIM (m-SPIM), Digitally Scanned Light Sheet Microscopy (DSLM), 

Objective-Coupled Planar Microscopy (OCPI), Oblique Plane Microscope (OPM), and Bessel-

Beam-based Light Sheet Microscopy, being widely developed in recent years, LSFM is on the 

verge of becoming a predominant visualization technique for a broad range of life science 

research12-16.  Ahrens et al. demonstrated functional imaging of neurons at nearly one-second 

resolution17.  Schmid et al. further measured endothelial cell migration patterns and tissue 

remodeling in the early endoderm18.  LSFM is uniquely powerful for multi-scale imaging to unravel 

developmental milestones over a dynamic range of length and time scales.  

 

Here, we developed a cardiac LSFM (c-LSFM) system to image various cardiac architectures 

ranging from hundreds of microns to several millimeters.  To image rapid cardiac contraction from 

a large region-of-interest (ROI), we integrated several optimization algorithms with the c-LSFM 

system to enhance temporal and spatial resolution.  When imaging a contracting embryonic 

zebrafish heart, the 2-D plane images obtained from the conventional LSFM significantly 

improved demarcation of the cardiac boarders for computational fluid dynamics and myocardial 

strain studying.  However, we further enhanced the temporal resolution to reconstruct the rapidly 
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contracting 4-D embryonic zebrafish hearts (3-D spatial and time domain) by integrating a 

retrospective gating algorithm with the c-LSFM system.  Next, we introduced a resolution-

enhancement technique to offset the decreased spatial resolution from the low numerical aperture 

(N.A.) and low magnification of the detection lenses; thereby, allowing for imaging macro-scale 

neonatal mouse hearts with high spatial resolution under a large field-of-view (FOV).  We further 

achieved cellular resolution to uncover the helical orientation of individual myocardial fibers, as 

well as the bi- and tri-cuspid valves, muscular ridges and trabecular network.  In this context, we 

have built on the established SPIM principle for tunable c-LSFM imaging to uncover cardiac 

architecture, development and remodeling otherwise challenging with existing imaging modalities.  

We introduced a widely tunable c-LSFM system for high-speed, large-FOV, and long-term multi-

scale imaging ranging from zebrafish model to the higher vertebrate with translational implication 

to studying congenital heart diseases in the mouse models.  
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METHODS 

Ethics statement 

Zebrafish and mice were maintained in accordance with UCLA Institutional Animal Care and 

Use Committee (IACUC) protocols, under a project license also approved by the UCLA IACUC. 

 

Preparation of the Transgenic and Mutant Zebrafish Lines 

In compliance with the UCLA IACUC protocols, transgenic Tg(cmlc2:gfp) lines were raised in the 

UCLA Zebrafish Core facility.  Cmlc2 is expressed with gfp, and is cardiomyocyte-specific32.  To 

maintain optical clearance of the embryos, the medium was supplemented with 0.003% 

phenylthiourea (PTU) to suppress pigmentation at 20 hpf33.  Tg(cmlc2:gfp) embryos were 

anesthetized in 0.05% tricaine34,35 and immersed in 0.5 % low-melt agarose at 37oC from 50 to 

100 hpf.  This procedure allowed for imaging myocardial movement prior to agarose solidification.  

The embryos immersed in low-melt agarose were transferred to a fluorinated ethylene propylene 

(FEP) tube (Refractive Index (RI): ~1.33) to provide optical clarity for fluorescence detection.  The 

FEP tube was immersed in a water chamber (water RI: ~1.33) connected to the LSFM system.  

The samples were allowed to rotate in the x-y-z directions via an automated device. 

 

Doxorubicin (DOX) Treatment to Adult Zebrafish Hearts 

Transgenic zebrafish Tg(cmlc2:GFP) lines with gpf-labeled cardiac myosin light chain were used 

to allow visualization of the 3-D cardiac structural reorganization in response to DOX, an 

anthracycline agent of chemotherapy.  The aforementioned optical clearing technique enabled 

the gfp signal to remain unquenched.  Adult fish following DOX injection were imaged by LSFM 

at 30 days following injection.  Images were analyzed using ImageJ and Amira softwares, allowing 

delineation of the volumes of interest. 

 

Murine heart preparation 
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In compliance with the UCLA IACUC protocols, αMHCCre (B6.FVB-Tg(Myh6-cre)2182Mds/J) and 

TdTomato (B6;129S6-Gt(ROSA)26Sortm9(CAG-tdTomato)Hze/J) mice were obtained from the Jackson 

laboratory (ME, USA).  To readily identify cardiomyocytes based on intrinsically expressed 

fluorescent proteins, we generated a double transgenic mouse model (αMHCCre;TdTomato) in 

which cardiomyocytes were indelibly marked by TdTomato.  Hearts were harvested from one to 

three days old αMHCCre;TdTomato mice.  Prior to extraction, hearts were stopped in diastole by 

injection of KCl (3M) followed by washing with 1X PBS.  The tissue was subsequently fixed in 4% 

paraformaldehyde for 2 hours, followed by three washes with 1X PBS. 

 

Optical Clearing of Myocardium 

The agarose gel containing the heart samples (adult zebrafish heart or neo-natal mouse hearts) 

was dehydrated by immersing the gel into 40, 60, 80 and 100% ethanol at room temperature, for 

10 to 30 minutes sequentially.  Next, the agarose gel with the samples was immersed into a BABB 

solution (1:2 benzyl alcohol:benzyl benzoate) for 30 to 120 minutes, to remove the lipid 

components from the cell membranes and replace them with BABB solution.  Then the refractive 

index of chemically treated tissue was perfectly matched with that of BABB (RI ~1.51).  The optical 

clearing greatly reduced scattering from thick cardiac tissues and enabled light transmission 

through the entire transparent heart. 

 

4-D Imaging of Embryonic Zebrafish Hearts  

We incorporated post-computation with c-LSFM to study the cardiac mechanics of live embryonic 

zebrafish hearts.  Living Tg(cmlc:gfp) fish embryos were selected for 4-D visualization of cmlc-

labeled myocardium.  As the light-sheet sectioned a thin layer of the beating heart at a certain z 

depth, the sCMOS camera (Hamamatsu ORCA flash 4.0) continuously recorded the dynamic 

plane images of this layer (depth) for 4 to 5 cardiac cycles at a high frame rate of ~ 100 fps.  Every 

300 frames were acquired from each z layer in response to the relatively fast heart rate (~2 bps) 
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of zebrafish embryos.  We reiterated this process for each z layer till the light-sheet scanned 

through the entire heart36.  A retrospective synchronization algorithm was applied to the non-gated 

LSFM dataset, followed by computational synchronization of the cardiac cycles at different z 

layers10,36.  Finally, we sequentially reconstructed the multiple 3-D structures from systole to 

diastole during a cardiac cycle to generate a “3-D beating heart” in both spatial and time domains 

(Fig. S5, S7). 

 

There are four sequentially executed image processing steps to reconstruct the zebrafish beating 

heart.  These are period determination, relative shift determination, absolute shift determination 

and post-processing.  First, period determination is designed to estimate an accurate heart rate.  

In short, we iterate through a set of estimated period hypotheses, and back-project all samples 

into the first period with respect to the hypotheses.  By comparing the samples at the same spatial 

location, we evaluate each of the period hypotheses.  The best hypotheses will be selected 

accordingly.  Second, relative shift determination aimed at aligning the starting sample of each 

individual image sequences.  Starting from a number of relative shift hypotheses, we adopted a 

quadratic cost function to measure the alignment.  By maximizing the alignment, we select the 

best possible relative shift for each image sequence with respect to the other sequences.  Third, 

absolute shift determination targeted to obtain the absolute shift of each individual image 

sequence with respect to the first sequence.  We use the relative shift result, and calculate a 

weighted averaged shift for each slice respectively.  Finally, we post-process the images by 

resampling each image sequence with respect to period, truncate image sequence to align the 

starting sample, and remove noise. 

 

Confocal Microscopy 
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Zeiss LSM 5 PASCAL was used to compare the image resolution and acquisition speed against 

c-LSFM.  After clearing 120dpf zebrafish heart, we placed it on a coverslip and imaged with a 

10X/0.3 air objective lens. 

 

Quantification of Cardiac Mechanics  

To assess changes in ventricular function during cardiac development, volumetric dimension 

throughout the cardiac cycle was acquired by LSFM at 100 hpf using a sCMOS camera.  Captured 

images were used for segmentation to create a 2-D moving boundary with 600 nodes37.  The 

nodes were guided to provide cardiac wall motion as previously described37.  Matlab (Mathworks, 

Natick, MA, USA) was used to calculate the global longitudinal strain rates based on changes in 

displacement (ܦ) between two time frames38.  

 

                                            Strain rate =
ௗ஽

ௗ௧
≈

஽మି஽భ

௧௜௠௘ ௦௧௘௣
 ,                

 
where D1 denotes the early stage and D2 the later stage at a time-step of 0.05 seconds.  Based 

on LSFM images coupled with non-gated 4-D synchronization computational algorithm10,36, 

changes in end systolic (ESV) and end diastolic volume (EDV) were determined by the Amira 

imaging software (FEI software, Hillsboro, OR)38. 
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RESULTS 

Implementation of Cardiac Light-Sheet Fluorescence Microscopy (c-LSFM)  

The workflow of c-LSFM was characterized by the orthogonal optical paths and multi-dimensional 

reconstruction of multi-scale cardiac structures with high resolution (Fig. 1).  The optical setting 

is based on Selective Plane Illumination Microscopy (SPIM)19.  In the plane illumination path, the 

combination of a cylindrical lens together with an objective line focused the collimated beam into 

a hyperbolic light sheet with tunable parameters for illuminating cardiac structures (Fig. 1a).  The 

orthogonal detection path collected the correspondingly excited fluorescence signals under 

various magnifications ranging from 2X to 20X.  To cater the need of frequent switch of detection 

objectives for various sizes of cardiac samples, we use the long working distance air detection 

objective combined with post resolution enhancement to replace the water sealing design in 

original SPIM and improve the convenience of operation.  When the heart scanned through the 

light sheet along the z direction, the sCMOS camera (Hamamatsu, ORCA flash 4.0) located at 

the terminal end of the detection path simultaneously recorded a stack of 2-D plane images along 

different z depths (Fig. 1b).  At each z depth, only the thinly illuminated plane emitted 

fluorescence; thus, the captured frames were free of out-of-focus excitation and had high axial 

resolution.  The plane illumination mode and high-frame rate of sCMOS camera allowed 

completion of the entire 3-D scanning and data acquisition within a few minutes.  While the single 

view scanning was commonly applied for the vast majority of our cardiac specimens, multiple 

view scanning was an alternative to image the high-scattering cardiac tissues.  The multi-view 

fusion technique restored the entire cardiac architecture from the computationally acquired multi-

view dataset20.  Finally, a spline interpolation and an iterative 3-D deconvolution were 

subsequently applied to the reconstructed image stack to compensate for the under-sampling of 

camera and remove the image blurs (Fig. 1c, d).  As a result, a 3-D “digital heart” was 

reconstructed in the last step to provide visualized output with high spatiotemporal resolution and 

high dynamic range. 
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Calibration of light-sheets for multi-scale imaging  

In our c-LSFM system, the light-sheet profile was widely tunable for multiple-scale cardiac 

samples.  Typically, three light-sheet configurations were generated to illuminate the embryonic 

zebrafish heart (100-150 m), adult zebrafish heart (500-1500 m), and neo-natal mouse heart 

(3000-5000 m) (Fig. 2a).  To provide a uniform plane illumination across the entire sample, the 

confocal region of the light sheet was finely tuned to cover the sample’s transverse dimension 

(Fig. 2b, S1).  Within a certain size of lateral confocal region, the axial extent of axial resolution 

of the light sheet was also determined by the property of Gaussian beam (Fig. 2a).  To 

characterize the generated light sheets, we used a monochrome CCD profiler to sequentially 

acquire the projections of the light sheets along their propagation.  The extent of axial projection 

was directly imaged at the waist of the light sheet by the profiler, and the confocal range was 

further reconstructed by stacking the projections.  The thickness of the light sheet, defined as the 

axial full width at half maximum (FWHM) value of the beam waist, was measured at ~5 μm for the 

embryonic zebrafish heart (i), ~9 μm for the adult zebrafish heart (ii), and ~ 18 μm for the neo-

natal mouse heart (iii) (Fig. 2a).  The lateral confocal ranges with respect to these three axial 

extents were profiled (Fig. 2b, i - iii).  The detection objectives were 20X/0.5 for the embryonic 

zebrafish heart, 10X/0.3 for the adult zebrafish heart, and 4X/0.13 for the neonatal mouse heart 

to capture the full region-of-interest (ROI).  Once the thickness of the light-sheet for excitation and 

the objective lens for detection were determined, we obtained the lateral and axial resolution for 

each configuration by measuring the point spread function (PSF).  We imaged the fluorescent 

point source (polystyrene beads, average size ~400 nm) by applying the aforementioned 3 light-

sheet configurations, and demonstrated the lateral and axial resolution of the c-LSFM system for 

the individual configurations by measuring the FWHMs from x-y, x-z, and y-z plane images (Fig. 

2c).  Under the macro configuration, we further compared the results before and after the 
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resolution enhancement was applied (Fig. 2c, III and IV).  The resolved FWHMs of the point 

source were reduced from ~4.5 m to ~2m laterally and from ~18m to ~10m axially. 

 

Functional analyses of zebrafish embryos 

The global longitudinal strain rate is defined as the shortening of a defined global longitudinal 

length over time.  We measured the strain rates at 100 hours post fertilization (hpf) over the 

cardiac cycle period (Fig. 3a).  We applied high frame-rate acquisition and acquired multiple 

image sequences to improve the spatial and temporal resolution in response to variable cardiac 

cycles10.  The 4-D synchronized LSFM post-image processing allowed analysis of the 

instantaneous changes in ventricular volume in living zebrafish embryos in the x-y, y-z, and x-z 

planes (Fig. 3b, S2), from which we quantified the mean stroke volume (4.1 x 105 m3) and 

ejection fraction (74.5%) (Table S1).  At 100 hpf, we revealed the prominent trabecular network 

that provides oxygenation and nutrition to the myocardium to enhance cardiac contractile 

function21. 

 

Doxorubicin-induced cardiac injury in adult zebrafish 

By integrating tissue clearing technique with c-LSFM, we were able to implement rapid 3-D 

imaging of the intact adult zebrafish hearts without cryostat sectioning.  The fast BABB (1:2 benzyl 

alcohol:benzyl benzoate mixture) clearing technique rendered the entire hearts translucent with 

preservation of the fluorescently-labeled tissues of interest.  The combination of sustained 

fluorescent signal from the transgenic Tg(cmlc:gfp) green fluorescent protein–labeled 

cardiomyocyte light-chain (cmlc) and the high detection efficiency of the c-LSFM system allowed 

for rapid light-sheet scanning of the entire hearts within 1 minute, followed by high resolution 3-D 

reconstruction using Amira visualization software.  We demonstrated the coronal, sagittal, and 

transverse plane images of a wild-type heart at 120 days post fertilization (dpf), revealing the 
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trabecular network and atrioventricular valve (AV) (Fig. 4a).  The volumetric rendering of the heart 

was achieved by stacking 500 z-slices together, allowing for 3-D visualization and quantification 

of functional phenotypes from various image views (Fig. 4a).  Prior to doxorubicin (DOX) injection, 

the trabecular network appeared compact in association with a small ventricular cavity.  Following 

chemotherapy injection at 90 dpf, adult zebrafish developed an accentuated trabecular network 

and an enlarged ventricle at 120 dpf in comparison with the wild-type (Fig. 4b).  We further 

validated these findings by quantifying the occupancy ratio of the myocardium to the entire heart 

as ~65% in wild-type fish versus ~52% in DOX-injected fish (Fig. 4c).  As a corollary, the volume 

ratio of the ventricle cavity was ~27% versus ~41% (Fig. 4d).  These findings suggest that the c-

LSFM system unravels hypertrabeculation as a new phenomenon of myocardial response to 

injury and repair. 

 

Cardiac LSFM (c-LSFM) to image neonatal mouse architecture  

We further calibrated the light-sheet configuration to image the neonatal mouse heart with a size 

in the range of several millimeters.  A 15 μm light-sheet sectioning plus a 4X/0.13 detection lens 

were applied to image the entire sample with a large FOV.  By stacking the recorded z slices into 

a volume (600 slices with 6 μm in the step size), we demonstrated the reconstructed sagittal and 

transverse planes, as well as the original coronal planes, to reveal the 4-chamber cardiac 

structures (Fig. 5a).  The volumetric renderings of the reconstructed “digital heart” further revealed 

the 3-D morphology with high axial and spatial resolution.  By cropping and rotating the 3-D heart, 

we highlighted the bicuspid, tricuspid, and pulmonic valves, the trabecular network in the atrial 

appendages, as well as the myocardial fiber orientation (Fig. 5b, c). 

 

However, the space-bandwidth product of our c-LSFM system was limited by the use of a low 

power objective lens (4X/0.13) and relatively raw voxel sampling under large FOV (1.625 x 1.625 

x 8 μm in case of normal sampling).  Thus, the lateral and axial resolution prior to post-imaging 
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processing appeared insufficient to resolve the cellular details, such as a single myocardial fiber 

under a large FOV.  For this reason, we implemented deep over-scanning of the sample and 

applied a resolution enhancement processing based on the over-scanned data to increase the 

space band-width product.  First, to reduce the information loss from under-sampling as much as 

possible, we ran an over-scanning of 3 μm step size (being 6 times smaller than the light sheet 

thickness) in the axial direction during image acquisition and scaled up the obtained 3-D image 3 

times at lateral direction using b-spline interpolation.  Then, we deconvolved the pre-processed 

3-D image with measured 3-D point-spread-function of the optical system (interpolated to the 

same voxel spacing with the image data), to further recover the image from blurring and 

substantially enhance the resolution.  The iterative 3-D deconvolution conducted in this work was 

run on the open source ImageJ platform using its “parallel iterative deconvolution” plugin, “3-D 

iterative deconvolution” module.  We selected the MRNSD (Modified Residual Norm Steepest 

Descent) or WPL (Wiener Filter Preconditioned Landweber) option, which are both non-negatively 

constrained algorithms, with appropriate preconditioning parameters to solve the final resolution-

enhanced output (Fig. S3).  During computation, we set the max number of iteration (e.g., 50) 

and mean delta threshold (e.g., 0.01) to determine the convergence.  In most cases, the 3-D 

deconvolution could be completed within 20 iterations and generated the final deblurred output.  

In Fig. 6c, the top panels (i) show the raw c-LSFM imaging with blurred cellular structure.  The 

middle panels reveal enhanced resolution to map the cardiac architecture at the cellular 

resolution.  Upon zooming into the left ventricular wall, the volumetric rendering unraveled the 

myocardial fibers with diameter < 10 μm.  In the lower panels, images illuminated by the 9 μm 

light-sheet and detected by the 10X/0.3 objective lens were compared with the upper and middle 

panels.  This comparison demonstrated the super-resolved cardiac architecture with the use of a 

lower magnification lens to achieve a resolving power superior to those of higher magnification.  

We further demonstrated this enhanced imaging capability to reveal the distinct helical orientation 

of cardiomyocyte fibers in the ventricular and septal walls, as well as the muscular ridges and 
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trabeculation in the left atrial appendage (Fig. 6).  Overall, by integrating our c-LSFM with 

resolution-enhancement computation, we decoupled limited resolution from the large FOV and 

achieved cellular resolving power over a meso-scale specimen. 
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DISCUSSION 

The main contribution of our in-house c-LSFM system lies in its multi-scale and rapid cardiac 

imaging with high axial and temporal resolution to uncover cardiac developmental structures in 

both zebrafish embryos and neonatal mice as well as revealing ventricular changes in response 

to chemotherapy-induced cardiotoxicity.  The application of optical clearing of the adult cardiac 

samples for c-LSFM, followed by the post-enhancement algorithms, revealed 3-D 

hypertrabeculation in response to doxorubicin-induced injury in zebrafish hearts (hundreds of 

microns) and valvular structures and helical orientation of cardiomyocyte fibers in the ventricular 

walls of the neonatal mouse hearts (a few millimeters) (Fig. S4).  We quantified the time-

dependent contractile function of zebrafish embryos at 100 hpf.  We visualized the neonatal 

cardiac architecture by using a low power magnification to resolve cellular structures otherwise 

challenging with existing micro-CT imaging modalities7.  We distinguished bicuspid from tricuspid 

valves, and unraveled trabecular networks; thereby, providing anatomical, functional, and 

pathophysiological phenotypes to drive the future investigation of cardiac injury, repair, and 

development. 

 

Unlike the conventional Selective Plane Illumination Microscopy (SPIM), our c-LSFM system was 

designed to accommodate multi-scale cardiac samples22,23.  SPIM requires the illumination and 

detection lenses being sealed into a water chamber in which the samples are in close alignment 

with a short working distance; whereas our c-LSFM system applies a long working distance and 

non-water dipping objectives.  In addition, the large working space allows for scanning of entire 

macro-size samples, and the integration of the resolution enhancement technique decouples the 

requirements for high numerical aperture (N.A.), water-dipping objectives for high resolution, and 

the large space-bandwidth product.  Moreover, avoiding the need to seal the objectives in the 

water chamber enables frequent changes of objectives for various sample conditions and 
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dimensions.  Based on the optical principle of SPIM, we have developed a tunable c-LSFM system 

for multi-scale and rapid cardiac light-sheet imaging. 

 

When imaging a large sized cardiac structure, such as the neonate mouse heart, the raw LSFM 

data obtained under a low magnification and a large field-of-view setting were subject to 

significant image blurring caused by (1) limited optical power (the small N.A. of the detection 

objective and thick illuminating light-sheet), and (2) insufficient digital readout (under-sampling 

from the camera).  This image blurring generated an unsatisfactory resolution to distinguish the 

fine cellular structures.  To address this issue, we implemented a step-by-step image processing 

to recover the 3-D sacrificed spatial resolution over the entire volume-of-view.  To reduce the 

information loss from under-sampling, we performed 4 to 8 times over-scanning (the step size is 

4-8 times smaller than the light-sheet thickness) along the axial direction during image acquisition, 

followed by scaling up the obtained 3-D image by 2- to 4-times at lateral direction using b-spline 

interpolation.  To further de-blur the image and to substantially enhance the resolution, we 

deconvolved the pre-processed 3-D image with the measured 3-D point-spread-function of the 

optical system (that was interpolated to the same voxel spacing with the image data).  The iterative 

3-D deconvolution was run on the ImageJ platform using its “parallel iterative deconvolution” 

plugin, and “3-D iterative deconvolution” module.  We chose the MRNSD (Modified Residual Norm 

Steepest Descent) or WPL (Wiener Filter Preconditioned Landweber) option, both of which are 

non-negatively constrained algorithms, with appropriate preconditioning parameters to solve the 

final resolution-enhanced output.  During computation, we set the max number of iteration (e.g., 

50) and mean delta threshold (e.g., 0.01) to determine the convergence.  In most cases, the 3-D 

deconvolution could be completed within 20 iterations.  We further provided image dataset prior 

to and post 4-D synchronization algorithm.  Prior to synchronization, image dataset from Z1, Z2 

Z3, and Z4 at same time point are in a different cardiac cycle.  However, post 4-D synchronization, 

Z1, Z2 Z3, and Z4 are synchronized at same time point (Fig. S5).  Therefore, 3-D images at each 
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time point permitted analysis of cardiac mechanics based on time-dependent volume changes 

(Table S1). 

 

While the 4-D synchronized beating zebrafish heart was reported (Mickoleit, et al. "High-resolution 

reconstruction of the beating zebrafish heart." Nature Methods (2014)), we performed additional 

4-D functional analysis of cardiac mechanics by time-dependent 3-D volume change based on 

our resolution enhancement algorithm; thereby, uncovering 4-D in vivo physiological parameters, 

including end-diastolic volume, end-systolic volume, stoke volume, ventricular ejection fraction, 

heart rate, and cardiac output.  We have added the detailed analyses of cardiac mechanics 

derived from c-LSFM imaging in Table S1. 

 

In addition, we applied retrospective synchronization algorithms and resolution-enhancement 

post-processing to the raw c-LSFM datasets to enhance spatial and temporal resolution.  Our c-

LSFM system is capable of capturing the beating embryonic zebrafish (3-D space + time) and 

meso-scale neonate mouse hearts.  While the current cardiac cycle synchronization and spatial 

resolution enhancement algorithms were separately implemented to the beating and isolated 

hearts, we anticipate further resolution enhancement in 4-D images by fusion of these two 

algorithms in future investigations. 

 

Unlike the transparent zebrafish embryos, light-sheet imaging of adult zebrafish and neonatal 

mouse hearts entails significant light scattering due to large size and non-homogeneous samples.  

The current approach to visualize completely opaque hearts is to perform cryostat sectioning, 

followed by confocal scanning which necessitates manual and precise sectioning of the samples.  

The sectioned slices need to be placed on microscopy glass slides for individual imaging over 

several hours of neonatal mouse samples, and the individually acquired images need to be 

‘stitched’ together.  In this context, the use of confocal microscopy is theoretically feasible to 
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generate 3-D and high-resolution architecture; however, the sample preparation, acquisition time, 

and data processing warrant a rapid and multi-scale light-sheet strategy for both living embryos 

and large-sized samples.  Without sectioning mid-size samples such as the 120 dpf adult 

zebrafish heart, c-LSFM provides superior axial resolution on visualizing the cardiac trabecular 

network that is not able to be clearly discerned by confocal axially (Fig. S6).  Besides the 

advantage of better axial resolution for imaging large samples, c-LSFM further shows outstanding 

acquisition speed advantages of plane illumination over confocal’s point scan.  In our control 

experiment, the acquisition rate of c-LSFM is ~209 mega pixels per second (8 s for 

2048*2048*400 volumetric image) versus 0.19 mega pixels per second of confocal (1800 s for 

1024*1024*322 volumetric image).  Along with the high scanning speed, the c-LSFM also has 

high fluorescence detection efficiency which is over 90%, due to its wide-field detection.  In 

contrast, confocal blocks most of the excited fluorescence for out-of-focus planes (95-97% under 

1 Airy unit) and thus has a very poor detection efficiency as well as higher rate of photo-bleaching.  

 

We have further minimized optical scattering which commonly occurs in myocardial imaging.  In 

addition to applying tissue clearing, we performed rapid plane-by-plane scanning to attenuate 

photo-bleaching.  Following pre-processing and re-construction with both image analysis software 

and our post-processing algorithms, the acquired series of virtual sections (as opposed to the 

manually sectioned heart slices by the confocal approach) have allowed for precise 3-D re-

construction of the cardiac structures.  In particular, internal anatomic cardiac structures, such as 

valves and trabeculation, are clearly visualized.  Similar to the fluorescence microscopy 

techniques, sub-cellular organelles of interest may be labeled prior to sacrificing the animals (e.g. 

transgenic zebrafish lines with green fluorescent protein-labeled cmlc) or may be targeted by 

fluorophore-labeled antibodies to specific epitopes.  Intrinsically occurring auto-fluorescence from 

elastin and/or collagen as well as NADPH (nicotinamide adenine dinucleotide phosphate) in 

cardiomyocytes may bypass the need for fluorescent labeling.  Despite optical clearing with 
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BABB, streaking artifacts can remain from local absorption or scattering of the non-homogeneous 

sample (Fig. 5a).  The streaking artifacts can be eliminated by incorporating bilateral even plane 

illumination to engender a thinner pivoting light sheet24.  Thus, our c-LSFM is capable of 

performing optical sectioning in an intact heart for 3-D visualization and analysis of a structure of 

interest from various views.  

 

Adaptive optics may be considered to enhance our c-LSFM system.  Adaptive optics was first 

derived from Astronomy to rectify the light paths that are scattered by the atmosphere into a clear 

image, and has been widely used in biological imaging for recovering the signals from severely 

scattered tissues.  Several techniques, such as Optical Phase Conjugation, Digital Optical Phase 

Conjugation, Wavefront Reversion, have been invented to refocus the scattered light for deep 

tissue penetration.  The adaptive optics is designed to address the turbid medium in which the 

vast majority of components are beyond the ballistic regime.  In our work, the zebrafish embryo 

heart is highly transparent without significant scattering observed.  Both the adult zebrafish and 

neonatal mouse hearts are opaque.  To visualize ultra-structures such as valves and trabecular 

formation, we chemically cleared the heart samples, rendering them transparent for laser 

penetration into the entire tissue and for fluorescent signal collection without scattering.  Thus, 

our focus is to establish the application of LSFM for visualizing both anatomy and 

function/physiology of transparent and scattering-free cardiac samples with high spatial-temporal 

and depth resolution. 

 

Using the c-LSFM strategy, we observed that doxorubicin treatment, an anthracycline class of 

chemotherapeutic agent, induced an enlarged ventricular cavity but cardiac hypertrabeculation in 

an attempt to provide oxygenation and nutrition to the myocardium for maintenance of cardiac 

contractile function21.  Besides the adult zebrafish hearts, our c-LSFM has further provided the 

axial resolution to elucidate the 3-D helical architecture of cardiomyocytes in association with the 
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programmed perinatal changes of cardiac mechanics for coordinated cardiac contractile 

function25.  Cardiomyocyte architecture has been visualized by 3-D fiber tracking and quantified 

by measuring helix angle via diffusion-weighted magnetic resonance imaging (MRI) in fetal, 

neonatal, and adult pig hearts26.  The helical architecture of cardiomyocytes was observed as 

early as the mid-gestational period, and postnatal changes of cardiomyocyte architecture were 

observed from postnatal day 1 to 14 in the septum and right ventricular free wall26.  The transmural 

gradient of cardiomyocyte orientation undergoes progressive changes during cardiac 

development in response to mechanical workload27.  Superior to the contrast-enhanced 

microcomputed tomography (micro-CT) imaging7, our c-LSFM elucidated the distinct orientation 

of cardiomyocyte fibers, muscular ridges and trabeculation in the left atrial appendage, as well as 

papillary muscle in the left ventricle (Fig. 6)28.  Thus, a c-LSFM strategy opens a new avenue to 

unravel functional and structural phenotypes in genetically engineered mouse models otherwise 

challenging with micro-CT or fetal echocardiography29, to elucidate lineage tracing of 

cardiomyocyte blasts30 and patterns of mesenchymal-endothelial transition for 

neovascularization31.    
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FIGURES 
 
 

 
 

Figure 1.  Implementation of cardiac Light-Sheet Fluorescence Microscopy (LSFM).   

(a) The optical setting of LSFM.  A laser beam (purple) is collected and focused by the beam 

expander to optimize the beam size.  A cylindrical lens (CL) converts the laser beam to a sheet 

of laser light to illuminate a thin layer of the sample.  The sample is mounted at the intersection 

of the illumination lens (IL) and detection lens (DL).  The illuminated 2-D layer (fluorescent 

detection in green) is captured by the high-frame rate CMOS camera.  The illumination axis is 

orthogonal to the detection axis, and the illumination optics is designed to illuminate a very thin 

volume around the focal plane of the detection objective.  The configurations of light-sheet 

illumination and fluorescence detection are highly tunable to accommodate for various heart 
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samples.  (b) The plane fluorescent images at different axial (z) depths are sequentially captured 

by the camera (c)-(d).  For non-transparent fetal mouse hearts, multi-view (MV) techniques are 

applied to rotate the samples for multi-view imaging, followed by registering and fusing these 

views into a 3-D cardiac architecture.  An iterative deconvolution technique is applied to the 

blurred sequence for high resolution.  (e) A digitally reconstructed heart is accomplished by 

stacking the deconvolved images. 
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Figure 2.  Light-sheet profiles for reconstructing cardiac architecture.   

(a) The axial confinement of the light-sheet (LS) was used for sectioning the (i) embryonic 

zebrafish, (ii) adult zebrafish, and (iii) neonatal mouse hearts.  The small aperture of the slit 

reduced the beam width to render the waist of laser sheet less focused and wider (shown in the 

inserts).  LS: light sheets.  (b) The changes in Rayleigh Range corresponded to the area available 

for light-sheet sectioning.  The double-headed arrow line indicates the Rayleigh range (confocal 

region), in which the light-sheet is considered to be uniform.  The scale bars are 100 μm in length 

for the sub-images in (i), (ii), and (iii).  (c) Imaging a 400 nm fluorescent bead (sub-resolution 

point source) was compared with the (i) 5μm light-sheet (LS) detected by the 20X/0.5 detection 

objective (DO), (ii) 9 μm LS by 10X/0.3 DO, (iii) 18 μm LS by 4X/0.13 DO, and (iv) 18 μm LS by 

4X/0.13 DO, with resolution enhancement applied.  The FWHM extent of image blurring from the 

point source in the x-y, x-z and y-z plane reflects the lateral and axial resolution.   
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Figure 3.  4-D synchronized images to quantify global longitudinal strain rates and volume change 

of the ventricle at 100 hours post fertilization (hpf).   
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(a) Changes in global longitudinal strain rates were quantified during the entire cardiac cycle.  (b) 

The ventricular volume was measured in terms of EDV at 95.4 x 105 m3 and ESV at 1.5 x 105 

m3, respectively.  (c) LSFM images captured the zebrafish hearts in the x-y, x-z, and y-z planes 

during the cardiac cycle.  (d) 4-D synchronized LSFM-acquired images revealed endocardial 

trabeculation in the x-y, x-z, and y-z plane during the cardiac cycle.  (e-f) 4-D zebrafish cardiac 

motion was captured during ventricular diastole and systole.  A: Atrium, V: Ventricle. Scale bar: 

50µm.   
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Figure 4.  Rapid 3-D images to recapitulate trabeculated network in response to doxorubicin 

(Dox) treatment in the adult zebrafish.   

(a) A representative wild-type zebrafish heart at 120 dpf.  The coronal, sagittal and transverse 

planes of the heart displayed a compact trabecular network.  The atrioventricular valve (AV) was 

identified (yellow arrows).  Scale bars are 200 μm in length.  In the rightmost column, a 3-D 

rendering of the “digital heart” was reconstructed by stacking 500 slices of plane images in 

volume.  The 3-D structure of the “digital heart” can be assessed by arbitrary cropping.  (b) A 

representative Dox-injected zebrafish heart at 120 dpf.  The endocardial cavity appeared enlarged 

and the trabecular network was accentuated.  (c) The quantified volume ratios of the myocardium 

(left) and the ventricle cavity (right) in the whole heart. 
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Figure 5.  Cardiac LSFM (c-LSFM) imaging of a 1-day neonate mouse heart with enhanced 

cellular resolution.   

(a) The coronal, sagittal, and transverse planes at different depths uncover 3-D architecture.  

Scale bars are 1 mm in length in all of the sub-graphs.  (b) The boxes were cropped from the 

volume rendering of the reconstructed “digital heart” to reveal the endocardial architecture.  (c) 
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The cardiac architecture is compared with the (i) 18 μm light-sheet and 4X/0.13 objective, (ii) 

4x/0.13 resolution enhanced images, and (iii) 9 μm light-sheet and 10X/0.3 objective.  

Magnification from left to right reveals the field of view, lateral, and axial resolving power, followed 

by the volumetric rendering effects of 3 configurations.  Myocardial orientation was resolved in 

detail in the resolution-enhanced c-LSFM group.  All scale bars are 500 μm, except for 50 μm in 

the rightmost column.   
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Figure 6.  High resolution architecture of neonatal mouse hearts.   

(a) 3-D LSFM revealed the distinct helical organization of individual cardiomyocyte fibers from the 

right ventricular wall to septum to left ventricular walls (zones 1, 2, and 3), providing insights into 

the mechanics of ventricular contraction in RV vs. LV.  Endocardial structure of the left atrial 

appendage revealed the muscular ridge and muscular trabeculation (zone 4).  The yellow curved 

arrows indicate the orientation of cardiomyocyte fibers.  (b) Ultrastructure in the RV (zone 1) and 

LV cavity (zone 2) unravel trabeculation/papillary muscle (zone 1).  LV: left ventricle; RV: right 

ventricle; LA: left atrium.    
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SUPPLEMENTS 
 
 

 
 
 
Figure S1. The schematic diagram of cardiac-LSFM (c-LSFM) modality.   

(a) The regular SPIM seals two high power, water immersion lenses into a water chamber, 

aligning them nearby the small sample, for both illumination and detection.  (b) In contrast, the c-

LSFM system uses low power, long working distance, air objectives with ample room between 

the sample and the front pupil of objective.  (c) The photograph of the c-LSFM system shows that 

on one hand, the large sizes of the cardiac structures necessitate a large working space for 

scanning of entire samples as well as convenience of operation.  On the other hand, the 

involvement of the resolution enhancement technique substantially decouples the need of high 
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N.A., water dipping objectives from the high resolution, large space-bandwidth product.  

Furthermore, eliminating the sealing of the objectives into a water chamber additionally benefits 

the frequent changes in immersing mediums for different samples.  Therefore, the c-LSFM 

modality we specially designed is very efficient in performing trans-scale cardiac light sheet 

imaging conveniently.  
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Figure S2. 4-D zebrafish beating heart reconstruction methods.   

(a) When scanning in a single layer, cardiac contraction is time-dependent.  While moving in the 

z-axis to scan the following z layer, we captured time-dependent contraction images from each 

layer from top to bottom of the heart.  (b) For proper synchronization, heartbeat period was 

determined by frame.  We iterated through a set of hypothesized periods and back-projected all 

samples into the first period with respect to the hypotheses.  After back-projection, we compared 

samples at a same spatial location but from different periods and evaluated each of the period 

hypotheses.  The best hypotheses were selected accordingly.  Relative shift determination aimed 

at aligning the starting sample of each individual image sequence.  The heart may not be in the 

same contraction state at the beginning of all sequences when we start taking images at each z 

layer.  Starting from a number of relative shift hypotheses, we adopted a quadratic cost function 

to measure the alignment.  The cost function is calculated via measuring the similarity between 

two hypothetically aligned images from two adjacent image sequences with respect to the relative 

shift hypotheses.  By maximizing the alignment, we select the best possible relative shift 

hypothesis for each image sequence with respect to the other sequences.  Absolute shift 

determination targeted to obtain the absolute shift of each individual image sequence with respect 

to the first sequence.  In the previous step, relative shift between any close-by image sequences 
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are obtained.  We recursively calculate relative shift between the current image sequence and an 

early sequence until obtaining the relative shift with respect to the first image sequence.  The 

above process is applied to every image sequence, and all such processes can be compactly 

implemented by one matrix multiplication. 

  



 

58 
 

 
 
 

Figure S3. Post-image processing of adult zebrafish heart with resolution enhancement by 

different deconvolution techniques.   

(a) Zebrafish atrium and ventricle are visualized on one section of raw image.  (b) The individual 

cardiomyocytes were unresolvable from the selected region-of-interest from the atrium due to the 

optics blurring and under-sampling by the camera.  (c) The image was first scaled up with 3X b-

spline interpolation to partially recover the information loss from incomplete sampling.  (d), (e) and 

(f) illustrate the interpolated images deblurred by iterative MRNSD, WPL and CGLS 

deconvolution, respectively.  The WPL algorithm generates most effective deblurring to recover 

sharp and high frequency signals.  However, it also generates image discontinuity, likely due to 

the application of wiener filter.  The CGLS algorithm appears to be mild, generating the least 

degree of deblurring.  Of the three resolution enhancement algorithms, the MRNSD method 

provides optimal trade-off between the resolution enhancement and information preservation. 

  



 

59 
 

 
 
 
Figure S4. The day 1 neonatal mouse hearts before and after BABB clearing.  

(a) Photograph of the raw isolated hearts.  (b) Photograph of the cleared heats treated by a rapid 

BABB clearing.  BABB chemical clearing of the tissue is fast and potent.  We optically cleared the 

day 1 neonatal mouse heart with 2 hours serial ethanol dehydration followed by 2 hours benzyl 

alcohol-benzyl benzoate clearing.  Compared to the raw hearts that were completely opaque 

before clearing (a), the treated hearts showed significantly reduced scattering and became highly 

translucent on a scale board. 
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Figure S5. Comparison between prior to and post 4-D synchronization algorithm.   

(a) Before synchronization, zebrafish cardiac contractions at different Z positions were not in the 

same stage.  (b) After synchronization, all Z positions were synchronized in the same cardiac 

contraction stage.  Therefore, stacked images for 3-D reconstruction at certain time points were 

obtained and provided volume information.  Scale bar = 50m. 
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Figure S6. Imaging comparison between c-LSFM and confocal microscopy using 120 dpf 

zebrafish hearts.   

(a) The original x-y plane image, reconstructed x-z and y-z plane images obtained from confocal 

data.  (b) The original x-y plane image, reconstructed x-z and y-z plane images obtained from c-

LSFM data.  The zoomed-in images shown in the right columns (2, 4, 6) indicate the lateral and 

axial resolving powers of confocal and c-LSFM. 

 
 
 
 
  



 

62 
 

 
 
 
Figure S7. Comparison of 4-D synchronized images with a combination of 3 different parameters.  

(a & b) Both low frame rate and low z resolution were inadequately synchronized.  Both images 

demonstrated a crinkled pattern in the cardiac wall.  (c) Reducing the capturing number to 5 

heartbeats (cardiac cycles) revealed similar synchronization with capturing 10 beats.  However, 

negligible artifact appeared behind the wall (yellow circle).  (d & e) Increasing the frame rate to 

200fps revealed identical image quality to that of 100fps.  Therefore, we selected (d) as the 

optimal combination for 4-D synchronized imaging parameters.  Scale bar = 10m.   
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Table S1. Analysis of cardiac mechanics in 4dpf zebrafish from 4-D in vivo imaging.   
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ABSTRACT 

Anthracyclines such as doxorubicin are a cornerstone of chemotherapeutic strategies in various 

cancers.  Their widespread use, however, is currently limited by anthracycline-induced 

cardiotoxicity.  We propose to incorporate light-sheet fluorescent microscopy and pulsed-wave 

Doppler ultrasound to unravel the 3D architecture and electromechanical coupling of doxorubicin-

induced cardiac injury and regeneration in the adult zebrafish model.  3-month old zebrafish were 

injected intraperitoneally with doxorubicin (20 g/g body weight) followed by imaging at 3, 30, and 

60 days post-injection.  We observed an initial decrease in myocardial and endocardial cavity 

volume at day 3, followed by ventricular remodeling and hypertrabeculation at day 30, and 

normalization at day 60 (P<0.05, n=5).  Doxorubicin-injected fish developed ventricular diastolic 

dysfunction evidenced by elevated E/A ratios at day 30, normalizing at day 60 (P<0.05, n=11-20).  

Myocardial performance indexes were also elevated at day 30 in the doxorubicin group, indicating 

worsening of global cardiac function, followed by normalization at day 60 (P<0.05, n=9-19).  qRT-

PCR to investigate the pathways involved revealed up-regulation of Notch signaling genes, 

particularly the ligand Jagged1 and target gene HEY2 at days 30 and 60 (P<0.05, n=5).  

Treatment with the γ-secretase inhibitor DAPT to inhibit Notch signaling attenuated restoration of 

ventricular function, demonstrated by persistence of abnormal E/A ratios and myocardial 

performance indexes at day 60 (P<0.05, n=7-12), thereby implicating Notch pathways in the 

cardiac regeneration process.  Our results suggest that doxorubicin-induced cardiac injury leads 

to ventricular remodeling, followed by activation of Notch signaling to promote hypertrabeculation 

and restoration of cardiac function.   
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INTRODUCTION 

Cardiotoxicity of chemotherapeutic agents remains an unmet clinical challenge1 with the most 

frequent complication remaining cardiomyopathy leading to heart failure2.  Injured myocardium 

undergoes apoptosis leading to fibrosis2,3, whereas zebrafish (Danio rerio) possess a capacity to 

undergo regression in fibrosis and regeneration of myocardium in injured hearts4.  Despite having 

a two-chambered heart, the zebrafish cardiac action potential and electrocardiogram (ECG) 

patterns are similar to those of humans for atrial activation (P-waves), ventricular depolarization 

(QRS complexes) and repolarization (T-waves)5,6, thus representing a viable vertebrate model for 

cardiac injury and repair4.  In adult zebrafish, regenerating myocardium electrically couples with 

uninjured myocardium7, providing a conserved cardiomyopathy model to elucidate the 

cardioprotective effect of inhibiting target of rapamycin (TOR) signaling in response to doxorubicin 

(Doxo)-induced cardiotoxicity8.   

 

To characterize the ultra-structural and functional changes in Doxo-induced cardiomyopathy, we 

have developed the Light-Sheet Fluorescent Microscope (LSFM) for rapid image acquisition with 

high spatial resolution and depth penetration.  Current routinely used light microscopy techniques 

such as confocal microscopy are confined to imaging thin and transparent samples9 with 

background noise from out-of-focus illumination, limited depth penetration and low axial resolution 

due to a large depth of field9.  The advent of LSFM offers deep axial resolution with a large 

dynamic range of length and time scales, rapid data acquisition and reduced photobleaching via 

a thin sheet of laser light for selective illumination of the sample in the focal plane of the detection 

system9-11.  The application of linear scanning via single plane excitation further allows for a high 

resolution at low magnification with objective lenses from 1X – 10X12.  As a result, sub-micron 

spatial resolution is achieved from a large sample volume (~10 mm3) to provide multi-scale 

imaging from sub-micron to millimeter scales12.  In addition to the cost savings compared to high 

magnification optics, the low magnification lenses allow for a large working distance between the 
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samples and illuminating/detecting lenses for non-planar imaging of live samples13.  Thus, cardiac 

LSFM provides the axial resolution and depth penetration needed to unravel endocardial 

trabecular networks in response to anthracycline-induced cardiotoxicity12.   

 

To elucidate electromechanical coupling in the injured and regenerating myocardium, we have 

integrated micro-electrocardiogram (μECG) with high-frequency pulsed-wave (PW) Doppler to 

interrogate cardiac hemodynamics5,14,15.  Synchronizing μECG with PW Doppler signals allowed 

identification of passive (early [E]-wave velocity) and active (atrial [A]-wave velocity) ventricular 

filling to determine E/A ratios and monitor ventricular diastolic dysfunction16.  The PW Doppler 

signals further enabled us to establish the myocardial performance index by determining 

ventricular inflow tract isovolumic contraction and relaxation times as well as ejection times17.   

 

In this context, the paralleled advances of light-sheet fluorescence microscopy and high-

frequency ultrasonic transducers unravel the 3D architecture and electromechanical coupling of 

Doxo-induced cardiac injury and regeneration.  Our results suggest that Doxo-induced cardiac 

injury develops ventricular remodeling, followed by activation of Notch signaling to promote 

endocardial hypertrabeculation to restore contractile function.   
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METHODS 

Research Design 

All animal studies were performed in compliance with the IACUC protocol approved by the UCLA 

Office of Animal Research.  Experiments were conducted in adult 3-month old zebrafish (Fig. 1).  

A one-time 5 L injection of doxorubicin (Sigma) at a dose of 20 g/g of body weight by 

intraperitoneal route (Nanofil 10 L syringe, 34 gauge beveled needle, World Precision 

Instruments) or of a control vehicle (Hank’s Balanced Salt Solution) was performed at day 0.  

Previous reports examined the therapeutic window of doxorubicin, establishing severe (> 70%) 

mortality within 1 week only of treatment at a dose of 50 µg/g of body weight8.  A dose of 20 g/g 

of body weight on the other hand was demonstrated to produce a more acceptable balance 

between a robust cardiac phenotype following anthracycline chemotherapy, however in the 

setting of a much lower mortality of ~30% at day 608 which was replicated in the current study.  

At days 3, 30 and 60 following therapy, zebrafish were analyzed in vivo by high-frequency 

ultrasound or harvested under microscopic guidance, the hearts removed and chemically cleared 

prior to ex vivo light sheet microscopy, or mRNA isolated.   

 

3D Image Acquisition by Light-Sheet Fluorescent Microscopy  

Imaging was performed using a custom-built light-sheet fluorescent microscope (LSFM) in the 

Cardiovascular Engineering Laboratory at UCLA.  The workflow of LSFM was characterized by 

the orthogonal optical paths and multi-dimensional reconstruction of cardiac structures with high 

spatial resolution (Fig. 2).  The detailed optical setting is based on the Selective Plane Illumination 

Microscopy (SPIM) imaging modality18.  In the plane illumination path, the combination of a 

cylindrical lens (focal length = 50 mm, LJ1695RM-A, Thorlabs) together with a 4X/0.13 objective 

(Plan Fluor, Nikon) line-focused the collimated laser beam (405 nm, 473 nm, 532 nm and 589 

nm) into a hyperbolic light sheet with tunable parameters to illuminate the zebrafish heart (Fig. 
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2).  Images were captured using a sCMOS (Scientific Complementary Metal Oxide 

Semiconductor) camera (ORCA Flash 4.0 V2, Hamamatsu).  Compared to conventional wide-

field microscopy, the plane illumination mode of our system enables high axial resolution imaging 

without disturbance from out-of-focus fluorescence.  Following precise alignment of the LSFM 

system, a fully automated image acquisition was implemented using a customized LabVIEW 

program.   

 

3D Image Processing and Reconstruction 

A spline interpolation and an iterative 3D deconvolution were subsequently applied to the 

reconstructed image stack to compensate for the under-sampling of camera and remove the 

image blurs.  As a result, a 3D “digital zebrafish heart” was reconstructed in the last step to provide 

visualized output with high spatiotemporal resolution and high dynamic range.  In the present 

study, we used zebrafish which were cardiac myosin light chain-green fluorescent protein (cmlc2-

gfp) transgenic to visualize the cardiac ventricle and precisely assess myocardial architectural 

fate and 3D structural reorganization after chemotherapy.  To quantify changes in cardiac 

volumes of interest, all of the raw data were processed to remove stationary noise, including 

stripes, by a plugin termed variational stationary noise remover in Fiji19.  The 3D rendering and 

image segmentation were processed by Amira 6.1 (FEI Software).  3D endocardial cavity volumes 

and 3D total heart volumes were measured, and 3D myocardial volumes calculated (myocardial 

volume = total heart volume – endocardial cavity volume) (Fig. 3).   

 

Chemical Clearing 

We optimized the benzyl alcohol–benzyl benzoate (BABB, also known as Murray’s clear)20 optical 

clearing protocol.  Following microsurgical isolation, hearts were placed in a phosphate buffered 

saline 1x solution to remove retained blood, paraformaldehyde 4% for fixation, agarose 1.5% for 
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embedding, sequential ethanol steps (40% - 60% - 80% - 100%) for dehydration and BABB (with 

a BA:BB ratio of 1:2) for lipid removal and refractive index matching.   

 

µECG Acquisition 

The detection of µECG signals was performed via micro-needles (AD Instruments).  The sedated 

fish (in 0.02% Tricaine) were placed in a damp sponge ventral-side-up (Fig. 4).  For ECG 

acquisition, the working electrode was positioned closely above the ventricle between the gills 

while the reference electrode was placed close to the tail.  The signals were amplified 10,000-fold 

(1700 Differential Amplifier, A-M Systems), and filtered between 0.1 and 500 Hz at a cut-off 

frequency of 60 Hz.  Wavelet transform and thresholding techniques were used to enhance signal-

to-noise ratios (Matlab, MathWorks) for the individual ECG recording5.   

 

Cardiac Functional Phenotypes via High-Frequency Ultrasonic Transducers 

Sedated fish were secured on a test-bed immersed in diluted Tricaine (0.02%) for 10-15 minutes 

and placed ventral side facing upward.  The array transducer was mounted on a mechanical 

positioner placed vertically above the ventral side of the zebrafish at a distance of ~6 mm.  The 

µECG electrodes are customized in order to give free access to the array transducer.  A trigger 

signal generated from the ultrasound system is sent to the µECG recording system to synchronize 

acquisitions.  Under the guidance of B-mode imaging, a Doppler gate (window) was positioned 

downstream from the atrioventricular (AV) valve in the ventricular inflow region to interrogate 

inflow velocities.  The pulse repetition frequency (PRF) for pulsed wave (PW) Doppler was set to 

9.5 kHz and the estimated Doppler angle was ~0° given the blood flow of the zebrafish cardiac 

chambers are in the dorsal-ventral direction.  PW Doppler signals were recorded for the control 

and Doxo groups for ~3 seconds, and stored for further off-line analysis using Matlab21.  To 

interrogate cardiac hemodynamics, we applied µECG signals to allow identification of PW Doppler 

signals of passive (early [E] wave velocity) and active (atrial [A] wave velocity) ventricular filling 
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during diastole (Fig. 5 a, b).  Contrary to these measures which are dependent on the angle  of 

the transducer beam with the flow of blood22 and hence prone to variability, measurement of 

various temporal segments of the cardiac cycle are independent of ultrasound signal angulation.  

These measures – isovolumic contraction time (IVCT), ejection time (ET) across the 

bulboventricular valve, and isovolumic relaxation time (IVRT) – determine the myocardial 

performance index (MPI) as follows:  MPI = (IVCT + IVRT) / ET (Fig. 5 c, d)17.  MPI constitutes 

an integrated measure of systolic and diastolic function, with increases in MPI values indicating a 

worsening of cardiac function. 

 

Notch Signaling Following Chemotherapy 

Extracted hearts were grinded with RNA lysis buffer, total RNA isolated (Qiagen) and cDNA 

synthetized.  We tested the involvement of key components of Notch pathways in our 

cardiomyopathy model:  receptor (Notch 1b), ligands (Delta-like ligand 4, Jagged 1, Jagged 2) 

and downstream effectors and targets (HEY1, HEY2, and Neuregulin1).  6 zebrafish hearts were 

pooled for each n with a total of n=5 per condition and per time-point and expression levels 

determined by quantitative RT-PCR normalized to baseline expressions at day 0 prior to treatment 

(Fig. 6a).   

 

Notch Inhibition in Adult Zebrafish 

Following Doxo IP injections, adult zebrafish were treated with the γ-secretase inhibitor DAPT 

(SelleckChem) at 10 μM in fish water overnight for 3 times a week over 60 days (Fig. 6b).  The 

DAPT solution was made fresh at the beginning of each week and was filtered after each 

treatment.  Ventricular function was assessed at 3, 30, and 60 days post-injection as described 

above. 
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Statistical Analyses 

All values are expressed as means ± standard errors of the mean.  Statistical comparisons 

between 2 groups were performed using Student’s t-test and P-values < 0.05 considered 

significant. 
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RESULTS 

Cardiac light-sheet fluorescent microscopy 

The intact heart was positioned orthogonally between the illumination and detection objectives 

(Fig. 2a) which permits selective plane illumination and fluorescent excitation.  Axial images were 

acquired (Fig. 2b) and areas of interest such as endocardial cavity (Fig. 2c-e) and total heart 

volumes (Fig. 2f-h) determined with post-imaging 3D reconstructions.  The thickness of the light-

sheet on the focus is appr. 2 m.  The orthogonal detection path collected the plane-excited 

fluorescence signals under a fairly large field-of-view using a 4X/0.13 objective.  When the heart 

scanned through the light-sheet along the z direction, the sCMOS camera located at the terminal 

end of the detection path simultaneously recorded a stack of 2D plane images along different z 

depths.  The sCMOS camera pixel size is 6.5 m x 6.5 m.  With a 4X objective the pixel size 

became 6.5/4 = 1.625 m x 1.625 m.  Sequential images were rapidly acquired in a step-wise 

manner with an incremental size (z-step) of 3 m.  Furthermore, the high-frame rate of the sCMOS 

camera (up to 100 frames per second with 2048 x 2048 pixels per image) allowed completion of 

the entire 3D scanning and data acquisition within tens of seconds.  In this study, the exposure 

time of each image was 20 msec.  Our imaging approach allows us to obtain an entire set of raw 

data in < 15 sec.   

     

3D ventricular remodeling and hypertrabeculation 

At days 3, 30 and 60 following chemotherapy treatment, control fish developed a thick, 

homogeneous layer of myocardium (Fig. 3a), whereas Doxo-injected fish developed an initial 

decrease in both myocardial and endocardial cavity volumes at day 3, followed by ventricular 

remodeling and hypertrabeculation at day 30 (Fig. 3b), indicated by a significant decrease in the 

volume occupied by the myocardial layer and conversely a significant increase in the endocardial 

cavity volume (P<0.05, n=5) (Fig. 3c).  The ventricular remodeling normalized to the control 
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configuration at day 60, demonstrating the capability of LSFM to monitor cardiac ultrastructural 

changes at the 3D level.   

 

Dynamics of electromechanical coupling  

To assess ventricular function in response to Doxo treatment, we synchronized micro-

electrocardiogram (µECG) signals with blood flow velocities in zebrafish hearts measured using 

a high-frequency ultrasound array imaging system with 30 MHz 256-element linear array 

transducer14,23,24.  Doxo-injected fish developed worsening of ventricular diastolic function (Fig. 4) 

illustrated by an elevation of E/A ratios at day 30 (P<0.05, n=11-20) which normalized at day 60 

(Fig. 5a, b).  As a corollary, Doxo-treated fish developed an elevated myocardial performance 

index – an integrated measure of both systolic and diastolic function – indicating worsening of 

global cardiac function at day 30 (P<0.05, n=9-19), followed by normalization at day 60 (Fig. 5c, 

d).  This myocardial performance index normalization supports that zebrafish harbor the 

regenerative capacity to restore chemo-induced systolic and diastolic dysfunction.   

 

Doxo-mediated Notch pathway activation 

In response to Doxo injection, Notch-related genes were transactivated in adult zebrafish hearts 

(Fig. 6a).  In particular, Jagged 1 and HEY 2 mRNA expressions were up-regulated at days 30 

and 60 (P<0.05, n=5).  This observation implicates Notch pathways underlying cardiac 

regeneration following Doxo treatment.   

 

Notch inhibition to attenuate regeneration 

To test the role of Notch signaling underlying restoration of ventricular architecture and function, 

we inhibited the cleavage and release of Notch intracellular domain (NICD) with the γ-secretase 

inhibitor DAPT following Doxo injection (Fig. 6b).  Ventricular diastolic dysfunction as measured 

by elevated E/A ratios was observed at day 30 similar to the absence of DAPT (P<0.01, n=11), 
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but did not normalize by day 60 (Fig. 6c, P<0.05, n=7-10).  Similarly, myocardial performance 

index was elevated at day 30 (P<0.01, n=12-14) and remained elevated at day 60 (P<0.01, n=8-

12), indicating impaired cardiac function persisted through 60 days post-injury (Fig. 6d).  This 

attenuation of functional recovery implicates Notch signaling as a key mechanism in cardiac 

regeneration following Doxo-induced injury. 
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DISCUSSION  

The present body of work seeks to apply the novel light-sheet imaging and high-frequency 

ultrasonic transducer to elucidate anthracycline-induced cardiac injury and regeneration in the 

adult zebrafish model25.  There currently is a paucity of robust and reproducible imaging tools in 

the adult zebrafish model for the accurate and quantitative study of cardiac structure and function.  

Super-resolution microscopes known as light-sheet microscopes or single plane illumination 

microscopes (SPIM)11 provide a unique combination of capabilities, including high spatial and 

temporal resolution, high signal-to-noise-ratio and low level of photobleaching10.  Whereas initially 

used almost exclusively in transparent tissues, primarily zebrafish and fly embryos, the advent of 

chemical clearing techniques have allowed for multi-scale imaging of hearts from zebrafish 

embryos (hundreds of microns) to adult zebrafish and neonatal mice (several millimeters)12.  More 

routinely used animal imaging techniques such as micro-CT (X-ray computerized tomography) 

have rapid acquisition scans of a few seconds with a spatial resolution as low as 4.6 m26.  Micro-

MRI (magnetic resonance imaging) images demonstrate superior soft tissue contrast compared 

to micro-CT scans, however at the expense of a lower spatial resolution (~60 m) and poor 

temporal resolution (minutes to hours)27.  Moreover, molecular biomarker-based contrast agent 

development for micro-CT or -MRI has been proposed28, but is not routinely available at present.  

Both micro-CT and micro-MRI are thus limited from tracking fluorescently labeled zebrafish hearts 

for cardiac injury and regeneration.  By contrast, micro-PET (positron emission tomography) 

imaging systems permit molecular tracking with radiolabeled immunological probes29,30, however 

with a spatial resolution of ~1.5 mm that remains insufficient for small structures such as the 

zebrafish heart31.     

 

Modern light microscopy techniques have superior spatial resolution with the ability to track 

fluorescently labeled molecules of interest.  Confocal scanning microscopy has a spatial 
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resolution allowing imaging of intracellular organelles, however insufficient axial resolution, poor 

depth penetration, poor temporal resolution, and noticeable photo-damage11.  Moreover, the 3D 

image reconstruction and stitching process is laborious and not amenable to the analysis of a 

very large number of samples.  LSFM on the other hand has sub-micron spatial resolution with 

deep penetration into tissues, high temporal resolution (a few seconds) and near-real time 3D 

image reconstruction12.  The application of two separate sets of orthogonal lenses for illumination 

and fluorescence detection through selective plane excitation via laser light-sheet further reduces 

the photon burden to the sample, enhances the image contrast by eliminating out-of-focus 

contamination and reducing background noise, and improves the axial resolution under a large 

field-of-view10-12.   

 

In this context, we assessed the effects of Doxo chemotherapy on cardiac 3D architecture by 

LSFM, myocardial function by high-frequency ultrasound imaging, and Notch pathway expression 

patterns, by determining the time-course and sequence of cardiac recovery and functional 

regeneration in adult zebrafish.  Anthracyclines such as Doxo are a cornerstone of 

chemotherapeutic strategies in various cancers such as breast cancer, lymphoma, sarcoma and 

pediatric leukemia32.  Their widespread use, however, is currently limited mostly by anthracycline-

induced cardiotoxicity leading to a reduction in optimal dose delivery and duration of treatment in 

certain patients32.   

 

Previously the exclusive domain of developmental biology, the zebrafish is now increasingly used 

to provide valuable insights into cardiovascular disease33 and cancer34.  Despite having only 1 

atrium and 1 ventricle connected by 1 atrioventricular valve, the zebrafish electrocardiogram 

patterns are very similar to those observed in humans, with sequential atrial and ventricular 

depolarization and repolarization35.  Importantly, zebrafish hearts have a complete regenerative 
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capacity following injury4,16, which is deficient in humans, and may pave the way for novel 

therapeutic pathways and approaches.   

 

Our LSFM results illustrate Doxo-induced changes in 3D cardiac architecture and remodeling.  

This was visualized by a decrease in the total myocardial volume and an increase in endocardial 

cavity volume in the chemotherapy group.  We observed peak phenotypes at days 3 and 30 post-

chemotherapy with normalization over the subsequent 60-day experimental time-point.  

Reciprocally, we determined a peak in cardiac trabeculation formation at the 30-day time-points 

when the heart is responding to acute injury prior to undergoing normalization of its architecture 

by day 60.   

 

We demonstrated the integration of light-sheet fluorescent microscopy with high-frequency PW 

Doppler to uncover cardiac architecture and function in response to anthracycline-induced cardiac 

toxicity followed by the repair and regeneration process in an adult zebrafish model4,16, with 

translational implication to chemo-induced cardiomyopathy25.  We elucidated the hemodynamic 

and functional phenotypes of Doxo-induced injury via synchronized micro-electrocardiographic 

and high-frequency ultrasound based interrogation of cardiac ventricular inflow.  We assessed a 

reliable PW Doppler technique to obtain ventricular inflow hemodynamics in zebrafish, similar to 

those obtained in humans in the Echocardiography lab14.  Our observations are of physiologic 

relevance and suggest an adaptation of cardiac function following exposure to the cardiotoxic 

agent.  The progressive restoration of normal cardiac function parallels hypertrabeculation – a 

feature previously described in zebrafish hearts following surgical amputation4 or cryo-injury16.   

 

We assessed Notch signaling as a possible mechanism underlying myocardial repair in response 

to Doxo-mediated injury.  During development, the myocardium differentiates into 2 layers, an 

outer compact zone and an inner trabeculated zone.  Mutations in this genetic program result in 
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congenital heart defects36.  Previous studies have revealed the critical role of Notch signaling in 

the proliferation and differentiation of cardiac trabeculation36,37.  Notch activation in the 

endocardial cell results in transcription of ephrin B2 (EPHB2), which in turn regulates neuregulin 

(NRG1)36.  As a secreted factor, NRG1 signals to adjacent cells to promote their differentiation 

into trabecular myocytes.  In this context, we determined Notch signaling pathways underlying 

myocardial repair in response to Doxo treatment and demonstrated enhanced transcriptional 

expression of Notch ligands (DLL4) and downstream effectors (HEY2).  Treatment with the γ-

secretase inhibitor DAPT to inhibit the cleavage and release of NICD attenuated myocardial repair 

following doxorubicin-mediated injury, further corroborating the key role of Notch signaling in this 

recovery. 

 

In humans, myocardial injury often results in scar tissue formation and loss of ventricular function.  

Unlike humans, zebrafish have the capacity to replace scar tissue following injury.  We interfaced 

chemical clearing mediated light-sheet fluorescent imaging with high-frequency PW Doppler 

transducers to study the 3D architecture and cardiac hemodynamics, thereby advancing imaging 

approaches of Doxo-induced cardiac injury and repair.  We observed that following Doxo 

treatment, the myocardium undergoes a profound remodeling due to chemotherapy induced 

necrosis and apoptosis leading to cardiac injury1,2,32.  Doxo treatment initially reduced diastolic 

and global ventricular function, and we hypothesize that Doxo-induced cardiomyopathy regains 

contractile and relaxation functions via Notch-mediated trabecular myocyte proliferation to restore 

cardiac function in an adult zebrafish model of heart regeneration with translational therapeutic 

implications38. 
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FIGURES 

 
 

 
 

 

Figure 1.  Doxorubicin Treatment and Imaging Timeline.   

Adult fish were injected with doxorubicin intraperitoneally at day 0, followed by Light-Sheet 

Fluorescent Microscopy (LSFM) and Doppler ultrasound measurements at 3, 30, and 60 days 

post-injection.  

 

  



 

85 
 

 
 

 

Figure 2.  Light-Sheet Imaging and 3D Reconstruction.   

(a) Collimated lasers are transmitted through a line focusing cylindrical lens and an illumination 

objective (CL+IO), to generate a light-sheet sectioning the sample.  The detection arm includes 
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an objective lens (DO) positioned orthogonally to the illumination path for fluorescence detection.  

The detection axis needs to exactly conjugate the illuminated plane with the camera CMOS plane.  

3D reconstruction was accomplished using a 7-step process.  (b) Step 1: Axial image – example 

of 1 of 50 axial images analyzed.  (c) Step 2: Endocardial cavity identification.  (d) Step 3: 

Endocardial cavity segmentation.  (e) Step 4: 3D endocardial cavity image reconstruction.  (f) 

Step 5: total heart volume outer counter delineation.  (g) Step 6: total heart volume outer contour 

segmentation.  (h) Step 7: 3D total heart volume image reconstruction.  Legend.  BE: beam 

expander.  CL: cylindrical lens.  DM: dichroic mirror.  DO: detection objective.  F: filter.  IO: 

illumination objective.  M: mirror.  Obj: objective.  sCMOS: scientific complementary metal oxide 

semiconductor.  SL: scan lens.  TL: tube lens.   
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Figure 3.  Cardiac Architecture Following Doxorubicin Treatment.   

Adult zebrafish hearts were harvested at days 3, 30 and 60 following treatment with doxorubicin 

or control vehicle.  (a) Control hearts demonstrate preserved architecture with a central cavity 

surrounded by homogenous, thick ventricular myocardium.  (b) Doxorubicin-treated hearts 

demonstrate cardiac remodeling leading to trabeculation formation and relative paucity of 

myocardium.  (c) Results demonstrate an initial decrease in heart cavity volume (day 3) following 

acute cardiac toxicity with loss of myocardial mass (data not shown) followed by cardiac 

remodeling leading to enlargement of endocardial cavity volume (day 30) with normalization, 

similar to previously reported cardiac regeneration (day 60).  N=5 fish per group and per time-
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point.  * P<0.05, ** P<0.01.  Legend.  EC: Endocardial Cavity.  Tr: trabeculation formation.  V: 

ventricular myocardium.  
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Figure 4.  High-Frequency Pulsed Wave Doppler Ultrasonic Setup.   

Simultaneous measurements of ECG and Doppler signals were obtained in vivo in adult 

zebrafish hearts.  Legend.  ECG: electrocardiogram.  Sync: synchronized.  
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Figure 5.  Diastolic Function and Myocardial Performance Index (MPI) by Micro-

Echocardiography Following Doxorubicin Treatment.   

(a) ECG signals were co-registered for synchronization with Doppler measurements of ventricular 

blood inflow.  (b) E/A wave ratios were measured at days 3, 30 and 60 after treatment with control 

vehicle or Doxo and normalized to control values.  E/A reference ratios in control fish remained 

constant over time.  Following Doxo treatment, there was a rise in E/A ratios at day 30 followed 

by normalization at day 60.  (c) Illustration of MPI determination with IVCT, ET and IVRT times.  

(d) MPI parameters were measured at days 3, 30 and 60 after treatment with control vehicle or 

Doxo and normalized to control values.  MPI values in control fish remained constant over time.  

Following Doxo treatment, there was a rise in MPI at day 30 followed by normalization at day 60.  

*P<0.01.  Legend.  AV: atrioventricular.  BV: bulboventricular.  ET: ejection time.  IVCT: 

isovolumic contraction time.  IVRT: isovolumic relaxation time.  
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Figure 6.  Notch Signaling and Doxorubicin Treatment.   

6 zebrafish hearts were pooled for each sample with a total of n=5 per condition and per time-

point following Doxo or control vehicle injection at days 3, 30 and 60, and mRNA expression levels 

determined.  (a) We demonstrate increased expression in the Doxo treated group with statistical 

significance in the Notch ligand JAG1 and downstream effector Hey2 at day 30 and day 60 and 

in DLL4 at day 60.  Treating zebrafish with 10 µM Notch-signaling-inhibitor DAPT (b) following 

doxorubicin injection inhibited the normalization of (c) E/A ratio and (d) MPI at day 60 observed 

in the absence of DAPT.  *P<0.05, **P<0.01.  Legend.  DLL4: Delta-like ligand 4.  Jag1: Jagged 

1.  Jag2: Jagged 2.  NRG1: Neuregulin 1.  
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ABSTRACT 

Blood flow is intimately linked with cardiovascular development, repair, and dysfunction. The 

current review will build on the fluid mechanical principle underlying hemodynamic shear forces, 

mechanotransduction, and metabolic effects.  Pulsatile flow produces both time- (/t) and 

spatial-varying shear stress (/x) to modulate vascular oxidative stress and inflammatory 

response with pathophysiological significance for atherosclerosis.  The characteristics of 

hemodynamic shear forces; namely, steady laminar (/t = 0), pulsatile, (PSS: unidirectional 

forward flow) and oscillatory shear stress (OSS: bidirectional with a near net 0 forward flow) 

modulate mechanosignal transduction to influence metabolic effects on vascular endothelial 

function.  Atheroprotective PSS promotes anti-oxidant, anti-inflammatory, and anti-thrombotic 

responses, whereas atherogenic OSS induces NADPH oxidase–JNK signaling to increase 

mitochondrial superoxide production, protein degradation of superoxide dismutase, and post-

translational protein modifications of LDL particles in the disturbed flow-exposed regions of 

vasculature.  In the era of tissue regeneration, shear stress has been implicated in re-activation 

of developmental genes; namely, Wnt and Notch signaling, for vascular development and repair.  

Blood flow imparts a dynamic continuum from vascular development to atherosclerosis to repair. 

Augmentation of PSS confers atheroprotection and re-activation of developmental signaling 

pathways for regeneration. 
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INTRODUCTION 

Atherosclerosis is a systemic disease; however, its manifestations tend to be eccentric and focal. 

Detection of atherosclerotic lesions prone to rupture is of clinical importance in the management 

of patients for acute heart attack or stroke. In addition to genetic predisposition and epigenetic 

factors, the pathogenesis is modulated by a combination of biochemical and hemodynamic 

factors.  Hemodynamic force, such as wall shear stress on the endothelial cells, modulates 

inflammatory and metabolic effects in the vascular system [1]. At the lateral walls of bifurcations, 

disturbed flow, including oscillatory flow (bidirectional and axially misaligned flow), is considered 

to be an inducer of oxidative stress favoring the initiation of atherosclerosis, whereas in the medial 

walls of bifurcations, pulsatile flow (unidirectional and axially aligned flow) down-regulates 

inflammatory cytokines, adhesion molecules, and oxidative stress [2-4] (Fig. 1). In this review, we 

focus on how fluid shear stress imparts both metabolic and mechanical effects on vascular 

endothelial function to influence vascular remodeling with clinical implication in arterial restenosis 

after angioplasty [5-7].   
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Fluid mechanical principle of hemodynamic shear forces  

Fluid shear stress is generated by the frictional force by virtue of the viscosity that acts tangentially 

on the endoluminal surface. In the case of Couette flow, the fluid is embedded between two 

parallel plates separated by a displacement H. Shear force is applied to move the upper plate 

with velocity U while the lower plate is fixed. Shear stress (τ) is defined as the slope of tangential 

velocity (du/dy), and is proportional to the dynamic viscosity (µ). 

ߤ
ܷ

ܪ2
≈ ߤ

ݑ݀
ݕ݀

|௬ୀିு = τ 

At a constant pressure (P) throughout the fluid domain, the equation of fluid motion known as 

Navier-Stokes equation is defined as follows: 

݀ܲ
ݔ݀

= 0, μ
݀ଶݑ
ଶݕ݀ = 0  

When the upper plate at ݕ = ) ܷ is moving with velocity ܪ ௧ܷ௢௣ = ܷ), and the lower plate at ݕ =

) is fixed ܪ− ௕ܷ௢௧௧௢௠ = 0), fluid motion is linearly defined as (Fig. 2a): 

u =
ܷ
2

ቀ
ݕ
ܪ

+ 1ቁ 

In the case of Poiseuille flow, both the upper and lower plates are fixed. The Navier-Stoke 

equation for 2-D blood flow at a constant pressure applied throughout the fluid domain is defined 

as: 

݀ܲ
ݔ݀

= constant ≠ 0, μ
݀ଶݑ
ଶݕ݀ =

݀ܲ
ݔ݀

 

The velocity profile is parabolic; that is, the velocity is maximal at the center, and zero at the wall 

or y =  H for the non-slip flow (Fig. 2b). 

u =
1
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ݔ݀
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In the case of 3-D Poiseuille flow in the blood vessel, fluid shear stress at steady state (d/dt = 0) 

is directly proportional to the flow rate of blood (Q) and dynamic viscosity (µ), and inversely 

proportional to the cube of arterial radius (R). 

τ =
ܳߤ4
ܴଷ  

Therefore, a small change in diameter significantly influences wall shear stress.  

 

Fully developed Poiseuille blood flow seldom occurs in the arterial system due to the non-

Newtonian blood flow, in which the dynamic viscosity () is not constant.  Branching points in the 

presence of pulsatile flow prevents fully developed flow. For this reason, disturbed flow, including 

oscillatory flow, preferentially and geometrically occurs in the lateral wall of branching points (Fig. 

1). This atherogenic flow promotes vascular oxidative stress and inflammatory responses to 

initiate atherosclerosis [8]. 

 

Spatial variations in hemodynamic shear stress  

In the arterial system, the greater aortic curvature and the lateral walls of bifurcating regions are 

prone to develop endothelial dysfunction (Fig. 1e). Oscillatory shear stress (OSS) in the aortic 

arch or bifurcation induces oxidative stress via nicotinamide adenine dinucleotide phosphate 

(NADPH)-oxidase enzyme system production of cytosolic superoxide (O2
-), and up-regulates 

atherogenic gene expression, including nuclear factor- kB (NF-B)-mediated adhesion molecules 

and chemokines [9]. In these regions (Fig. 2c-e), the time-averaged shear stress and pressure 

are relatively low as compared to the straight regions or the greater curvature.  As fluid flows from 

high to lower pressure regions, blood flow tends to divert towards the lower pressured regions 

where the inertia force retards the fluid motion, giving rise to flow separation known as eddies. 

Therefore, OSS develops downstream or in the post-stenotic regions, where the time-averaged 

shear stress is low, promoting inflammatory responses. In contrast, high shear stress develops 
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upstream in the pre-stenotic regions, where the “shoulder” of the plaque is susceptible to fluid and 

mechanical mismatch or Von Mises stress to destabilize the plaque and induce rupture [10]. Thus, 

hemodynamic shear stress is low in post-stenotic but high in pre-stenotic regions [11]. The 

combination of OSS and low mean shear stress favors atherogenesis, whereas pulsatile and high 

shear stress confers protection [12]. These combined effects explain why atherosclerotic plaques 

grow in the shoulder regions, which are also the most inflammatory active and vulnerable to 

rupture although lesions are most prominent at the throat overlying the necrotic core.  Despite the 

highest shear force occurring at the narrowing or the throat of stenotic lesions, OSS and low mean 

shear stress in post-stenotic regions increase the residence time for LDL and favor inflammatory 

cells, including monocytes, to transmigrate to the subendothelial layer and increase lesion size.  

 

In the throat of stenotic lesions, the high shear stress caused by narrowing of the plaque  presents 

an opportunity for shear-activated nanotherapeutic thrombolytic agents to treat stenotic plaques 

[13].  Micro-aggregates of nanoparticles were recapitulated in the mouse model in which tissue 

plasminogen-coated nanoparticles disintegrate into nano-scale components in response to high 

fluid shear stress, leading to rapid clot dissolution in a mesenteric injury model to restore blood 

flow [13]. Although nanotoxicity remains a translational barrier, the integration of nanotherapeutics 

with hemodynamic shear force presents a promising direction to address post-stenotic lesion 

growth. 

 

Despite improvement in imaging modalities such as intravascular ultrasound or magnetic 

resonance angiography to visualize anatomic structures, detecting areas of flow separation or low 

shear stress in post-stenotic regions remains challenging.  Given the limitations in real-time 

prediction of rupture-prone regions, Ai et al. demonstrated flow reversal in a 3-D eccentric stenotic 

model by high frequency ultrasonic transducer (45 MHz) [14]. By interfacing 
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microelectromechanical system (MEMS) thermal sensors with the high-frequency pulsed wave 

Doppler ultrasound, real-time assessment of changes in fluid shear stress upstream, downstream, 

and at the throat of the stenosis was validated by both computational fluid dynamics (CFD) codes 

and the ultrasound-acquired flow profiles. Furthermore, post-stenotic regions are prone to 

vascular oxidative stress and inflammatory responses, features of clinical relevance [14].  In this 

context, the advent of micro shear stress sensors holds promise to identify vascular regions of 

flow reversal with high spatial and temporal resolution [15-17]. In corollary, the application of 

shear-activated nanotherapeutic particles opens a new area of nanomedicine to address 

atherosclerotic lesions in the regions of flow separation or reversal when the blood flows though 

the lesser curvature of the aortic arch or the lateral wall of bifurcations. On the other hand, 

exercise-augmented pulsatile shear stress (PSS) up-regulates atheroprotective genes, including 

endothelial nitric oxide synthase (eNOS) [18-22], conferring cardioprotection.  

 

Shear stress-mediated mechanotransduction 

Shear stress imparts both metabolic and mechanical effects on vascular endothelial cells (EC) 

[23]. A complex flow profile develops at the arterial bifurcations; namely, flow separation and 

migrating stagnation points, creating low and oscillating shear stress (Fig. 2c-e).  In response to 

fluid shear stress, transmembrane proteins (including G-protein, Lectin-like oxidized LDL 

receptor-1 [LOX-1 receptor], Toll-like receptor, and caveolin) [24-26], junctional proteins [27], and 

subendothelial mechanosensors (integrin) [28] are considered to be the mechano-receptors that 

transmit shear forces to mechano-signal transduction (Fig. 3). In addition to mechanosensing, EC 

sense shear stress via deformation of the cell surface which leads to the activation of 

transmembrane ion channels [29, 30], realignment of endothelial cytoskeleton [31-33], and 

transmission of intracellular signaling pathways to modulate gene expressions [34-38].  
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At the lateral walls of bifurcations, disturbed flow, including oscillatory flow is considered to be an 

inducer of oxidative stress. OSS-activated NADPH oxidase enzyme system promotes superoxide 

(O2·-) production. In the presence of superoxide dismutase (SOD), O2·- is converted to hydrogen 

peroxide (H2O2) and hydroxyl radicals (·OH). These two reactive oxygen species (ROS) promote 

LDL oxidation, NF-ҡB-mediated adhesion molecule and matrix metalloproteinase (MMP) 

expression to destabilize atherosclerotic lesions. In parallel, O2
.- reacts with NO· at a rapid 

diffusion-limited rate to form peroxynitrite (ONOO·-) as a substrate to lipid oxidation and 

nitrotyrosine formation [3, 6, 39-42]. OSS further up-regulates NADPH oxidase-dependent 

receptors for advanced glycation endproducts (RAGE) as an inflammatory mediator in diabetes 

[43]. In contrast, in the medial wall of bifurcations, pulsatile flow (PSS) down-regulates oxidative 

stress and inflammatory responses, but up-regulates eNOS and antioxidant expression to 

promote vasodilatory, anti-inflammatory, anti-oxidative and anti-thrombotic properties [2, 44*].  

Furthermore, PSS or laminar flow (steady flow at d/dt = 0) decreases RAGE expression and 

attenuates RAGE signaling to inhibit NF-ҡB translocation to the nuclei [45]. 

 

Shear stress modulation of low density lipoprotein (LDL) post-translational modifications 

The post-translational modifications of LDL particles initiate and modulate the progression of 

atherosclerosis. Myeloperoxidase (MPO), present in phagocytes such as macrophages, is 

released in response to oxidative stress and inflammatory responses. MPO produces 

hypochlorous acid by the reaction of H2O2 and chloride ions [46]. While this key reaction 

contributes significantly to the antimicrobial activity of phagocytes [47], a large body of evidence 

now supports oxidation of LDL by the MPO-H2O2-chloride system as a harbinger in the 

development of atherosclerosis [48*].   
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In addition to cytosolic ROS production, OSS induces mitochondrial O2
.- production [49]. OSS 

activates NADPH oxidase-ROS-JNK signaling, leading to an increase in mitochondrial O2
.- 

production [50-52], whereas PSS increases eNOS activities and mitochondrial membrane 

potential (m) accompanied with an increase in Mn-SOD activities [53, 54]. Furthermore, oxLDL 

activates JNK to promote Mn-SOD ubiquitination and protein degradation [50-52]. Using a 

targeted proteomic approach, we have gained mechanistic insights into shear-modulated relative 

ratios of reactive oxygen species (ROS) and reactive nitrogen species (RNS), leading to ONOO·- 

formation and specific post-translational nitration in the  and  helices of the apoB100 protein 

[53, 55, 56]; namely, -1 (Tyr144), -2 (Tyr2524), -2 (Tyr3295), -3 (Tyr4116), and -2 (Tyr4211) [53]. 

Nitration leads to Apolipoprotein-B100 unfolding, and the modified particles are endocytosed by 

the scavenger receptors LOX-1, CD36 and SR-A (scavenger receptor-A), further contributing to 

the progression of atherosclerosis [57]. Similarly, high-performance liquid chromatography 

analyses of EC exposed to OSS demonstrates increased expression of the catalytic subunits of 

NADPH oxidase gp91phox or Nox4 with an ensuing increase in O2·- production [3]. In contrast, 

pulsatile shear stress (PSS) up-regulates eNOS expression accompanied with NO· production, 

further conferring an atheroprotective role to attenuate post-translational oxidative and nitrative 

modifications of LDL particles [3] [40].  

 

Shear stress regulation of inflammatory cell recruitment 

Oscillatory flow induces up-regulation of adhesion molecules and cytokines, allowing 

monocyte/endothelial interactions central to atherosclerosis over a dynamic range of shear stress, 

as demonstrated with high spatial and temporal resolution using micro-electro-mechanical 

systems (MEMS) sensors [39].  Indeed, EC exposed to low shear stress and flow reversal respond 

to inflammatory stimuli with increased monocyte binding [58], an effect mediated in part by the 

endothelial expression of ICAM-1 (intercellular adhesion molecule-1) [59] and release of the 
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central atherogenic chemokine MCP-1 (monocyte chemoattractant protein-1) [60].   

 

The transcription factor Krüppel-like factor 2 (KLF2) is an atheroprotective molecule induced by 

statin [61] and resveratrol [62] therapy. Recently, shear stress-induced KLF2 expression has been 

implicated in regulating endothelial metabolism [44**]. KLF2 is selectively induced in vascular EC 

exposed to the biomechanics of atheroprotected regions of the vasculature [63, 64].  Laminar 

shear stress reduced endothelial glycolysis by repressing the expression of phosphofructokinase-

2/fructose-2,6-bisphosphatase-3 (PFKFB3) in a KLF2-dependent manner to maintain the 

quiescent metabolic state of EC and to inhibit angiogenesis. KLF2 further confers anti-

inflammatory, anti-thrombotic, and anti-oxidative properties. In response to disturbed flow, 

particular biochemical stimuli, including cytokines, high glucose, and oxidative stress, KLF2 

expression are reduced, resulting in an increase in glycolysis and angiogenesis [65**]. In human 

carotid arteries, the induction of KLF2 results in the regulation of endothelial transcriptional 

programs controlling inflammation, thrombosis, vascular tone, and blood vessel development 

[63]. KLF2, therefore, serves as a mechano-sensitive and athero-protective transcription factor 

[63]. However, the underlying mechanisms whereby shear stress regulates cellular metabolism, 

including glycolysis and mitochondrial redox state, to maintain endothelial homeostasis remains 

to be explored. 

 

Shear stress regulation of atherothrombosis 

The most common complication of atherosclerosis is fibrous cap rupture leading to plaque 

thrombosis and clinical manifestation of acute coronary syndromes or stroke. The biomechanical 

properties of plaque mineralization were recapitulated in in vitro or in silico models. When cultures 

of calcifying vascular cells (CVC), a subpopulation of smooth muscle cells that spontaneously 

mineralize, are subjected to increasing magnitude in pulsatile shear stress, calcification does not 

increase plaque vulnerability to fluid shear stress, but may contribute a slight stabilization [66]. 
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Destabilization of atherosclerotic plaques occur in the presence of active metabolic states; 

namely, oxidized lipids and activated MMP are released by macrophages [4]. Disturbed flow or 

extreme high shear stress also regulates the expression of tissue factor, also known as factor III, 

to initiate the coagulation cascade following plaque rupture and subsequent thrombotic events 

[67].   

 

Shear stress modulation of vascular development and repair 

In the era of stem cell and regenerative medicine, hemodynamic shear stress provides a 

biomechanical cure to modulate the microenvironment for vascular differentiation and repair.  The 

transcription factor Runx1 (Runt-related transcription factor 1) is a master regulator of 

hematopoiesis [68].  Hemodynamic shear forces increase the expression of Runx1 in CD41+c-

Kit+ hematopoietic progenitor cells, thus augmenting their colony-forming potential [68]. 

Additionally, shear force-mediated mechanotransduction is implicated in the differentiation of 

stem cells to EC [69-71], and modulates hematopoietic and multilineage engraftment potential 

during embryogenesis [72**].  The effects on hematopoiesis are mediated in part by a cascade 

downstream of wall shear stress to regulate calcium efflux and to activate the prostaglandin E2-

cyclic adenosine monophosphate-protein (AMP) kinase A signaling axis [72**].   

 

Steady laminar shear stress was further demonstrated to affect pluripotency, as well as germ 

specification to the mesodermal, endodermal, and ectodermal lineages, as indicated by gene 

expression of OCT4, T-BRACHY, AFP, and NES in mouse embryonic cells [73]. OSS induces 

directional reorganization of F-actin to mediate the fate choice of mesenchymal stem cells (MSCs) 

through the regulation of the β-catenin/Wnt signaling pathway in a time-dependent manner [74*]. 

OSS also activates angiopoietin-2 (Ang-2) expression critical to angiogenesis via canonical β-

catenin/Wnt signaling in human aortic EC [75*]. Low and disturbed flow patterns up-regulate 

Notch1 expression in EC with translational implication for arteriovenous identity [76]. Steady shear 
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stress induces VEGF-Notch signaling pathway to increase expression of the arterial endothelial 

marker EphrinB2, but down-regulates the venous endothelial marker EphB4 in murine embryonic 

stem (ES) cells [77]. Thus, the hemodynamic cue in the vascular microenvironment modulates 

vascular differentiation and proliferation. 
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CONCLUSION 

Shear stress imparts both metabolic and mechanical effects on vascular EC, with a clinical 

implication in the focal and eccentric nature of atherosclerotic plaques. Physiologic shear stress 

up-regulates vasodilators, antioxidant enzymes, and tissue plasminogen activator (tPA) to confer 

atheroprotective responses, whereas oscillatory shear stress  induces vasoconstriction, growth 

factors, and adhesion molecules to prime atherogenic responses.  PSS increases endothelial 

mitochondrial membrane potential (m) accompanied by a decrease in mitochondrial superoxide 

production (mtO2
.-), whereas OSS oxidized LDL increase mtO2

.- production to promote apoptotic 

pathways. Recently, shear stress-reactivated developmental Wnt-Ang-2 signaling in mature 

vascular EC was implicated in vascular formation and repair. Shear stress-activated VEGF-Notch 

signaling regulates the fate of arteriovenous differentiation. In this context, the spatial (/x) and 

temporal (/t) variations in shear stress largely determine the focal nature of vascular oxidative 

stress and pro-inflammatory states. While sedentary life-style promotes flow separation and 

disturbed flow, exercise-augmented pulsatile shear stress remains a timeless therapeutic strategy 

for maintaining endothelial homeostasis. 
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FIGURES 

 

 
 
 

Figure 1. (a) Shear stress profiles at the lateral and medial walls of arterial bifurcations. (b) 

Pulsatile shear stress (PSS) occurs at the medial wall (red circle), whereas oscillating flow (OSS) 

occurs at the migrating stagnation point of the lateral wall (blue circle). (c) Flow separation and 

disturbed flow develops at the lateral wall. (d) Angiogram supports the predilection sites for 

atherosclerosis. (e) Spatial variations in wall shear stress profiles at an instantaneous moment in 

systole. The magnitude of wall shear stress is relatively high in the ascending aorta, greater 

curvature, and descending aorta. Cross-section at the aortic arch reveals an eccentric distribution 

of high shear stress in the greater curvature but low in the lesser curvature. Cross-section from 

the descending aorta reveals concentric high shear stress.  
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Figure 2. Comparison between Couette and Poiseuille flow.  

(a) When top plate moves with velocity U and bottom plate is fixed, fluid motion (Navier-Stoke 

Equation) shows a linear profile.  Also, shear stress profile shows the constant profile. (b) When 

constant pressure is applied to fluid which is trapped between two fixed plates, fluid motion shows 

a parabolic flow. Shear stress profile shows a linear profile.  Anatomic variation promotes low 

reversal occurring from the high pressured to low pressured regions. (c) In the bifurcated region, 

low pressure develops at the lateral wall of bifurcation, lesser curvature, and the post-stenotic 

region. (d) In the wake of post-stenotic region, low pressure promotes flow separation and flow 

reversal. (e) In aortic arch, Greater curvature has higher pressure than the lesser curvature. 
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Figure 3. Oscillatory shear stress mediated mechanotransduction signal modulates inflammatory 

responses, whereas pulsatile shear stress activates G-protein and PIP3-AKT pathway, leading to 

phosphoyrylation of eNOS. 
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ABSTRACT 

Four-point electrode systems are commonly used for electric impedance measurements of 

biomaterials and tissues.  We introduce a 2-point system to reduce electrode polarization for 

heterogeneous measurements of vascular wall.  Presence of endoluminal oxidized low density 

lipoprotein (oxLDL) and lipids alters the electrochemical impedance that can be measured by 

electrochemical impedance spectroscopy (EIS).  We developed a catheter-based 2-point micro-

electrode configuration for intravascular deployment in New Zealand White rabbits.  An array of 

2 flexible round electrodes, 240 µm in diameter and separated by 400 µm was microfabricated 

and mounted on an inflatable balloon catheter for EIS measurement of the oxLDL-rich lesions 

developed as a result of high-fat diet-induced hyperlipidemia.  Upon balloon inflation, the 2-point 

electrode array conformed to the arterial wall to allow deep intraplaque penetration via alternating 

current (AC).  The frequency sweep from 10 – 300 kHz generated an increase in capacitance, 

providing distinct changes in both impedance () and phase () in relation to varying degrees of 

intraplaque lipid burden in the aorta.  Aortic endoluminal EIS measurements were compared with 

epicardial fat tissue and validated by intravascular ultrasound and immunohistochemistry for 

plaque lipids and foam cells.  Thus, we demonstrate a new approach to quantify endoluminal EIS 

via a 2-point stretchable electrode strategy.       
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INTRODUCTION 

Electrochemical impedance spectroscopy (EIS) measures charges stored in tissues by electrical 

impedance (Z) developed in response to applied alternating current (AC).  EIS is the macroscopic 

representation of the electric field and current density distribution within the experimented 

samples.  Such distribution can be described with Maxwell’s equations, which, under the quasi-

electrostatic limit, reduces to 5:     

    ∇ ∙ (φ∇∗ߪ) = 0,    (1) 
 
where ߪ∗ = ்ߪ + jω்ߝ, and ்ߪ and ்ߝ represent the conductivity and permittivity of the sample, 

respectively, ߱ is the angular frequency, ݆ = √−1, ߮ denotes the voltage distribution.  Current 

density, ܬറ =  ሬറ.  Finally, impedance ofܧ ,ሬറ, is calculated with known distribution of electric fieldܧ∗ߪ

the sample, Z, based on Maxwell’s equations, is expressed as:   

d
S

Z
J S







,    

(2)

  

 

where ܵ denotes the electrode-tissue interface area, Δ߮ represents the voltage difference across 

the two measuring electrodes.   

 

Fat-free tissue is known to be a viable electrical conductor for its high water (approximately 73%) 

and electrolytes (ions and proteins) content.  However, fat tissue is anhydrous and thus, a poor 

conductor.  The high lipid content, including negatively charged active lipids such as oxidized low 

density lipoprotein (oxLDL) 27 and foam cells present in the plaque change the endoluminal 

electrochemical properties that can be measured by EIS 17, 28, 29, 30. 

 

The application of microelectrode sensor measures the non-Faraday impedance due to the 

interface capacitance and non-homogeneities of fatty streaks or pre-atherosclerotic lesions that 

harbor oxLDL and foam cell infiltrates.  Suselbeck et al. measured intravascular EIS using a linear 
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4-electrode configuration microelectrode (2 x 105 µm in length) 30.  Our group further reduced the 

sensor surface area by 2,000-fold using the concentric bipolar microelectrode sensors (300 µm 

in diameter) 4, 36 and introduced the balloon-inflatable bipolar electrodes to measure EIS signals 

from non-homogeneous tissue composition, non-planar endoluminal surface, and non-uniform 

electric current distribution of the atherosclerotic lesions 4.   

 

We hereby introduce a 2-point configuration to avoid separate current paths and common-mode 

signals that confound measured data 13.  The 2-point configuration with flexible round electrodes 

(∅ 240 µm, Fig. 1) enabled deep intraplaque penetration by AC current, allowing for quantification 

of oxLDL-rich plaque from the thoracic to distal abdominal aortas in the NZW rabbit model.  We 

biased an input peak-to-peak AC voltage of 50 mV and a sweeping frequency from 10 to 300 kHz 

to the 2-point electrodes.  We quantified and validated EIS signals both in vivo and ex vivo in 

relation to epicardial fat tissue, and recapitulated the frequency range from 10 – 300 kHz in which 

distinct capacitive and phase changes revealed low, intermediate and high oxLDL-rich lesions.  

Thus, we demonstrated a simplified 2-point electrode design to enhance detection of lipid-laden 

plaques. 
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METHODS 

EIS sensor deployment, device assembly and microfabrication 

We fabricated an EIS sensor with several microelectrodes in an array (Fig. 1a).  In the present 

study, we always utilized the same 2 middle electrodes highlighted with red circles.  We present 

a 3D rendering of the deployment of our EIS sensor with the balloon in grey, plaque in green and 

vessel wall segment in blue (Fig. 1b).  This is followed by a 2D side-view of the device showing 

where the microelectrodes are placed and a 2D cross-sectional view of the device in contact with 

an atherosclerotic plaque segment with electric fields generated between the microelectrodes.   

 

A 20 cm long plastic catheter with a dilatation medical balloon (Vention Medical, NH) sleeved on 

from one end was used for in vivo delivery of the sensor, while the other end was connected with 

a mechanical pump to control the balloon dilatation.  Miniature holes were punched on the 

catheter sidewall covered by the balloon for air delivery (Fig. 1b).  The flexible sensor, after 

connecting the contact pads with metal wires using conductive epoxy, was fixed on the surface 

of the balloon by silicone adhesive (Henkel, CT).  An insulating heat-shrink tube was used to wrap 

the wires and secure their positions alongside the catheter.  These wires are conveniently 

connected with normal electrical cables to interface with measuring instruments as illustrated by 

the assembled EIS sensor with close-up view showing the flexible electrodes attached on the 

balloon.   

 

The fabrication process of the flexible EIS sensors started with a parylene-C (PAC) thin film (5 

μm) deposition onto a normal silicon wafer treated with hexamethyldisilazane (HMDS, 3 min) for 

adhesion promotion (Fig. 1c).  Subsequently, a layer of Au/Ti (200nm/20nm) was deposited and 

selectively removed through chemical wet etching based on a lithographically-defined pattern.  

Another layer of PAC (5 μm) was deposited as an insulating barrier, followed by exposure of the 

sensing electrodes and contact pads area via reactive ion etching (RIE).  The final device footprint 
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was defined by further etching through the PAC thin film.  The PAC sensor was peeled off from 

the wafer and used for assembly.   

 

Equivalent circuit diagram for the paired electrode sensor 

The current design can be modeled with the following equivalent circuit to demonstrate the 

constant phase element (CPE) in association with non-ideal double layer capacitance at the 

electrode/tissue interface (Fig. 2a).  The electrode-tissue interface impedance of both sensing 

electrodes is considered as a constant phase element:    

(CPE) Zେ୔୅ =
ଵ

ଢ଼(୨ன)౗ ,    (3) 

 

where ܻ denotes the nominal capacitance value, and a is a constant between 0 and 1, 

corresponding to non-ideal interface effects.  The impedance of measured tissue is modeled as 

paralleled ܴ୘ and ܥ୘, representing both resistive and capacitive elements within the tissue, 

depending on material composition and structural variation.  Moreover, the Bode plot of the 

equivalent circuit model is depicted based on a network analysis similar to Grimnes et al. 13 (Fig. 

2b).  The values of each electrical component in the Bode plot are adapted from our previous 

study 34 and are as follows: Y=100nS, R୘=1k, C୘=10pF, a=0.8.  As illustrated, the phase 

gradually rises towards zero degree as the frequency increases, indicating a diminishment in the 

interfering capacitive effect within the system, particularly at the electrode/tissue interface.  

Hence, impedance values at higher frequencies have a superior ability to reveal the distinctive 

characteristics of interrogated samples.   

 

Animal studies 

All animal studies were performed in compliance with the IACUC protocol approved by the UCLA 

Office of Animal Research.  Rabbit experiments were conducted in the UCLA translational 

research imaging center (TRIC) lab.  Analyses were conducted in n=5 control rabbits fed a chow 
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diet and n=3 age-matched high-fat fed NZW male rabbits 26.  High-fat animals were placed on a 

1.5% cholesterol and 6.0% peanut oil diet (Harlan laboratory) for 9 weeks prior to harvesting.  

Animals were anesthetized with isofluorane gas, endotracheally intubated and placed on a 

mechanical ventilator.  Blood pressure and heart rate were monitored continuously by a non-

invasive paw cuff as well as an intra-arterial sensor.  A femoral cut-down was performed and a 4-

French arterial sheath placed in the common femoral artery.  Under fluoroscopic guidance 

(Siemens Artis Zeego with robotic arm) and iodinated contrast dye injection, the EIS sensor was 

advanced to the abdominal aorta for live interrogation.  In vivo and ex vivo measurements were 

obtained in the abdominal aorta between the renal artery bifurcation and also proximal to the 

aortic bifurcation.  Following animal harvesting, ex vivo measurements were conducted in various 

segments with differing levels of lipid burden in the descending thoracic aorta and abdominal 

aorta at the level of the renal arteries.  Three replicates were performed at each interrogation site.  

Thus, for each animal, measurements were obtained at 3 anatomic sites:  1. descending thoracic 

aorta, 2. abdominal aorta at the level of the renal arteries, and 3. abdominal aorta proximal to the 

aortic bifurcation.  In the high-fat fed animals, these 3 anatomic sites correspond to areas with:  

1. severe plaque, 2. moderate plaque, and 3. mild plaque, respectively.  AC signals with peak-to-

peak voltages of 50 mV and frequencies ranging from 1000 Hz to 300 kHz were delivered at each 

site.  The impedance magnitude and the phases of the impedances were acquired at 10 data 

points per frequency decade. 

 

EIS measurements in aortas 

Angiograms were obtained during fluoroscopy to document vessel anatomy and verify appropriate 

advancement of the EIS sensor.  Measurements were obtained in control rabbit aortas and in 

various segments of the high-fat fed rabbit aortas.  Different anatomical segments exhibited 

varying degrees of atherosclerosis, with the most prominent being the thoracic aorta.  Segments 

that were analyzed were the descending thoracic aorta (severe plaque), abdominal aorta at the 
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level of the renal artery bifurcation (moderate plaque), and abdominal aorta proximal to the aortic 

bifurcation (mild plaque).  Results were compared to plaque burden as assessed by lipid content 

and inflammatory activation by macrophage.  The catheter-based balloon-inflatable EIS sensor 

was deployed in vivo.  The balloon was inflated to 10 psi (pounds per square inch) to allow for 

optimal endoluminal contact.   

 

Microfabrication and deployment of high-frequency IVUS  

PbMg1/3Nb2/3O3-PbTiO3 (PMN-PT) single crystal, with its superior piezoelectric properties, served 

as the functional element of the IVUS transducer used in this study 19.  The general fabrication 

process previously reported was modified to fabricate the four-layered IVUS transducer 23.  The 

IVUS transducer was then inserted into customized probe housing (a stainless steel tube one 

window; OD: 1 mm; length: 2 mm).  The coaxial cable was covered by the flexible torque coil to 

ensure accurate and smooth translation of torque to the distal end over a large distance and 

through tortuous curves.  During experiments, the probe was inserted into a sheath to avoid cross-

contamination between probe and arterial segments.  Saline solution was filled in the sheath 

before experiments.  For the IVUS imaging system, a Panametrics PR5900 pulser/receiver 

(Olympus NDT, Kennewick, WA) was used for pulse generation and signal detection with 26 dB 

gain and 10~100 MHz band-pass filter.  The ultrasonic radio frequency data was fed into the 12 

bit digitizer and digitized at a sampling rate of 400 MHz.  The acquired IVUS signal was processed, 

displayed and saved simultaneously by custom built software 24.  The system has a frame rate of 

20 frames per second with 1000 A-lines per frame.  A custom built rotary joint device was used 

for motion control and signal coupling from the rotational part to the stationary part.  All these 

components were fixed to a translational stepper motor with pull-back capability.  To evaluate the 

general performance of the IVUS transducer and imaging system, the pulse-echo testing was 

performed.  The measured center frequency of the IVUS transducer was 39 MHz with a fractional 

bandwidth of 45%.   
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Histology 

A portion of each aorta was fixed in 4% paraformaldehyde, embedded in paraffin and serially 

sectioned at 5 m for histological analyses.  Lipids were identified by hematoxylin and eosin 

staining and macrophages by F4/80 staining (monoclonal rat anti-mouse antibody, Invitrogen). 

 

Statistical and correlation analyses 

Statistical analysis was performed using analysis of variance with multiple comparisons 

adjustment for this study design.  Since the assumption of homogeneity of variance was violated 

as evidenced by a significant Levene’s test 18 in most cases, the Brown-Forsythe test 2 was 

systematically used to determine significance across groups.  Dunnett’s test 9 was used for 

multiple comparisons given this statistical approach does not depend on homogeneity of 

variances and corrects for multiple testing.  IBM SPSS version 20 was used to perform the 

analysis.  A P-value < 0.05 was considered significant.  Spearman’s correlation was determined 

as follows: 

2

2(
1

)

6

1
idr

n n


 


    (4)  

 

where r = Spearman correlation, di = difference between ranks, n = sample size. 
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RESULTS 

EIS measurements by the 2-point configuration 

The catheter-based balloon-inflatable 2-point configuration was deployed in vivo.  The frequency 

sweep revealed similar impedance profiles in the frequency range 1 – 10 kHz, consistent with a 

more resistive pattern in tissues (Fig. 3a).  However, significant differences in impedance 

appeared in the frequency range 10 – 300 kHz, consistent with a more capacitive behavior of the 

arteries (P < 0.05, Brown-Forsythe test).  The EIS measurements revealed a baseline impedance 

of 12 k at 10 kHz, 5.6 kat 100 kHz, and 5.2 kat 300 kHz in control arteries.  EIS increased 

in the presence of oxLDL-rich lesions.  At an intermediate frequency of 10 kHz, the magnitude of 

the impedance increased to 12.5 k, 13 k and 14 k in the abdominal aorta with mild plaque, 

the abdominal aorta at the renal artery bifurcation with moderate plaque and the descending 

thoracic aorta with severe plaque, respectively.  At a high frequency of 300 kHz, the magnitude 

of the impedance increased further to 5.9 k, 7 k and 8.4 k in arterial segments with mild, 

moderate and severe plaque, respectively.  As a corollary, a decrease in phase was observed in 

the lower frequency range, indicating a longer delay between voltage input and current output 

which progressively increased in the higher frequency range (P < 0.05 from 1.5 – 125 kHz, Brown-

Forsythe test) (Fig. 3b).  Ex vivo studies were conducted in explanted aortic segments, 

demonstrating a high correlation with in vivo measurements with a Spearman r = 0.9732 (P < 

0.0001) (Fig. 3c).  Thus, the 2-point configuration allowed for EIS measurements to quantify the 

degrees of plaque burden.  

 

Validation with intravascular ultrasound (IVUS) and immunohistochemistry 

To validate the EIS measurements, we performed IVUS and histology to assess the underlying 

atherosclerotic lesions.  Visualization of atherosclerotic plaques of varying burden was performed 

by IVUS to confirm underlying plaque severity (Fig. 4a, b).  The IVUS and EIS measurements 
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were not obtained simultaneously, but sequentially with different catheters to avoid interference 

between the two transducers.  Atherosclerotic plaques were further identified by hematoxylin and 

eosin (H & E) staining, and the oxLDL-laden macrophage/foam cells were detected by F4/80 

immunohistochemistry staining (Fig. 4c-j) to support the elevated EIS values (Fig. 3a).  Control 

aortas were free of oxLDL-rich lesions or macrophages, validating the low EIS values (Fig. 3a).   

 

EIS measurements of epicardial fat tissue in comparison with aortic segments 

To further characterize the 2-point configuration, we obtained EIS measurements from ex vivo 

epicardial fat tissue and compared these to aortic segments (Fig. 5).  No differences were 

observed in epicardial fat tissue between control and high fat fed animals.  Impedance profiles 

were significantly higher in epicardial fat tissue compared to aortic segments throughout the 

frequency sweep from 1 kHz – 300 kHz (P < 0.05, Brown-Forsythe test).  Post-hoc multiple testing 

analyses further illustrated significant differences between control aortas and combined 

atherosclerotic plaque segments from 10 – 300 kHz (P < 0.05, Dunnett test).  These findings 

corroborate the capability of the simplified 2-point configuration to distinguish tissues exhibiting 

varying lipid burden by intravascular EIS measurements.  

 

Two-point electrode configuration 

One of the critical issues for the 4-point EIS design is the existence of the negative sensitivity field 

13.  The formulation of the sensitivity field (S) of a tetrapolar configuration has been detailed in 

previous works 12 and can be written as 

 

            S =
௃భ∙௃మ

ூమ ,        (5) 

 
where ܬଵ and ܬଶ are the current density at the current injection electrode pair and the voltage 

measuring electrode pair, respectively, and ܫ denotes the actual current being injected.   
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As seen in Eq. 5, the dot product of ܬଵ and ܬଶ can possibly become a negative value in certain 

regions of the targeted tissue, indicating a reverse correlation between the local conductivity 

change within the tissue and the overall impedance value.  Consequently, the impedance 

measurement can no longer genuinely represent the real local conductivity variation and thus fails 

to recognize regions of different plaque severity.  Once shifted to a 2-point design, ܬଵ and ܬଶ 

represent the same current density flowing across the two electrodes in use and the dot product 

between the two will always remain positive.  

 

We have highlighted characteristics of EIS sensors with different numbers of electrodes in Table 

1, and illustrate lower maximum relative variability (defined as standard deviation/mean), an 

indicator of higher SNR, with the current sensor design.  Compared to the concentric design, the 

2-point configuration generated a higher SNR for its high common mode rejection ratio (CMRR) 

as a result of symmetrical electrode-tissue contact area.  In addition, under the same input current, 

the electrode pair with larger separation (2-point) provides a higher electrical potential (higher 

resistivity due to larger dimension) allowing penetration into the deeper tissues with robust 

signals, rendering the data more reliable.  We compare the previous concentric design with the 

current design in terms of input voltage, sweeping frequency, impedance and maximum relative 

variation in Table 2.  EIS by 2-point configuration was most sensitive in detecting vascular tissue 

compositions at 10 – 300 kHz while the concentric bipolar configuration was sensitive at 100-300 

kHz. 

 

The 2-point design further reduces the number of unknown variables from 6 to 4 in the equivalent 

circuit 36, reducing simulation and calculation.  The 4 unknown variables required in both the 2-

point and concentric bipolar designs are:  1) resistive and 2) capacitive elements of the tissue as 

represented by: ்ܴ and ்ܥ, the constant phase element of the electrode-tissue interface in the 
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counter electrode (CE): ܼ஼௉஺ =
ଵ

௒(௝ఠ)ೌ , where 3) ܻ denotes the nominal capacitance value, and 

4) a the constant of the surface property of the electrodes ranging from 0 to 1 corresponding to 

non-ideal interface effects.  The additional 2 unknowns specific to the previous concentric design 

are 1) double layer capacitance ܥ஽௅ଶ and 2) charge transfer resistance, ܴ஼்ଶ, both arising from 

working electrode-tissue interface.   
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DISCUSSION 

The main contribution to endoluminal assessment of atherosclerotic plaque we present is the 

design and fabrication of balloon inflatable 2-point electrodes for EIS measurements of oxLDL-

rich plaque.  We characterize the stretchable sensors in terms of distinct changes in impedance 

and phase spectra in response to balloon inflation pressure.  Our 2-point approach represents an 

advancement to the previously proposed linear 4-point electrode arrays 28, 29, 30, which preclude 

detection of small and non-homogeneous lesions.  Thus, we demonstrate a simplified 2-point 

electrode configuration to advance the electrochemical impedance measurements for intraplaque 

lipid-laden lesions. 

 

Atherosclerosis is a chronic inflammatory disease with involvement of both innate and adaptive 

immune pathways 21.  The atherosclerotic plaque involves a complicated interplay between lipid 

metabolism, inflammation, macrophage activation and collagen breakdown, and the rupture of 

atherosclerotic plaques remains a leading cause of mortality in developed countries 20.  Currently, 

fractional flow reserve (FFR), IVUS or optical coherence tomography (OCT) are limited to 

anatomic and hemodynamic characteristics of atherosclerotic plaques 1.  Despite the advent of 

computerized tomographic (CT) angiography, high resolution magnetic resonance imaging (MRI) 

31, intravascular ultrasound (IVUS), near-infrared fluorescence (NIRF) 15, and time-resolved laser-

induced fluorescence spectroscopy 25, real-time interrogation of metabolically active, lipid-rich 

plaques remains an unmet clinical need.  However, none of the above modalities assess 

intraplaque lipid and oxidized LDL content as has been proposed with EIS.  Importantly, oxidized 

low density lipoprotein (oxLDL) induces transformation of macrophages to lipid-laden foam cells 

3.  Furthermore, growing evidence supports that oxLDL and thin-cap fibroatheromas (TCFA) rich 

in macrophage/foam cells are prone to mechanical stress and destabilization 8, 11, 37.  Others and 

our group have further demonstrated the hemodynamic shear forces on metabolically active 

lesions in athero-prone regions 32, 36.  The safety and relatively simple deployment of an invasive 
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EIS sensor merit further consideration in experimental and translational studies, either alone or 

combined with other invasive modalities such as IVUS. 

 

When comparing our 2-point sensor with previous 3-point and 4-point linear arrays (Table 1), the 

maximum relative variability was higher (i.e. more variability and hence less stable EIS results) 

by 50% in 3-point sensors and by 150% in 4-point sensors.  In addition, when comparing our 

linear 2-point sensor with the concentric bipolar electrodes (Table 2), the maximum relative 

variability was the same, however the major advances of the current 2-point design allow for deep 

tissue penetration for intraplaque burden assessment (Fig. 1b).  The spacing between the two 

concentric electrodes was 100 m, confining current traveling to the fibrous cap area; whereas 

the spacing between the 2-point round electrodes is 400 µm, allowing for deep current penetration 

in the frequency band 10 – 100 kHz with high SNR.   

 

Also, the contact impedance between the two concentric bipolar electrodes varies due to the 

different electrode area, giving rise to different voltage drops at each double layer and introducing 

common mode noise into the detected signal.  This reduction in noise rejection capacity results 

in a decrease in SNR.  Moreover, the 2-point design reduced the unknown variables from 6 for 

the concentric bipolar electrodes to 4 as simulated by the equivalent circuit (Fig. 2).   

 

Our flexible and 2-point electrodes were mounted on an inflatable balloon for endoluminal EIS 

quantification of lipid burden.  EIS quantifies the intrinsic electrochemical properties of tissues; 

namely water content, electrolyte concentration, vascular calcification and cholesterol/lipid 

content which influence the changes in impedance.  Sites of mild, moderate and severe 

atherosclerotic plaque burden in previously described specific segments of the aorta 16 were 

verified by fluoroscopy and IVUS for gross anatomy, by histology for lipid presence, and by 
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immunohistochemistry for foam cells or macrophages.  We applied AC current to the lesions and 

recorded impedance, Z, to determine electrochemical properties.  EIS takes advantage of the 

vascular tissues that store and dissipate charges 4, 34, 35, 36.  In addition to the capability of EIS to 

differentiate oxLDL-rich from oxLDL-free lesions 34, 35 we further demonstrated that endoluminal 

EIS signals are independent of blood viscosity and flow rate as evidence by the high Spearman 

correlation between in vivo and ex vivo EIS signals (Fig. 3c).  Of note, the overall 3D geometry 

of vessels undergoes changes due to the loss of residual stresses during resection, leading to 

some modification in the endoluminal area over which stretchable sensor apposition was 

performed and impedance interrogation conducted.  Despite this limitation, we observed a highly 

significant correlation between in vivo and ex vivo measurements.  EIS signals of epicardial fat 

with a distinct impedance spectrum further support our 2-point design to quantify lipid-rich tissues.   

 

Intravascular EIS assessment by deployment of linear 4-point microelectrode array (2 cm long) 

via balloon catheter was demonstrated in NZW rabbits 17, 28, 30.  To address EIS signals in human 

coronary arteries, we previously designed concentric microelectrodes (300 µm in diameter) that 

were conformal to the non-planar endoluminal surface and non-uniform electric current 

distribution.  Distinct from the large surface area of the 4-point design, the concentric bipolar 

microelectrodes afforded a 2,000-fold reduction in size for intravascular deployment in the mice 

and rabbit models 36.  To further simplify the concentric bipolar design for EIS interrogation in 

humans, we have re-configured to a 2-point, paired electrode design (highlighted in Fig. 1a).  

Compared to the concentric design 4, 2-point configuration provides a larger separation between 

the electrode pair (400 m), allowing for deep current traveling into the intraplaque lipid core to 

achieve significant tissue impedance disparities.  Moreover, these symmetric electrode pairs 

provide a common mode rejection capability to reject the unwanted input signals from the wanted 

difference signals.   
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The gold paired electrodes are well embedded in a layer of insulating PAC film to minimize current 

drift and cross-talks (Fig. 1).  The limited exposed areas for endoluminal contact circumvent 

potential short circuit.  The EIS measurement is conducted at room temperature within the 

operating range in the Gamry system (0~70 oC) to prevent current drifts.  To predict the potential 

cross-talk (parasitic capacitance), we performed the open circuit impedance, ܼ௉, measurement 

between the two metal wires to have a quantitative estimation of the potential parasitic 

capacitance ܥ௉. (ܼ௉ =
ଵ

௝ఠ஼ು
; see Fig. 6).  Impedance values arising from the parasitic capacitance 

is on the order of 10 kOhm at ~300 kHz in comparison with the measured tissue impedance of 1 

kOhm at ~300 kHz.  For this reason, the equivalent impedance of parasitic capacitance is 10 

times the measurement impedance, minimizing current drift and cross-talk under physiologic 

conditions.   

 

The high-frequency range indicates that real-time EIS quantification with the decreased phase 

delay supports the reliable intravascular strategy.  An inductor circuit was used for voltage 

application and subsequent current generation to quantify plaque burden.  When inductors (or 

capacitors) are involved in an AC circuit, the peaks in voltage and current are not synchronized.  

The fraction of a period difference between the peaks expressed in degrees is the phase 

difference of ≤ 90°.  Our data indicate that there was a significant phase delay of ~ -70° in the low 

frequency range and a decrease in phase delay to ~ -10° in the highest frequencies.  As a result, 

high frequency range shortens the duration of time lag between voltage application and current 

generation.  The EIS impedance profiles obtained were significantly different over the 10 – 300 

kHz frequency sweep, with high impedance in the severe plaque area of the descending thoracic 

aorta, intermediate impedance in the moderate plaque area of the proximal abdominal aorta, and 

low impedance in the mild plaque area of the distal abdominal aorta.  These results support the 

application of EIS to quantify intraplaque lipid burden in real time.  Previous histological analysis 
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of aortic atherosclerosis in the rabbit model agreed with severe, moderate, and mild degrees of 

lipid burden in the thoracic, proximal abdominal and distal abdominal aorta, respectively 16.   

 

Flexible electronics is an emergent intravascular approach for pre-clinical models.  Surface 

flexible hybrid electronics embedded in Polydimethylsiloxane (PDMS) and adhered to the skin 

have been tested for electrocardiogram and temperature monitoring 33.  Implantable flexible 

electrode arrays have been embedded in Parylene C (PAC) for its bio-compatibility 6 and 

investigated for retina implants to restore vision 7.  We have quantified the Young’s modulus, or 

elastic modulus, defined as the ratio of stress to strain of the stretchable paired microelectrodes 

mounted on inflatable balloons 4.  Since the Young’s modulus of nylon for the balloon is 2.7~4.8 

GPa 14, matching with that of PAC (3.2 GPa) 22 to minimize strain mismatch, the 2-point electrodes 

affixed onto the non-compliant balloon (Venture Medical, USA) withstood the inflated balloon at 

10 pounds per square inch (psi) or ~69 KPa for optimal endoluminal contact.  In fact, the applied 

stress at 10 psi was well below the tensile stress at 58 MPa of PAC.  Furthermore, the Young’s 

modulus of the blood vessel ranges from 0.2 – 0.6 MPa 10 resulting in < 35% deformation in the 

normal direction of blood flow.  Thus, the flexible and stretchable 2-point design provides safe 

endoluminal contact.   

 

Our 2-point sensor discriminates areas with no plaque (controls), mild plaque (abdominal aorta 

proximal to the aortic bifurcation), moderate plaque (abdominal aorta at the level of the renal 

arteries) and severe plaque (descending thoracic aorta), thereby detecting by EIS observations 

previously made by histology in experimental rabbits 16.  In humans, the intravascular assessment 

of coronary arteries with differing levels of intraplaque lipid burden has reached clinical use 1.  

Additional studies in humans have established that plaques with larger lipid and oxLDL area are 

more prone to vulnerability and rupture with ensuing clinical events such as myocardial infarction 
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11.  These comparisons with pathology observations in humans provide the basis for future studies 

to establish the ability of EIS to distinguish stable from vulnerable atherosclerotic plaques.   

 

In conclusion, the 2-point EIS design represents a diagnostic and preventive strategy to identify 

lipid-rich plaques for targeted therapy and for longitudinal follow-up in response to 

pharmacological intervention.  We demonstrate a new generation of balloon-inflatable 2-point 

microelectrodes as a simple, reliable, safe and robust approach to complement diagnostic 

angiography.  Our findings provide a basis for future pre-clinical studies to determine the EIS 

sensor either as a stand-alone catheter or packaged with other modalities such as IVUS 1.   
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FIGURES AND TABLES 
 
 
 

Reference Design Sample  
condition 

Input voltage 
(mV) 

Sweeping 
frequency (Hz) 

Impedance () Maximum 
relative 
variability 

Yu et al.35 3-point in vitro 10 0.1k-300k 20k-500k ~0.15 

Streitner 
et al.28 

4-point in vitro 10 1k, 10k, 100k 0.3k-1k ~0.25 

Presented 
work 

2-point in vivo 50 1k-300k 4k-60k ~0.1 

 
 

Table 1.  Comparison of EIS sensors with different numbers of electrodes.   

Maximum relative variability: standard deviation / mean.   
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Reference Design Sample  
condition 

Input voltage 
(mV) 

Sweeping 
frequency (Hz) 

Impedance () Maximum 
relative 
variability 

Yu et al.36 Concentric in vitro 10 10k-100k 1.1k-2.1k ~0.1 

Cao et al.4 Concentric in vivo 10 1k-300k 7k-100k ~0.1 

Presented 
work 

Linear in vivo 50 1k-300k 4k-60k ~0.1 

 
 

Table 2.  Comparison of different 2-point EIS sensors.   

Maximum relative variability: standard deviation / mean.   
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Figure 1.  (a) Design schematic of an array of individually addressable impedance sensing 

electrodes.  A set of eight round electrodes (∅ 240 µm) was implemented.  The electrode pair 
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situated in the center (400 µm separation) and highlighted in red was selected for measurements 

throughout the study.  (b) 3D rendering of the deployed EIS sensor in contact with a plaque, and 

2D side-view of the device illustrating microelectrode placement with adjacent 2D cross-sectional 

view illustrating apposition and contact of the electrodes on the inflated balloon with the 

endoluminal surface covering an atherosclerotic plaque.  Generated electric fields between the 2 

microelectrodes are illustrated.  An image of the actual EIS sensor with close-up view of flexible 

electrodes attached on the inflated balloon is provided.  (c) Schematics of the microfabrication 

process of the flexible PAC electrodes (i-iv).   
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Figure 2.  (a) Equivalent circuit diagram for the paired electrode sensor.  a: constant between 0 

and 1, corresponding to non-ideal interface effects between electrodes and tissues.  CE: counter 

electrode.  WE: working electrode.  CPE: constant phase element.  ܻ: nominal capacitance value.   

்ܴ: resistive element.  ்ܥ: capacitive element.   
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Figure 2.  (b) The Bode plot for the equivalent circuit model with component values:  ܻ=100nS.  

்ܴ=1k.  10=்ܥpF.  a=0.8.   
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Figure 3.  (a) Impedance magnitude in control aortas and aortic segments with mild, moderate 

and severe plaque are depicted in logarithmic scale.  P < 0.05 in the frequency range 10 – 300 

kHz for impedance profiles, Brown-Forsythe test.  Data presented as means ± standard errors of 

the mean.   
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Figure 3.  (b) Phase spectra in control aortas and aortic segments with mild, moderate and severe 

plaque are depicted in logarithmic scale.  P < 0.05 in the frequency range 1.5 – 125 kHz for phase 

spectra, Brown-Forsythe test.  Data presented as means ± standard errors of the mean.   
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Figure 3.  (c) In vivo vs. ex vivo correlation of impedance spectra obtained from identical aortic 

segments with the EIS sensor.  Spearman test r = 0.9732, P < 0.0001.   
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Figure 4.  Example of intravascular ultrasound measurements obtained in a control aorta (a) and 

from a segment with atherosclerotic plaque (b).  The yellow arrow is pointing towards the 

atherosclerotic plaque.  Histologic analysis of control aortas at 4x (c) and 10x (d) magnification 

demonstrate absence of subendothelial lipid deposits, whereas subendothelial lipid content 

characteristic of plaques in atherosclerotic lesions (black arrows) are readily identified in animals 

fed a high fat diet at 4x (e) and 10x (f).  Immunohistochemical analysis of macrophage infiltration 

demonstrates their absence in control aortas at 4x (g) and 10x (h) whereas a robust presence 

(green arrows) is documented in atherosclerotic aortic segments from animals fed a high fat diet 

at 4x (i) and 10x (j).  Yellow arrows:  plaque identified by IVUS.  Black arrow:  plaque identified 

by histology.  Green arrows:  macrophages identified by immunohistochemistry.   
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Figure 5.  Representation of combined EIS impedance spectra from aortas and epicardial fat.  

Control aortas, atherosclerotic aortas displayed as the mean value of all analyzed segments from 

various levels of the arterial tree and superimposed profiles of epicardial fat tissue demonstrate 

stark contrasts in EIS profiles and tissue impedance signatures across the frequency sweep.  P 

< 0.05 throughout the frequency sweep from 1 kHz – 300 kHz in epicardial fat tissue compared 

to aortic segments, Brown-Forsythe test.  P < 0.05 between control aortas and combined 

atherosclerotic plaque segments in the frequency range 10 – 300 kHz, Dunnett test. 
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Figure 6 (a) Open circuit measurement of impedance magnitude between the two metal wires 

allows a quantitative estimation of the potential parasitic capacitance.  Impedance values arising 

from the parasitic capacitance are on the order of 10 kOhm at 300 kHz.   
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Figure 6 (b) Open circuit measurement of phase spectra between the two metal wires allows a 

quantitative estimation of the potential parasitic capacitance.  Impedance values arising from the 

parasitic capacitance are on the order of 10 kOhm at 300 kHz.   
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ABSTRACT 

Absolute quantitation of myocardial blood flow (MBF) by positron emission tomography (PET) is 

an established method of analyzing coronary artery disease (CAD) but subject to the various 

shortcomings of available radiotracers.  Flurpiridaz F 18 is a novel PET radiotracer which exhibits 

properties of an ideal tracer.  A new absolute perfusion quantitation method with Flurpiridaz was 

developed, taking advantage of the early kinetics and high first-pass extraction by the myocardium 

of this radiotracer, and the first in human measurements of MBF performed in 7 normal subjects 

and 8 patients with documented CAD.  PET images with time-activity curves were acquired at 

rest and during adenosine stress.  In normal subjects, regional MBF between coronary artery 

territories did not differ significantly, leading to a mean global MBF of 0.73 mL/min/g at rest and 

2.53 mL/min/g during stress, with a mean global myocardial flow reserve (MFR) of 3.70.  CAD 

vascular territories with <50% stenosis demonstrated a mean MBF of 0.73 at rest and 2.02 during 

stress, leading to a mean MFR of 2.97.  CAD vascular territories with ≥50% stenosis exhibited a 

mean MBF of 0.86 at rest and 1.43 during stress, leading to a mean MFR of 1.86.  Differences in 

stress MBF and MFR between normal and CAD territories, as well as between <50% and ≥50% 

stenosis vascular territories, were significant (P<0.01).  Absolute quantitation of MBF in humans 

with the novel PET radiotracer Flurpiridaz is feasible over a wide range of cardiac flow in the 

presence or absence of stress-inducible myocardial ischemia.  The significant decrease in stress 

MBF and ensuing MFR in CAD territories allows a clear distinction between vascular territories 

exhibiting stress-inducible myocardial ischemia and those with normal perfusion.   
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INTRODUCTION 

Absolute quantitation of myocardial blood flow (MBF) by positron emission tomography (PET) has 

a significant role in the clinical evaluation of epicardial and microvascular coronary artery disease 

(CAD), endothelial dysfunction due to various insults such as dyslipidemia and smoking, and the 

structural and functional manifestations of metabolic disorders such as diabetes mellitus (1).  In 

addition, the noninvasive assessment of regional MBF at rest and during stress is valuable for the 

early diagnosis of CAD.  Although the clinical value of the absolute quantitation of MBF by PET 

is well recognized, this technique is not often used due to certain practical limitations of currently 

available PET radiotracers (2).   

 

PET radiotracers such as Rb82 chloride, N13 ammonia, and O15 water have been utilized to 

quantitate absolute MBF.  Due to their short half-lives, O15 is limited to facilities with an onsite 

cyclotron whereas N13 requires either an onsite or nearby cyclotron.  Rb82 is generator-produced 

and is approved for the clinical assessment of myocardial perfusion.  However, its very short half-

life affects image quality with noisy time-activity curves (TAC) reducing the tracer’s ability to 

quantify myocardial perfusion.  A desirable myocardial perfusion agent should have a very high 

first-pass extraction fraction and track regional myocardial blood flow over a wide range, 

permitting accurate determination of absolute MBF.  The agent should exhibit excellent target-to-

non-target uptake ratios, with high uptake in the myocardium and low uptake or rapid clearance 

from adjacent organs.  Furthermore, it should be available as a unit dose from regional cyclotrons, 

obviating the need for on-site cyclotrons or costly Rb82 generators (2).   

 

Flurpiridaz is a novel PET myocardial perfusion imaging (MPI) agent labeled with F 18.  It is a 

structural analog of the insecticide pyridaben, a known inhibitor of the NADH:ubiquinone 

oxidoreductase also known as mitochondrial complex-1 (MC-1) of the electron transport chain 

(3).  Flurpiridaz inhibits MC-1 by competing for binding with ubiquinone without affecting the 
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viability of cardiomyocytes.  This radiotracer exhibits a rapid uptake and slow washout from 

cardiomyocytes (3).  Experimental PET imaging in rats, rabbits and nonhuman primates 

demonstrates a high and sustained cardiac uptake which is proportional to blood flow (4).  In rats, 

the first-pass extraction fraction of Flurpiridaz by the myocardium is 94% (5).  This is a result of 

the high density of mitochondria in cardiac muscle (which comprise 20-30% of the myocardial 

intracellular volume) doubled by the lipophilicity of the compound and its high binding affinity to 

MC-1 (4).  The flow-independent extraction fraction of Flurpiridaz implies a linear relationship 

between uptake and MBF, an important attribute for stress MBF measurements (5).  In a pig 

model, Flurpiridaz exhibits higher activity ratios of the myocardium vs. the blood, liver and lungs 

compared to N13 ammonia (6).  Moreover, Flurpiridaz has an excellent correlation with 

radioactive microspheres in assessing absolute quantitation of regional MBF over flow ranges 

from 0.1 – 3.0 mL/min/g (6) (7).  This radiotracer also permits evaluation of myocardial infarction 

size in rats (8).  Importantly, the isotope F 18 has a 110min half-life, making delivery of unit doses 

from regional cyclotrons feasible.   

 

Use of this compound in human studies (2) (9) (10) demonstrated excellent quality myocardial 

images in addition to exhibiting many desirable properties of an ideal myocardial perfusion tracer 

including high myocardial uptake, slow myocardial clearance, and high myocardial-to-background 

contrast (3) (4) (5).  In the present study, we sought to perform the absolute quantitation of MBF 

and derive the MFR using this compound in a group of normal subjects and CAD patients.    

 

Methods to use Flurpiridaz for the quantitation of myocardial perfusion have been proposed and 

validated in a pig model (6) in which a 2-tissue compartmental model was used to fit myocardial 

kinetics of 10 or 20 minutes and to estimate myocardial perfusion.  The modeling approach was 

similar to the one for N13 ammonia cardiac PET studies, except labeled metabolites in the blood 

were ignored and the tracer binding deemed irreversible.  This approach is susceptible to potential 
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variations in labeled metabolites in the blood and subject movement which is a major concern 

with the high spatial imaging resolution of current PET/CT scanners. Others proposed using a 

static scan to simplify the quantitation procedure (7).  They found that in the pig model the MFR 

obtained with the static scan approach matched the value obtained with microspheres, provided 

the scan time is from 5 to 10 min and the value is normalized by the blood pool activity in the 0 to 

3 min image.  The approach, however, still required the subject to be scanned starting with tracer 

injection time, and it did not provide accurate values for MBF.    

 

In this study, we employ a quantitation method that can provide quantitative MBF using Flurpiridaz 

F 18.  The method utilizes the early kinetics of myocardial uptake of the tracer .  It takes advantage 

of the high first-pass extraction fraction of the tracer (5), i.e. no compartmental modeling is 

required and is less dependent on the assumptions necessitated by other proposed approaches 

discussed above.  Since the method depends only on the dynamic images of a very short early 

time (less than two minutes), it is not as sensitive to subject movements.  The method was applied 

both to normal subjects with low likelihood of myocardial ischemia and CAD patients with stress-

inducible myocardial ischemia.   
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METHODS 

Human Subject/Patient Selection 

Patients included in the present study participated in the phase II clinical trial analyzing the 

characteristics of Flurpiridaz in PET MPI (clinicaltrials.gov identifier:  NCT00849108), with 

inclusion/exclusion criteria previously detailed (10).  All the patients included in the present study 

were enrolled at the Ronald Reagan UCLA Medical Center and signed an informed consent 

approved by the local institutional review board.  There were a total of 7 normal subjects and 8 

CAD patients (Table 1).  Participants were instructed to have no caffeine intake for 24h prior to 

pharmacological stress testing.  As previously described (9) (10), normal subjects were recruited 

on the basis of their low likelihood of having myocardial ischemia based on a standard 

questionnaire which includes age, sex, presence or absence of angina pectoris and 

characteristics of anginal symptoms, when present.  None of the normal subjects underwent 

coronary angiography.  In patients who underwent coronary angiography (CAD patients), vascular 

territories were separated based on a diameter stenosis < 50% or ≥ 50%.  For each participant, 

two Flurpiridaz PET studies were performed, one at rest and one with adenosine stress.    

 

Preparation of Flurpiridaz F 18 

The radiotracer Flurpiridaz was prepared by Lantheus according to a procedure published 

previously (9).   

 

PET Imaging Procedures 

Two Flurpiridaz PET imaging sessions were performed in each subject/patient.  The first was 

done at rest, and either on the same day or the following day, the PET imaging was repeated 

under stress with adenosine infused at a rate of 140 mcg/kg body weight/min for 6 minutes, 

starting at 3 minutes before the injection of the tracer.  11 of the PET studies (6 normal and 5 

CAD) were done using a same-day protocol, and 4 (1 normal and 3 CAD) were done using a 2-
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day protocol.  For the same day studies, the rest study was performed first, and the stress study 

was performed 52.9 ± 11.2min later, as previously reported (10).  At 60min after the rest injection, 

the tracer distribution in the heart did not change much over a 5min period, and the TAC values 

measured before the stress injection were averaged and subtracted from the stress TAC before 

the modeling analysis was performed.  There was no significant increase in noise in the TACs 

when using the subtraction procedure in the same-day protocol as compared with the 2-day 

protocol.  For each imaging session, the subject was positioned supine in a PET/CT scanner 

(Biograph 64, Siemens Inc.).  Following CT imaging of the chest, Flurpiridaz (5 mCi) was 

administered IV as a slow bolus over 10 sec followed by a 5-10 mL saline flush.  PET imaging 

was started concomitantly to Flurpiridaz injection and list mode data were collected for 10 

minutes.  Thereafter, the list mode data were framed into a scan sequence of 12x10, 4x30, 1x60, 

and 1x300 sec.  Images were reconstructed using a 2D OSEM iterative algorithm (8 subsets and 

21 iterations).  No post reconstruction filtering was applied, resulting in a spatial resolution of 6.5 

mm FWHM (full width at half maximum).   

  

Image Analysis  

The dynamic transaxial images were first reoriented into short axis slices.  These were then used 

to produce dynamic polar maps, where the sampling points were defined on a 6 minute summed 

framed at the end of the acquisition.  Regions of Interest (ROI) corresponding to the three 

coronary territories were defined on the dynamic polar maps.  A polar map was used to normalize 

the size and shape of hearts from different individuals and allow ROI to be obtained more 

consistently and objectively.  Using these ROI, tissue time-activity-curves (TACs) were generated 

from the dynamic polar maps.  A blood pool TAC was generated by placing a small ROI in the 

center of the left ventricle of the last frame of the dynamic short axis images.  This procedure was 

applied to both the rest and stress data (11).   

 



 

165 
 

Absolute Quantitation of Myocardial Blood Flow 

Quantitative myocardial perfusion in each perfusion territory was estimated using the tracer 

uptake kinetics within the first 90 seconds post tracer injection.  Within this period, the tracer was 

assumed to be taken up by the myocardium without significant clearance, and with very few if any 

labeled metabolites contained in the blood during this early time period.  Therefore, the 

radioactivity concentration in myocardial segment i can be described by Eq. 1 below.   
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where the subscripts i=1, 2, and 3 indicate, respectively, the myocardial activities in the three 

perfusion territories (i.e., LAD, LCx, RCA), Cp(t) is the radioactivity concentration in blood, and Vbi 

is the vascular volume in that myocardial segment.  Due to the partial volume effect and the 

spillover of activities between myocardium and blood pool, the measured radioactivity 

concentration in the blood pool (Cp(t) ) and in the myocardial regions of the three perfusion 

territories (Ci(t) , for i=1,2,3) from the dynamic PET images can be described by the following 

equations. 
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where RC is the recovery coefficient due to the partial volume effect (of the myocardium or the 

blood pool); SPF is the spillover fraction (the subscript bmi denotes the spillover from blood pool 

to myocardium region i, and mbi denotes the spillover fraction from myocardium segment i to the 

blood pool ROI). 
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Equation 2 was used to fit the measured myocardial TACs. With the approximation that RCbp = 

0.95 and SPFmbi = 0.05/3 (i=1, 2, and 3), blood pool TAC (Cp(t)) was calculated from the measured 

blood pool TAC and the myocardial TACs directly, as 
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Furthermore, the spillover fraction from blood pool to myocardium plus the vascular volume was 

approximated as 1.0 minus the RC of the corresponding myocardial segment.  That is, 

 

(SPFbmi + Vbi ) = 1.0 - RCi     for i=1, 2, and 3.    Eq. 4 

 

An iterative procedure in which the measured TAC of each perfusion territory was regressed one 

at a time, with the estimated Cp(t) fixed from a previous iteration. After each round of regression 

of the measured TACs of the three perfusion territories, Cp(t) was updated (with Eq. 3).  The 

procedure was then repeated.  Usually, the estimated values of Fi and RCi converged within ~3 

iterations.  

 

Global myocardial perfusion (Cg(t)measured) was estimated from the weighted average of the TACs 

of the three territories (weighted by their approximate areas on the polar map).  That is, 

 

Cg(t)measured= (7 C1(t) measured +5 C2(t) measured + 5 C3(t)measured)/17.  Eq. 5 
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The equation used for estimating the global myocardial perfusion is the same as those for each 

myocardial segment (i.e., Eq. 2), except that the Cp(t) estimated at the end of the regression for 

individual myocardial segment was used for estimating the global myocardial perfusion.  

 

After Fi was determined, myocardial blood flow (MBF) was obtained by assuming a first-pass 

extraction fraction of 0.94 (5).  That is, 

 

 MBFi = Fi / 0.94.         Eq. 6 

 

The units of MBFi  are in (mL of blood)/min/(g of myocardium), assuming that the specific density 

of myocardium is ~ 1.0 g/mL.  Since the kinetic data were corrected for partial volume, spillover, 

and vascular activity, the MBF value obtained corresponded to the blood perfusion value in 

myocardium with blood in the vasculature removed. 

 

Calculation of Myocardial Flow Reserve 

Myocardial flow reserve for each myocardial segment was calculated as the ratio of the segment’s 

MBF value with adenosine infusion to the MBF value at rest. 

 

 MFR= (MBF during adenosine infusion)/(MBF at rest)    Eq. 7 

 

Statistical Analysis 

All results are expressed as means and standard deviations.  An analysis of variance and 

repeated measures analysis was performed.  The natural logarithm of the territories was used in 

the repeated measures analysis for variance stability and sphericity assumption.  A Bonferroni 

multiple comparison adjustment was performed.  A P-value of less than 0.05 was considered 
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statistically significant.  IBM SPSS Statistics for Windows, Version 20.0 was used for the statistical 

analyses. 
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RESULTS 

A representative polar map depicting relative perfusion in a CAD patient with stress-inducible 

ischemia is shown, demonstrating a reversible defect mostly in the LAD distribution (Fig. 1).  The 

tracer kinetics in a normal myocardial region along with the blood pool time-activity curve (TAC) 

is illustrated (Fig. 2).  The model fitted curves at the end of the MBF estimation are also shown.   

 

The MBF in each vascular territory of normal subjects with low likelihood of myocardial ischemia 

under rest and stress conditions with ensuing myocardial flow reserve is depicted as means ± 

standard deviations (Fig. 3).  There were no significant differences in flow between the LAD, LCx 

and RCA territories in each condition, with P-values of 0.70 for resting myocardial blood flow 

(RMBF), 0.11 for stress myocardial blood flow (SMBF) and 0.99 for MFR.  For each vascular 

territory, there was a significant difference between RMBF and SMBF, RMBF and MFR, SMBF 

and MFR with P-values < 0.001.   

 

The regional MBF in the LAD, LCx and RCA territories as well as global MBF derived from 

weighted contributions from each vascular territory (Eq. 5) in normal subjects with low likelihood 

of myocardial ischemia compared to regional MBF in < 50% stenosis and ≥ 50% stenosis vascular 

territories is detailed (Table 2).  In low likelihood territories, mean ± standard deviation of global 

MBF was 0.73 ± 0.13 mL/min/g at rest and 2.53 ± 0.48 mL/min/g at stress, leading to a MFR of 

3.70 ± 0.39.  In < 50% stenosis vascular territories, mean ± standard deviation of MBF was 0.73 

± 0.09 at rest and 2.02 ± 0.40 at stress, leading to a MFR of 2.97 ± 0.76.  In ≥ 50% stenosis 

vascular territories, mean ± standard deviation of MBF was 0.86 ± 0.21 mL/min/g at rest and 1.43 

± 0.31 mL/min/g at stress, leading to a MFR of 1.86 ± 0.59.  There was no significant difference 

in rest MBF in global or regional vascular flow between the low likelihood and < 50% stenosis 

(P=0.97) or ≥ 50% stenosis (P=0.73) vascular territories.  Differences in stress MBF (P=0.004) 

and MFR (P=0.003) between global flow in low likelihood and <50% vascular territories were 
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significant.  Similarly, differences in stress MBF (P=0.001) and MFR (P=0.001) between global 

flow in low likelihood and ≥ 50% vascular territories were significant.  Differences were also 

significant when comparing individual vascular territories from normal subjects to individual 

vascular territories with < 50% stenosis or ≥ 50% stenosis from CAD patients (data not shown).  

Finally, comparing < 50% stenosis to  ≥ 50% stenosis vascular territories, there was no significant 

difference in rest MBF (P=0.073) but there was a significant difference in stress MBF (P<0.001) 

and MFR (P<0.001).   

 

The regional MBF and MFR in the vascular territories of normal subjects with low likelihood of 

myocardial ischemia (n=21 territories) vs. the vascular territories of CAD patients with < 50% 

stenosis (n=12 territories) and ≥ 50% stenosis (n=12 territories) is illustrated further and presented 

as means ± standard deviations (Fig. 4).  There was no significant difference in RMBF between 

conditions.  As detailed above, SMBF and MFR was significant when comparing low likelihood to 

< 50% stenosis, low likelihood to ≥ 50% stenosis and < 50% stenosis to ≥ 50% stenosis vascular 

territories.   

 

The scatterplot of the MFR obtained from each individual territory in normal subjects with low 

likelihood of myocardial ischemia compared to < 50% stenosis and ≥ 50% stenosis territories in 

CAD patients is illustrated in detail (Fig. 5).  Horizontal bars represent the respective mean values:  

3.70 in low likelihood, 2.97 in < 50% stenosis and 1.86 in ≥ 50% stenosis.  Differences were 

significant when comparing the MFR from low likelihood to < 50% stenosis (P=0.003), low 

likelihood to ≥ 50% stenosis (P=0.001) and < 50% stenosis to ≥ 50% stenosis vascular territories 

(P<0.001).   
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DISCUSSION 

The present study is the first in human analysis of the absolute quantitation of MBF using 

Flurpiridaz PET.  Analyses were performed in both normal subjects and CAD patients providing 

MBF data over a wide range of conditions.  The importance of the absolute quantitation of MBF 

and its prognostic implication in the presence of abnormal MFR has been previously established.  

O15 water PET accurately detects CAD (12) and N13 ammonia MFR has a strong association 

with prognosis (13) (14).  Rb82 MBF and MFR correctly detects 3-vessel CAD (15) and predicts 

adverse cardiovascular events (16) beyond relative MPI and the sum stress score (17).  

Moreover, absolute quantitation of MBF with Rb82 is an independent predictor of cardiac mortality 

in patients with known or suspected CAD and provides incremental risk stratification over 

established clinical variables and relative MPI (18).   

 

Flurpiridaz exhibits many advantages over existing PET radiotracers, and meets the conditions 

of an ideal perfusion tracer (2).  Flurpiridaz has a high extraction fraction by the myocardium, a 

short positron range providing high-resolution images, and a relatively long half-life of 110 minutes 

allowing it to be produced at regional cyclotrons.  This novel PET radiotracer is compatible with 

both pharmacological and exercise stress imaging.   

 

The present study demonstrates the feasibility of absolute quantitation of MBF with Flurpiridaz.  

Since no reference standard was used in the present study, the accuracy of the quantitation 

values reported is subject to caution.  The population was too small to use invasive angiography 

as a reference standard.  All MBF quantitation processes involve some assumptions, with 

potential errors introduced cancelling out when calculating MFR.  Our results suggest that MBF 

obtained through Flurpiridaz is in a similar range as those measured with other radiotracers such 

as Rb82 chloride, N13 ammonia and O15 water.  Most of the experience and literature pertains 

to N13 and Rb82 (1).  Previous reference values using these radiotracers reported a rest MBF of 
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0.62 – 0.92 mL/min/g and a stress MBF of 1.97 – 3.55 mL/min/g in normal subjects, usually 

leading to a MFR of 3.5 – 4.0.  Patients with CAD display a significantly lower stress MBF typically 

leading to a MFR of 2.0 – 2.5 in borderline abnormal studies and < 2.0 in frankly abnormal studies 

(1).  MFR cutoffs for abnormal studies vary somewhat depending on the radiotracer used as well 

as the reference gold standard (fractional flow reserve during cardiac catheterization or ≥ 50% vs. 

≥ 70% diameter stenosis during angiography) (19).  Importantly however, our results obtained 

with Flurpiridaz do not necessitate a correction such as that often utilized in the case of Rb82 for 

example (20).  This is due to the sigmoid-shaped cardiac extraction fraction of Rb82 leading to 

low extraction fractions at elevated myocardial blood flows.  Future studies will be conducted to 

provide values of absolute myocardial blood flow and ensuing myocardial flow reserve with cutoffs 

below which the presence of CAD, whether epicardial or microvascular, may be predicted in a 

clinically useful manner.  

 

Importantly, regional perfusion and myocardial uptake measurements are feasible with Flurpiridaz 

PET imaging.  In normal subjects, a uniformity of MBF was observed at rest and during adenosine 

stress in the LAD, LCx and RCA territories.  Similar results have been observed with other 

radiotracers (21) (22).   

 

Interestingly, CAD vascular segments with <50% stenosis exhibited stress MBF and MFR values 

between those from vascular segments with ≥50% stenosis and those from normal subjects.  

Consistent with previous reports, this suggests that despite being labeled as angiographically 

non-significant, these territories are not normal and exhibit hemodynamic and metabolic 

abnormalities.  Previously suggested mechanisms include abnormalities of endothelium-

dependent and/or smooth muscle cell-dependent vasomotion, with these patients being at 

increased risk of future cardiovascular events (1).     
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The MBF quantitation procedure we adopted only uses the Flurpiridaz kinetics of the first 1.5 

minutes.  The procedure does not require taking blood samples from the patients to provide the 

input function, and thus does not need cross-calibration of the PET measurement with other 

devices such as well counters that frequently introduce large errors in practical situations.  The 

procedure is based on a few assumptions that are supported by known kinetics of Flurpiridaz in 

blood and myocardium.  First, it assumes that within the first 1.5 minutes post tracer injection 

there are few if any F 18 labeled metabolites in the blood.  This is supported by results in animal 

and human studies. Another assumption is that, after myocardial uptake of Flurpiridaz, the 

compound is not cleared from the myocardium in a significant amount within 1.5 minutes.  This is 

corroborated by animal and human studies demonstrating that the clearance rate constant of the 

compound in the myocardium was measured in hours (3) (4) (5) (6) (9) and no additional 

clearance component (e.g., due to the interstitial space) of faster clearance rate was observed in 

the kinetics of the first-pass extraction fraction measurements (5).  Thus the modeling of the 

myocardial uptake of Flurpiridaz as an irreversible process (Eq. 1) is quite valid.  The two 

assumptions made here were also made by Sherif et al (7) in their calculations of MFR and the 

tracer retentions in the myocardium of pig models, except that they calculated the retentions using 

a longer period of scan time (5-10 min for myocardial activity and 0-3 min for area under the blood 

TAC).  The longer times made the assumptions less valid.  Although the errors created were 

somewhat cancelled when calculating the MFR (as a ratio of stress and rest retentions), the 

retention measurements they obtained did not correlate well with the MBF determined by 

microspheres.   

 

Another reason for their retention measurements failing to match the microsphere-measured 

perfusion is that their retention measurements did not consider partial volume and spillover effects 

in their calculations.  In the procedure used in the present study, the partial volume effect and 

spillover of activities were explicitly accounted for (Eq. 2), although some assumptions and 
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approximations (Eqs. 3 and 4) were employed to simplify the procedure and make the estimation 

of myocardial perfusion more tractable and robust.  The approach proposed by Nekolla et al (6) 

using a 2-tissue compartment did account for the partial volume effect and spillover fraction similar 

to our procedure.  However, their approach using ten or twenty minutes of kinetics (0-10 or 0-20 

min) is susceptible to subject movement during the imaging time that is difficult to avoid, especially 

for stress studies.  Also, the assumption of having negligible labeled metabolites in the blood is 

no longer valid for Flurpiridaz over such a long time period.   

 

A potential disadvantage of using short kinetics to quantitate perfusion is the lack of adequate 

count statistics to give a reliable assessment, such as with Rb82 determined MBF.  However, due 

to the high first-pass extraction fraction of Flurpiridaz by the myocardium, the dynamic PET 

images of the heart in the first 2 minutes were of adequate quality and allowed measuring kinetics 

in myocardial regions well (Fig. 2).   The use of modeling fitting to the measured kinetics rather 

than just using a single integrated value also maximizes the value of the available data for 

estimation of myocardial perfusion.  In the current study, the relative small variability of the MBF 

estimates obtained under both rest and stress conditions in normal subjects and in the  myocardial 

segments of <50% stenosed CAD patients clearly demonstrate the stability of the measurements 

based on the 1.5-min short kinetics and support the robustness of the quantitation procedure 

used.  

 

In our MBF quantitation procedure, we also used a fixed value of 0.94 for the first-pass extraction 

fraction. This first-pass extraction fraction value was previously determined in a Langendorff 

preparation of rat heart (5) and was found to be independent of perfusion flow.  Although the first-

pass extraction fraction was taken directly from an animal study, its use in the present study gives 

human MBF values comparable to the commonly accepted values obtained by other methods.  

Even though the extraction fraction in humans may deviate slightly from 0.94, the resulting MBF 
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would not change significantly.  In addition, a high first-pass extraction fraction is not significantly 

dependent on perfusion, and hence the conversion of tracer uptake to MBF can be greatly 

simplified (Eq. 6).   

 

Certain aspects of the current MBF quantitation procedure, however, can be further improved to 

make it more useful in the clinical setting.  For example, the extension of the method for generating 

MBF parametric images could take the quantitation to a level usable for routine clinical studies.  

Subsequent studies will measure MBF over finer coronary segments such as the standardized 

17-segment left ventricular myocardial model which may be of greater clinical use.  In the present 

study, normal subjects were recruited on the basis of their low likelihood of having myocardial 

ischemia.  Given the presence of classic cardiovascular risk factors (Table 1) in this group, and 

despite their absence of angina, anginal equivalent or evidence of stress-inducible ischemia by 

electrocardiogram or PET MPI, this group may have had subclinical coronary artery disease.  This 

may theoretically have led the stress MBF in the group of normal subjects to be lower than in a 

group of young subjects with complete absence of cardiovascular risk factors which were not 

included in the present study.  Also, comparison of MBF measurements obtained through 

Flurpiridaz with those currently accepted using N13 ammonia PET in the same subjects is 

expected to provide further validation or improvement of the quantitative MBF method reported in 

this study, e.g. confirmation of the first-pass extraction fraction of 0.94.   

 

Using a robust perfusion quantitation procedure, absolute quantitation of MBF using Flurpiridaz F 

18 cardiac PET imaging is feasible in both normal subjects with low likelihood of myocardial 

ischemia and CAD patients.  No significant differences in MBF (either at rest or with adenosine 

stress) and MFR were found among the three coronary perfusion territories in subjects with no 

stress-inducible ischemia.  In CAD patients, diseased vascular segments had significantly lower 

MBF in response to adenosine stress and thus a reduced MFR.  Future studies will determine 
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cutoff values for stress MBF and MFR in patients with CAD for direct clinical applicability.  We 

believe patient risk stratification using PET imaging will be feasible in a broad clinical setting both 

by utilizing relative perfusion as well as through the absolute quantitation of MBF.  These initial 

results suggest that Flurpiridaz, which is not yet approved by the United States Food and Drug 

Administration as a PET MPI agent, is uniquely poised as a radiotracer to fulfill all these 

requirements.   
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FIGURES AND TABLES 

 

 

Figure 1.  Polar maps in a CAD patient with stress images (A-C) and rest images (D-F) 

demonstrating a reversible defect affecting mostly the LAD territory.  Early summed images (0.5-

2 min) were re-oriented into short-axis views (A, D), polar maps generated (B, E), and normalized 

based on averages of normal subjects (C, F).  The vascular territories and the left ventricular 

chamber were defined on the polar map automatically.   
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A 

 
 
B 

 
 

Figure 2.  Left ventricular blood pool time-activity curve (TAC) (circle symbols) and Left Anterior 

Descending Artery TAC (lozenge symbols) obtained from predefined vascular ROI on the polar 

map during rest (A) and with adenosine stress (B) in a normal subject.  The solid curve is the 

model fit to the vascular territory myocardial TAC based on a single-compartment model.   
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Figure 3.  Regional MBF at rest (RMBF) and during adenosine stress (SMBF) and MFR in the 3 

vascular territories of normal subjects.   
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Figure 4.  Regional MBF at rest (RMBF) and during adenosine stress (SMBF) and MFR in 

vascular territories of normal subjects with low likelihood of myocardial ischemia vs. vascular 

territories of CAD patients with < 50% stenosis and ≥ 50% stenosis.   
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Figure 5.  Scatterplot of the MFR obtained from each individual territory in normal subjects with 

low likelihood of myocardial ischemia vs. CAD patients with < 50% stenosis and ≥ 50% stenosis.   
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 Normal subjects CAD patients 
  (n = 7) (n = 8) 
Age (years) 66 68 
Sex (%)   

Male  86 100 
Female 14 0 

BMI (kg/m2) 28 27 
Cardiovascular risk factors (%)   

Hypertension 43 75 
Diabetes mellitus 0 50 
Dyslipidemia 71 88 
Tobacco use - current 0 0 
Tobacco use - former 43 75 
Tobacco use - never 57 25 

Labs (mg/dL)   
LDL 97 86 
HDL 52 44 
Creatinine 1.0 1.0 

Medications (%)   
Antiplatelet agent 86 88 
Statin 71 88 
ACEI/ARB 43 63 
Betablocker 57 75 

 

Table 1.  Baseline characteristics of normal subjects with low likelihood of myocardial ischemia 

and CAD patients.  Values are expressed as means or percentages.  CAD:  coronary artery 

disease.  LDL:  low density lipoprotein.  HDL:  high density lipoprotein.  ACEI:  angiotensin 

converting enzyme inhibitor.  ARB:  angiotensin receptor blocker.   
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Table 2.  MBF and MFR in vascular territories characterized by low likelihood of myocardial 

ischemia, < 50% stenosis and ≥ 50% stenosis.  Values are expressed as means ± standard 

deviation.  RMBF:  rest MBF.  SMBF:  adenosine stress MBF.  MFR:  myocardial flow reserve.   

  

 Low likelihood (n=21 territories from 7 subjects) < 50% stenosis 
(n=12 territories 
from 8 patients) 

≥ 50% stenosis 
(n=12 territories  
from 8 patients 

 
LAD 

 
LCx 

 
RCA 

 
Global 

RMBF 0.73 ± 0.15 0.73 ± 0.09 0.74 ± 0.17 0.73 ± 0.13 0.73 ± 0.09 0.86 ± 0.21 
SMBF 2.41 ± 0.54 2.58 ± 0.60 2.67 ± 0.46 2.53 ± 0.48 2.02 ± 0.40 1.43 ± 0.31 
MFR 3.50 ± 0.29 3.77 ± 0.82 3.93 ± 0.47 3.70 ± 0.39 2.97 ± 0.76 1.86 ± 0.59 
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ABSTRACT 

Positron emission tomography (PET) myocardial perfusion imaging (MPI) is increasingly used for 

non-invasive detection and evaluation of coronary artery disease (CAD). However, the 

widespread use of PET MPI has been limited by shortcomings of the current PET perfusion 

tracers. Availability of these tracers is limited by need for an on-site (15O water and 13N ammonia) 

or nearby (13N ammonia) cyclotron or commitment to costly generators (82Rb).  Due to short half-

lives ranging from 76sec for 82Rb, to 2.1min for 15O water and 10min for 13N ammonia, their use 

in conjunction with treadmill exercise stress testing is either not possible (82Rb and 15O water) or 

is not practical (13N ammonia). Furthermore, the long positron range of 82Rb makes image 

resolution suboptimal and its low extraction limits its defect resolution. 

 

In recent years, development of an 18F labeled PET perfusion tracer has gathered considerable 

interest. The longer half-life of 18F (108 minutes) would make the tracer available as a unit dose 

from regional cyclotrons and allow use in conjunction with treadmill exercise testing. Furthermore, 

the short positron range of 18F would result in better image resolution. 18F flurpiridaz is by far the 

most thoroughly studied in animal models, and is the only F18-based PET MPI radiotracer 

currently undergoing clinical evaluation. Pre-clinical and clinical experience with 18F flurpiridaz 

demonstrated a high myocardial extraction fraction, high image and defect resolution, high 

myocardial uptake, slow myocardial clearance, and high myocardial-to-background contrast 

which was stable over time – important properties of an ideal PET MPI radiotracer. Pre-clinical 

data from other 18F labeled myocardial perfusion tracers are encouraging. 
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INTRODUCTION 

Currently, single photon emission computed tomography (SPECT) myocardial perfusion imaging 

(MPI) remains the mainstay of risk stratification of coronary artery disease (CAD).  However, 

several factors affect the accuracy of this test, in particular uncorrected non-uniform attenuation 

and photon scatter from extra-cardiac sources, particularly the liver.  Attenuation artifacts are 

frequently observed due to the diaphragm as well as in obese patients and female patients.  

Positron emission tomography (PET) cardiac imaging has inherent attenuation correction and has 

superior spatial and temporal resolution compared to SPECT.  This has led to the growing use of 

PET MPI in clinical practice.  However, several limitations of the currently available PET perfusion 

tracers have hampered their widespread use.  The short half-life of these tracers necessitates 

either the availability of an on-site cyclotron or costly generators.  This has also rendered exercise 

treadmill testing impractical in routine streamlined clinical practice.  Ensuingly, academic and 

biotechnology industry researchers over the last decade exhibited a growing interest in the 

development of an 18F-based radiotracer in an effort to take advantage of the much longer 108min 

half-life of 18F.  This has led to a sharp growth in recent years in the development and experimental 

animal testing of 18F-based PET MPI radiotracers (1) (2) (3).  The present article will review 

currently available PET MPI tracers and will revisit some of the more thoroughly studied 18F-based 

radiotracers at the basic and translational level.  
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Current myocardial perfusion PET tracers 

Three PET myocardial perfusion tracers are currently available for clinical use: 15O water, 13N 

ammonia, and 82Rubidium. These tracers are different from one another with respect to their 

myocardial uptake, myocardial extraction fraction, positron range, half-life, production and use in 

the clinical setting, points that are discussed below. 

 

15O water 

Myocardial uptake of 15O water is through passive diffusion (4).  The physical half-life of this tracer 

is 2.06 minutes (5). As such its production requires an on-site cyclotron (Table 1).  Image 

resolution of PET tracers depends on their positron energy. Tracers that emit a higher energy 

positron have a lower image resolution because their high energy positron travels a longer 

distance away from the organ before they annihilate. In other words, the higher the energy of the 

emitted positron, the longer the positron range and the lower the image resolution (Fig. 1). 15O 

has a 4.14 mm positron range (5) resulting in an intermediate image resolution (Fig. 1).  

 

Perfusion defect contrast is influenced by the myocardial extraction fraction of the myocardial 

perfusion tracer that is used for imaging. Fig. 2 illustrates conceptually the relationship between 

myocardial blood flow (x-axes) and myocardial tracer uptake (y-axes) at baseline and at peak 

hyperemia. In these examples, myocardial blood flow (MBF) in a region supplied by a normal 

coronary artery increases to 2.4 ml/min/g, while in the region subtended by a moderately 

narrowed coronary artery it increases to only 1.8 ml/min/g (25% less than the normal region). The 

myocardial extraction fraction of 15O water is 100% (6). When this tracer is used for imaging, the 

difference in myocardial tracer uptake would be directly proportional to the difference in flow.  In 

other words, tracer uptake in the under-perfused region would be 25% lower than that in the 

normal region (estimated 1.8 versus 2.4) (Fig. 2A).  Nevertheless, myocardial perfusion image 

quality with 15O water is suboptimal due to a low myocardial-to-background count ratio.  



 

191 
 

Due to its very short half-life, stress imaging with 15O water is only feasible in conjunction with 

pharmacologic stress, not treadmill exercise. The imaging protocol consists of injection of 24-30 

mCi (900-1100 MBq) of the tracer at rest followed by dynamic imaging for 4-5min (14x5sec, 

3x10sec, 3x20sec, and 4x30sec) (7).  Pharmacological stressor administration may begin shortly 

after completion of rest image acquisition, due to the short half-life of 15O water. Again, 24-30 mCi 

(900-1100 MBq) of the tracer is injected, this time at peak hyperemia, followed by dynamic 

imaging for 4-5min (7).    

 

15O water has been validated and extensively used for quantitation of MBF and coronary flow 

reserve (CFR) (4) (6) (8) (9).  However, 15O water is not approved by the FDA for clinical use and 

is not reimbursed by third party payers. The current clinical use of 15O water is primarily for 

measuring MBF in research studies and in the academic setting.   

 

13N ammonia 

This tracer is taken up by the myocardium by passive free diffusion across cell membranes as 

ammonia (NH3) where it equilibrates with its charged form ammonium (NH4) and gets trapped 

inside the cell by conversion through glutamine synthase to 13N-glutamine (10) (11) (12).  The 

physical half-life of 13N ammonia is 9.96 minutes (5).  As such, its production has required an on-

site cyclotron (Table 1). Due to the 9.96 minute half-life of 13N ammonia, production and delivery 

of this tracer from a cyclotron a few miles away has been shown to be feasible. More recently, 

small, single site 13N ammonia cyclotrons have been developed (Ionetix) that allow on-site 

production and unit dose use of 13N ammonia in the clinical setting.  However research reports 

with this product are lacking at present.  The positron range of 13N ammonia is 2.53 mm (5) 

resulting in an intermediate-high image resolution as compared to other PET MPI tracers (Fig. 1). 

The myocardial extraction fraction of 13N ammonia is is approximately 80% (Table 1). Therefore, 

there is less difference in tracer uptake in the under-perfused versus normally perfused regions 
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as compared to 15O water (Fig. 2B). In other words the under-perfused to normal hyperemic blood 

flow ratio of 0.75 (1.8/2.4) would result in a tracer uptake ratio of 0.84 (1.3/1.55). Therefore, tracer 

uptake in the under-perfused region would be 16% below that of the normal region. 

 

Since the physical half-life of 13N ammonia is longer than those of 15O water and 82Rb, it is feasible 

to use 13N ammonia in conjunction with supine bicycle exercise (13) (14) or treadmill exercise 

(15).  This approach, however, is not practical for routine clinical use.  13N ammonia has been 

validated and extensively used for quantitation of MBF and coronary flow reserve in a variety of 

clinical conditions with a standard clinical protocol involving injection of 20 mCi (740 MBq) of 13N 

ammonia at rest followed by a 10min image acquisition protocol, 30min after which a 

pharmacological stress is performed and a second 20 mCi (740 MBq) injection of 13N ammonia 

performed and images acquired (9) (16) (17) (18) (19) (20).  This tracer is approved by the FDA 

for clinical use and is reimbursed by third party payers.  

  

82Rb 

This tracer is taken up by the myocardium as a potassium analog through active transport by the 

Na+/K+ ATPase-pump (21) (22) (23).  The physical half-life of 82Rb is 1.25 minutes (5) and can be 

produced by a relatively small on-site generator (Table 1). Availability of 82Rb generators have 

been hampered by limited availability of 82Sr and a single supplier for 82Rb generators. Recently 

however, a new 82Rb generator delivery system has been developed, comprised of a 82Sr/82Rb 

generator and an elution system that may offer improvement in safety (Jubilant/DraxImage).  This 

system is available in Canada and is currently under review by the US FDA.  The positron range 

of 82Rb is 8.6 mm (5) resulting in low image resolution as compared to other PET MPI tracers (Fig. 

1). The myocardial extraction fraction of 82Rb is lower than the other PET perfusion tracers (Table 

1). Therefore, there is less difference in tracer uptake in the under-perfused versus normally 

perfused regions (Fig. 2C): the same stress response would result in tracer uptake of 1.0 in the 
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normally perfused bed and 0.9 in the bed served by the stenotic vessel. Therefore, tracer uptake 

in the under-perfused region would be only 10% below that of the normal region.  

The clinical imaging protocol for 82Rb starts with initial scout and transmission CT scans obtained 

for orientation and attenuation correction. Beginning with the intravenous bolus administration of 

50 mCi (1850 MBq) of 82Rb, serial dynamic images are acquired for 6 min (14x5sec, 6x10sec, 

3x20sec, 3x30sec and 1x90sec).  Rapidly after completion of the rest study, a standard 

intravenous vasodilator infusion is administered.  At peak hyperemia, a second 50 mCi (1850 

MBq) dose of 82Rb  is injected, and images recorded in the same manner (24) (25).  Although the 

low myocardial extraction fraction of 82Rb does not render it ideal for absolute quantitation of MBF 

and CFR, this tracer has been extensively validated for this purpose (23) (26) (27) (28) and has 

provided useful information in the clinical setting (29) (30) (31) (32) 

 

Future directions 

Over the past few years, several 18F labeled myocardial perfusion PET tracers have been 

developed. Among these tracers, 18F flurpiridaz, formerly BMS-747158 or 2-tert-butyl-4-chloro-5-

[4-(2-(18F)fluoroethoxymethyl)-benzyloxy]-2H-pyridazin-3-1, has entered phase 3 multicenter 

clinical trials and will be discussed in more detail. Data on other new 18F labeled tracers that are 

in pre-clinical investigation, such as fluorodihydrorotenone (F18-FDHR), p-fluorobenzyl triphenyl 

phosphonium cation (F18-FBnTP) and 4-fluorophenyl triphenyl phosphonium ion (F18-FTPP), will 

also be reviewed. Additional novel 18F labeled PET MPI radiotracers based on various iterations 

of triphenyl phosphonium salts are currently being studied (33), (34), (35), (36).  Given these are 

mostly at preliminary stages of development, they will not be discussed below.   

 

18F flurpiridaz  

18F flurpiridaz is a novel PET MPI tracer which is a structural analog of the insecticide pyridaben, 

a known inhibitor of the NADH:ubiquinone oxidoreductase also known as mitochondrial complex-
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1 (MC-1) of the electron transport chain (37).  Flurpiridaz inhibits MC-1 by competing for binding 

with ubiquinone without affecting the viability of cardiomyocytes.  Uptake and washout kinetics of 

Flurpiridaz in rat cardiomyocytes demonstrated a very rapid uptake with a time to ½-maximal 

uptake of 35sec, and slow washout with an efflux ½-time greater than 120min.  In vivo 

biodistribution studies in mice demonstrated that Flurpiridaz had the highest accumulation in the 

heart, with a substantial myocardial uptake of 9.5% injected dose per gram at 60min with very 

favorable heart-lung and heart-liver ratios of 14.1 and 8.3, respectively (37).  Mouse microPET 

images acquired from 5-15min and from 55-65min demonstrated clear visualization of the left 

ventricular myocardium with minimal background activity.  Importantly, cardiomyocyte toxicity was 

not observed when cells were incubated for 18h at concentrations up to 1umol/L.  Importantly, 

the highest concentration of Flurpiridaz used in studies did not exceed 200 nmol/L with a maximal 

incubation time of 45min, permitting to safely conclude that cardiomyocyte viability is not affected.   

 

Further experimental PET imaging in rats, rabbits and rhesus monkeys demonstrated a high and 

sustained cardiac uptake which was proportional to blood flow (38).  In rats, heart-lung ratio was 

9.5 at 15min with 18F flurpiridaz compared to 2.0 with 99mTc sestamibi, whereas heart-liver ratio 

was 2.6 at 15min with 18F flurpiridaz compared to 1.9 for 99mTc sestamibi.  Ratios at 60min were 

also more favorable to 18F flurpiridaz.  In isolated rabbit hearts, the net 18F flurpiridaz uptake 

increased proportionally at blood flow rates of 1.66 – 5.06 mL/min/g of left ventricular weight, 

achieving a slope of 0.47.  In comparison, 201Tl and 99mTc sestamibi achieved a slope of 0.10 and 

0.08, respectively. MicroPET images acquired in rats, rabbits and rhesus monkeys from 5-15min 

and from 55-65min demonstrated clear visualization of the myocardium with negligible 

background activity.  Percent change in tracer activity in the heart was determined in 5 rhesus 

monkeys at 10min intervals following the initial injection, with essentially constant levels in the 

heart after 60min.  The left coronary was ligated in rat hearts to visualize myocardial perfusion 

deficits with blue dye injection used as the reference.  The no-flow region by PET matched the 
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one with absence of dye histologically.  In a pig model, 18F flurpiridaz exhibits significantly higher 

activity ratios of the myocardium vs. the blood, liver and lungs compared to 13N ammonia  (39).  

A small increase in myocardial tracer uptake was noted from 10–40min, both at rest and 

adenosine stress, suggesting the presence of tracer metabolites.     

 

Finally, this radiotracer also permits evaluation of myocardial infarction (MI) size in rats (40).  Left 

coronary arteries were ligated either permanently – inducing transmural MI’s - or transiently for 

30min – inducing subendocardial MI’s - and triphenyltetrazolium chloride staining of tissue 

samples used as a reference of infarct size.  The animals were imaged 24h thereafter.  There 

was an excellent correlation of the defect size by microPET imaging with the MI size both after 

permanent (r=0.88) and transient (r=0.92) LAD ligation.  

 

Imaging characteristics and potential clinical advantages of 18F flurpiridaz are described below: 

 

Unit dose availability: 18F flurpiridaz has a half-life of 108 minutes and may be produced at 

regional cyclotrons and delivered to imaging centers in much the same way as 18F-labeled 

fluorodeoxyglucose (FDG), thus obviating the need for an on-site cyclotron (Table 1). 

 

High image resolution: The positron range of 18F is 1.03 mm and is shorter than those of 82Rb 

(8.6 mm), H2
15O (4.14 mm), and 13NH3 (2.53 mm) (5) (Table 1, Fig. 1).  Image resolution of 18F 

flurpiridaz PET is also better than 99mTc SPECT. It is expected that improved image resolution 

leads to improved image quality and confidence of interpretation. In Phase II clinical trials (41), 

image qualities of rest and stress images obtained by 18F flurpiridaz PET and 99mTc SPECT were 

compared by blinded observers in the same patients undergoing both studies. A higher 

percentage of images were rated as excellent/good by PET versus SPECT on stress (99.2% vs. 

88.5%, p < 0.01) and rest (96.9% vs. 66.4, p < 0.01) images. Diagnostic certainty of interpretation 
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(define as percentage of cases with definitely abnormal/normal interpretation) was higher for PET 

versus SPECT (90.8% vs. 70.9%, p < 0.01). 

 

High extraction fraction and perfusion defect resolution: The first-pass extraction fraction of 

18F flurpiridaz by the myocardium was determined in isolated rat hearts perfused with the 

Langendorff method (42).  The radiotracer demonstrated an elevated – 94% – and flow-

independent extraction fraction of 18F flurpiridaz, implying a linear relationship between uptake 

and MBF, an important attribute for stress MBF measurements.  In comparison, 13N ammonia has 

an extraction fraction of 82% at rest and 82Rb chloride one of 42% with a significant roll-off 

phenomenon, i.e. low extraction at high flows.  The 94% extraction fraction of 18F flurpiridaz did 

not change significantly at flows ranging from 5.0 – 16.6 mL/min which were achieved using 

adenosine stress.  This is a result of the high density of mitochondria in cardiac muscle (which 

comprise 20-30% of the myocardial intracellular volume) doubled by the lipophilicity of the 

compound and its high binding affinity to MC-1 (38).  The primary route of excretion of the 

compound is renal, consistent with a rapid decrease in activity of the radiotracer in the kidneys.  

Higher myocardial extraction facilitates detection of milder perfusion defects, as shown in Fig. 2 

(43).  With a high-extraction radiotracer such as flurpiridaz, a substantial difference in tracer 

uptake is expected in normal versus under-perfused regions. With the same stress response 

illustrated in Fig. 2D (MBF increases to 2.4 ml/min/g in the normal vascular bed and to 1.8 

ml/min/g in the bed served by the stenotic vessel), tracer uptake is estimated to be 2.0 and 1.6, 

respectively. Therefore, tracer uptake in the under-perfused region would be 20% below that of 

the normal region (Fig. 2D).  In Phase 2 clinical trials, the magnitude of reversible defects was 

greater with PET than SPECT (p = 0.008) in patients who had CAD on invasive coronary 

angiography. 
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Low radiation exposure: In Study 101 (44), the mean effective dose (ED) of 18F flurpiridaz 

injected at rest was very similar to that of FDG, with a much lower exposure to the critical organ 

by a factor of 2.5. In Study 102 (45), dosimetry of 18F flurpiridaz was evaluated in patients who 

were injected at rest and on a second day, at peak adenosine stress or at peak treadmill exercise.  

Excellent image quality was noted with both forms of stress imaging. Dosimetry results suggest 

that injection of up to 14 mCi (518 MBq) of 18F flurpiridaz during a rest-stress protocol would 

provide a clinically acceptable ED at 6.4 mSv. This is significantly lower than ED’s of stress-

redistribution 201Tl imaging (26 mSv) and rest-stress 99mTc SPECT imaging (11.5 mSv). 18F 

flurpiridaz radiation exposure is 6.3 mSv, which is approximately one half of 99mTc SPECT MPI 

and is similar to that of 82Rb 3D imaging (4.3 mSv). 

 

Feasibility of rest-treadmill exercise imaging: The longer half-life of 18F also ensures that the 

radiotracer is present long enough to allow a patient injected at peak treadmill exercise to move 

to the camera and still be effectively imaged. Feasibility of rest-treadmill exercise 18F flurpiridaz 

was initially shown in Phase 1 clinical trials (44, 45).  A very high target-to-background ratio was 

noted when 18F flurpiridaz was injected at peak treadmill exercise. Using the relationship between 

rest-stress contamination and dosing, it was determined that for a same-day rest-exercise 

protocol, a minimum dose ratio of 3.0 was needed, with a 60-minute waiting time between the 2 

injections. For an optimum same-day rest-adenosine stress protocol, on the other hand, a dose 

ratio of 3 with a 30-minute waiting time between the 2 injections was required (44, 45). These 

protocols were successfully implemented in the Phase 2 and Phase 3 clinical trials of 18F 

flurpiridaz.   

 

Peak stress function imaging: Kinetic studies in Phase 1 trials (45) have shown that imaging 

may begin 2min following injection of 18F flurpiridaz during pharmacological stress. With treadmill 

exercise protocol, imaging may begin as soon as the patient is moved under the PET imaging 
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device following completion of exercise. Using 18F flurpiridaz, post stress imaging is, therefore, 

very close to peak stress and has a higher chance of detecting stress induced wall motion 

abnormalities. This is in contrast with 99mTc SPECT MPI protocol in which post stress images are 

obtained 30-45min following stress.  

 

Diagnostic accuracy for detection of CAD: In the Phase 2 trial (41) of 18F flurpiridaz, diagnostic 

performance of this tracer was compared to 99mTc SPECT MPI for detection of CAD defined as 

≥50% stenosis by invasive coronary angiography (ICA). 143 patients from 21 centers underwent 

rest-stress PET and 99mTc SPECT MPI. In 86 patients who underwent ICA, sensitivity of PET was 

higher than SPECT (78.8% vs. 61.5%, respectively, p = 0.02). Specificity was not significantly 

different (PET: 76.5% vs. SPECT: 73.5%). Receiver-operating characteristic curve area was 0.82 

± 0.05 for PET and 0.70 ± 0.06 for SPECT (p = 0.04) (Fig. 3). Normalcy rate was 89.7% with PET 

and 97.4% with SPECT (p = NS). Fig. 4 illustrates a patient who underwent 99mTc labeled SPECT 

MPI and 18F flurpiridaz MPI who was subsequently found to have normal coronary arteries on 

invasive coronary angiography. The SPECT MPI was a false positive due to the presence of a 

reversible inferior wall defect. 18F flurpiridaz MPI showed uniform distribution of activity throughout 

the myocardium and therefore was truly negative. The patient shown in Fig. 5 had a normal 

SPECT MPI. 18F flurpiridaz MPI, however, showed reversible anterolateral defects that correlated 

with the presence of significant left circumflex coronary disease on ICA.     

  

Absolute quantitation of myocardial blood flow: The importance of absolute quantitation of 

myocardial flow, above and beyond relative perfusion imaging, has been well established and is 

progressively entering routine clinical practice (46) (47) (9).  13N ammonia CFR increases 

diagnostic sensitivity (48) and has a strong association with prognosis (49) (50).  82Rb MBF and 

CFR correctly detects 3-vessel CAD (51) and predicts adverse cardiovascular events (29) beyond 

relative MPI (30) (31).  Most importantly, absolute quantitation of MBF with 82Rb is a strong and 
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independent predictor of cardiac mortality in patients with known or suspected CAD, providing 

incremental risk stratification over established clinical variables and relative MPI (32).   

 

The elevated extraction fraction of 18F flurpiridaz at different flow rates makes it an optimal 

candidate for absolute MBF quantitation.  In an initial study, Nekolla and associates used a 3-

compartmental modeling approach in a pig model for quantitation of MBF with 18F flurpiridaz (39).  

In this 3-compartment kinetic model, k1 was the extraction from the arterial blood to the 

interstitium, essentially representing MBF; k2 the reverse diffusion of the radiotracer from the 

interstitium to the vascular space; and k3 represented the binding of the radiotracer from the 

interstitium to the cardiomyocyte MC-1.  k4, theoretically describing the reverse diffusion of the 

radiotracer from the cardiomyocyte MC-1 to the interstitium was set at zero given the very high 

retention rate of 18F flurpiridaz.  Given the single-pass extraction fraction was known to be 94%, 

no correction for flow-dependent extraction was applied.  With the use of adenosine stress and 

LAD constriction, regional flow values ranged from 0.1 – 3.0 mL/min/g.  Results of the 3-

compartment model fitting were 80% over a 10min and 84% over a 20min acquisition period.  

There was overall significant agreement between the kinetic modeling and MBF measured by 

microspheres, with a modest underestimation of MBF using this model leading to a slope=0.84 

and r=0.88.  The underestimation of MBF was more accentuated in LAD constriction, with a 

slope=0.61 and r=0.93.   

 

Another simplified method of absolute flow quantitation utilizing 18F flurpiridaz and allowing 

radiotracer injection outside the PET scanner was proposed in a pig model (52).  Here, the authors 

posited that myocardial retention and standardized uptake values (SUV) based on late uptake 

could provide estimates of CFR.  These represent simplified methods, given radiotracer retention 

is a model-free approach in which tracer uptake is calibrated with myocardial radiotracer delivery, 

and given SUV represents myocardial uptake calibrated with the patient’s dose and weight.  
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Radioactive microspheres were injected concomitantly to 18F flurpiridaz in the left atrium.  

Myocardial retention and SUV of 18F flurpiridaz were calculated using the averaged myocardial 

activity concentration.  Myocardial retention was measured by averaging regional myocardial 

activities at various time-points.  This average was subsequently normalized to the area under 

the blood curve in the 1st 3min after injection.  SUVs were also calculated at various time-points 

at rest and stress.  Both showed the best correlation with the 3-compartment kinetic model or 

microspheres at 5-12min after injection.  However, at later intervals of 5-15min, 10-15min and 10-

20min after injection, both retention and SUV underestimated MBF.  The authors then calculated 

the ratios of stress and rest values of CFR-retention and CFR-SUV which were then compared to 

CFR-18F flurpiridaz and CFR-microspheres.  For CFR-retention vs. CFR-microspheres, the 

slope=0.63 and r=0.92 at 5-12min after injection.  For CFR-SUV vs. CFR-microspheres, the 

slope=1.13 and r=0.95 5-12min after injection.  At later time points, both CFR-retention and CFR-

SUV values had poor concordance with either CFR-18F flurpiridaz or CFR-microspheres.  Given 

the good correlation of CFR-retention and particularly of CFR-SUV following radiotracer injection 

with measured absolute quantitation methods at 5-12min, and given that SUV measurement does 

not require tracer input function and hence could be measured even when the radiotracer is 

injected outside the PET scanner, the authors conclude that this approach would permit 

combination of flow quantitation with exercise treadmill protocols.   

 

Our group recently completed the first in human absolute quantitation of MBF with 18F flurpiridaz 

(53).  Study patients were participants in the phase II clinical trial of 18F flurpiridaz at the University 

of California, Los Angeles (UCLA) (41).  Analyses were performed in both normal subjects and 

CAD patients providing MBF data over a wide range of conditions.  Our approach does not 

necessitate compartmental modeling.  Dynamic polar maps were obtained and time-activity-

curves generated.  Quantitative myocardial perfusion was estimated using the tracer uptake 

kinetics within the first 90 seconds post tracer injection.  Within this period, the tracer was 
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assumed to be taken up by the myocardium without significant clearance, and with very few if any 

labeled metabolites contained in the blood.  Since the kinetic data were corrected for partial 

volume effect, spillover of activities between myocardium and blood pool, and vascular activity, 

the MBF value obtained corresponded to the blood perfusion value in the myocardium with blood 

in the vasculature removed.  We found that CFR in patients with a low likelihood of CAD and 

territories supplied by normal coronary arteries was 3.7+ 0.39, while CFR was significantly lower 

in myocardial regions supplied by diseased coronary arteries (1.86+ 0.59). Although the first-pass 

extraction fraction was taken directly from an animal study, its use in our approach gives human 

MBF values comparable to the commonly accepted values obtained by other methods.  Indeed, 

our results are in a similar range as those measured with other radiotracers such as 82Rb chloride, 

13N ammonia and 15O water.  Moreover, our results obtained with 18F flurpiridaz do not necessitate 

a correction such as that often utilized in the case of Rb82 for example (54).        

 

Fluorodihydrorotenone (18F-FDHR) 

Rotenone is a neutral lipophilic compound that also binds to complex I in the mitochondrial 

electron transport chain (55).  Rotenone is an inhibitor of MC-I and competitively inhibits the 

enzyme by competing for binding with ubiquinone.  The exact characteristic of 

fluorodihydrorotenone’s binding has not been fully evaluated.  Isolated rabbit hearts were 

perfused and radiotracer kinetics assessed at flow rates ranging from 0.3 – 3.5 mL/min/g of left 

ventricle.  The radioagent was not studied using a microPET imaging system, but rather 

myocardial extraction, retention and washout were computed from the venous outflow curves with 

the multiple-indicator technique and spectral analysis.  Results were compared to 201Tl and to the 

vascular reference tracer 131I-albumin.  The mean extraction fraction of 18F-FDHR and 201Tl were 

similar; however the initial extraction fraction of 18F -FDHR declined with flow.  Overall, the 

investigators observed that the myocardial retention was higher and less affected by flow than 
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that of 201Tl, leading to superior correlation with flow 1min and 15min after radiotracer injection.  

Unfortunately, no followup studies with 18F-FDHR were conducted.  

  

p-Fluorobenzyl triphenyl phosphonium cation (18F-FBnTP) 

18F-FBnTP is a lipophilic cation.  The delocalized positive charge of the compound allows it to 

cross the lipid bilayer by passive diffusion and accumulate in cells in a membrane potential-

dependent manner.  Due to its greater membrane potential, the radiotracer accumulates mainly 

in the mitochondria (56).  The main clearance route is renal.  The metabolic stability, uptake 

kinetics in isolated myocytes and in dog myocardium, as well as the myocardial and whole-body 

distribution in dogs were analyzed (57).  In isolated myocytes, 18F-FBnTP results in rapid 

accumulation and prolonged retention, reaching 91% of the mean plateau activity after 15min, 

and 88% of control activity after 60min and 85% after 120min, respectively.  Similar results are 

observed in vivo, with the radiotracer reaching a plateau in the left ventricular myocardium within 

5min of administration, and a prolonged retention time up to 90min observed.  In dogs, the 

metabolite fraction analyzed by high-performance liquid chromatography of plasma comprises 

<5% of total activity in blood at 5min, <9% at 10min and gradually increases to 24% at 30min after 

injection.  However, the absolute concentration of metabolites in the blood is very low, around 3% 

after 20min, due to rapid tissue accumulation of the radiotracer.  Whereas blood pool and lung 

activity decreases over time, leading to favorable uptake ratios to the heart, the ration of heart to 

liver is 1.2 after 60min.  Despite this, high-quality cardiac images are produced with visualization 

of anatomic details including papillary muscles and atria.  Similar radiotracer activity is observed 

in all quadrants.  Whole body distribution of 18F-FBnTP demonstrates that the kidney cortex is the 

major target organ, followed by the heart and the liver.   

 

In a followup study, the authors investigated the ability of 18F-FBnTP PET vs. 99mTc-tetrofosmin 

SPECT to assess the severity of coronary artery stenosis in dogs with various degrees of stenosis 
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in the left anterior descending (LAD) and left circumflex coronary (LCx) arteries in an acute model 

of ischemia with intact myocardial viability (58).  The authors utilized radioactive microspheres as 

the gold standard to determine true myocardial blood flow and Monastral blue staining to assess 

the risk area.  18F-FBnTP myocardial regional activity was measured ex vivo by direct tissue -

well counting and in vivo by dynamic PET imaging.  The LAD or LCx arteries were dissected free 

1-2cm from the origin and a cuff occluder placed around the artery.  The authors demonstrated 

that 18F-FBnTP PET was superior to 99mTc-tetrofosmin SPECT in assessing mild or severe 

stenosis compared to normal territories, with a flow defect contrast that was 2.7 times greater in 

favor of 18F-FBnTP.  In both stenotic and normal vascular beds, peak 18F-FBnTP activity was 

obtained within 10-20sec after injection, and a near-plateau concentration observed within the 

following 10-20sec.  This plateau activity was retained throughout the scanning time of up to 

60min.  The mean risk area by 18F-FBnTP PET was 84% of the true extent measured by Monastral 

blue-stained cardiac sections.  The underestimation of the risk area is far less than that reported 

for technetium complexes which are typically in the 30% range.  Finally, the authors note that in 

patients with chronic ischemia, either in the setting of repetitive stunning or myocardial infarction, 

the effect of tissue viability, mitochondrial bioenergetics and membrane potential – the driving 

force of 18F-FBnTP uptake by the myocardium – were not assessed. 

 

In a similar followup study in rats, the investigators analyzed the ability of 18F-FBnTP to delineate 

the ischemic area after transient coronary occlusion in rats and assessed the presence of tracer 

washout and redistribution (59).  Rats underwent thoracotomy and a 2min occlusion by suture 

against a snare of the left coronary artery was conducted at which time the radiotracer was 

injected, followed by reperfusion which was obtained by release of the snare.  1min prior to 

sacrifice, the animals underwent repeat occlusion of the left coronary artery by repositioning the 

snare with concomitant injection of Evans blue dye to determine the ischemic territory.  18F-FBnTP 

demonstrated stable ischemic defects at all time points (5min, 45min, and 120min) following 
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radiotracer injection and excellent correlation with the Evans blue dye determined histological 

ischemic area (R2=0.94).  A comparison was conducted at each time-point with 201Tl which 

exhibited redistribution and hence absence of significant defect after 120min – a known 

phenomenon with this SPECT tracer.  The lack of redistribution for at least 45min of 18F-FBnTP 

should permit development of clinically feasible protocols.  Interestingly, 18F-FBnTP also detects 

apoptosis and has a strong negative correlation with the Bax (pro-apoptotic) – to – Bcl-2 (anti-

apoptotic) ratio (R2 = 0.83) and release of the apoptogen cytochrome c (R2 = 0.92) in breast 

cancer cells.  This additional property is described in detail elsewhere (60).   

 

4-Fluorophenyl triphenyl phosphonium ion (18F-FTPP) 

A related lipophilic cationic radiotracer but differing structurally and in electronic charge 

distribution, 4-fluorophenyl triphenyl phosphonium ion (18F-FTPP), also targets the mitochondria 

and accumulates in the mitrochondrial matrix due to the relatively high mitochondrial interior 

membrane potential.  18F-FTPP was evaluated as a potential PET MBF agent (61).  Biodistribution 

studies were performed in normal rats at 5, 30 and 60min and in rabbits before and after occlusion 

of the LAD accomplished by tightening of a snare around the artery in the setting of thoracotomy.  

Results were compared with 13N ammonia.  Uptake was highest in the kidneys at all time points.  

Heart uptake was 1.5% of the injected dose per gram.  MicroPET imaging demonstrated an initial 

spike of activity corresponding to blood flow followed by rapid washout and a plateau after 1-2min.  

After 5min, ratios were 11 for heart/blood, 2 for heart/lung and 5 for heart/liver.  After 30min, these 

ratios were 75, 5 and 8 respectively and remained in a similar range at 60min.  Images in the 

regions of interest and corresponding time-activity curves obtained following LAD occlusion were 

of similar quality between 18F-FTPP and 13N-ammonia. 
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CONCLUSION 

For decades, PET MPI was mostly limited to academic research centers and large hospital 

systems while SPECT MPI remained the default approach in routine clinical practice by which 

patients underwent cardiac risk stratification and evaluation of stress-inducible myocardial 

ischemia.  The enhanced sensitivity and specificity of PET radiotracers compared to SPECT 

radiotracers, as well as their inherent attenuation correction and ability to quantitate flow in an 

absolute manner further increases the value of a PET based approach.  The major Achilles heel 

of routine PET MPI however has been the availability of radiotracers, with current requirement for 

either onsite or very nearby cyclotrons or costly generators.  In this context 18F-based PET 

radiotracers, taking advantage of the radioisotope’s 108min half-life, have garnered significant 

interest and have been developed by academic centers and biotechnology companies.  Of the 

reported 18F-based PET MPI radiotracers, only 18F flurpiridaz is in advanced clinical evaluation 

with encouraging results. 
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FIGURES AND TABLE 

 

 

Figure 1. Positron range and end point coordinates are shown for various myocardial perfusion 

PET tracers. The higher the energy of the emitted positron, the longer it travels away from the 

source before annihilation and the worse the resolution of the imaged target. In this figure, end 

point coordinates are similar to point source images obtained from a given PET tracer.   
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Figure 2. Conceptual effect of radiotracer extraction fraction on detection of myocardial perfusion 

defect severity. Myocardial uptake of various PET tracers (y-axes) are shown when myocardial 

blood flow (x-axes) increases by a greater increment in a vascular bed supplied by a normal 

coronary artery versus a lower increment in the myocardial region supplied by a narrowed 

coronary artery. The differences in myocardial uptake of various tracers are illustrated for 15O 

water (Figures 2a), 13N ammonia (Figures 2b), 82RB (Figure 2c) and 18F flurpiridaz (Figures 2d). 

See text for detailed explanation 
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Figure 3. Receiver Operating Curves (ROC) for 18F flurpiridaz (blue) and 99mTc labeled SPECT 

(red) for detection of coronary artery disease in Phase 2 18F flurpiridaz multicenter study. The area 

under the ROC curve for 18F flurpiridaz was significantly better than that of 99mTc labeled SPECT 

(p<0.05).   

  

PET:   0.82+0.05 
SPECT: 0.70+0.06 
P<0.05, PET vs. SPECT 
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Figure 4. 99mTc SPECT and 18F flurpiridaz PET images in a patient with significant disease in the 

left circumflex coronary artery. The overall quality of the 18F flurpiridaz PET images (lower rows) 

was superior to the 99mTc SPECT images (upper rows).  18F flurpiridaz PET images showed 

reversible anterolateral wall defects in the distribution of the diseased left circumflex coronary 

artery, but the 99mTc SPECT images were normal. 
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Figure 5.  99mTc SPECT images (upper rows) and flurpiridaz F 18 PET images (lower rows) from 

a patient with normal coronary arteries.  A false positive reversible inferior defect is present on 

the 99mTc SPECT images due to shifting soft-tissue attenuation. The flurpiridaz F 18 PET study, 

however, provided superior image quality and was normal.  
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 15O water 13N ammonia 82Rb 18F flurpiridaz 

Half life (minutes) 2.06 9.96 1.25 109 

Production On-site cyclotron On-site or nearby 
cyclotron 

Generator Regional cyclotron 

Positron range 
(mm) 

4.14 2.53 8.6 1.03 

Image resolution Intermediate Intermediate-high Lowest Highest 

Myocardial 
extraction fraction 

100% 80% 65% 94% 

Perfusion defect 
contrast 

Intermediate* Intermediate Lowest Highest 

Pharmacological 
stress imaging 
protocol 

Feasible Feasible Feasible Feasible 

Treadmill exercise 
Imaging protocol 

Not feasible Feasible but not 
practical 

Not feasible Feasible 

 
 

Table 1. Characteristics of various cardiac PET perfusion tracers.  * Theoretically 100% 

myocardial extraction fraction of 15O water should result in the highest perfusion defect contrast. 

However, poor myocardial-to-background ratio reduces defect contrast.   
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INTRODUCTION 

Positron emission tomography (PET) myocardial perfusion imaging (MPI) has been performed for 

the better part of 3 decades.  Initially limited to academic centers and viewed with skepticism, it 

has gained greater acceptance as a test with improved ability to detect coronary artery disease 

(CAD) and improve patient risk stratification. Here, we will review how PET fares better than single 

photon emission computed tomography (SPECT) by comparing technical and radiotracer 

characteristics as well as clinical data.   
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PET imaging protocols are more rapid than SPECT MPI 

PET MPI rest/stress studies are performed faster than SPECT studies owing to the shorter half-

life of the PET radiotracers (1), their rapid clearance from the background and higher photon 

sensitivity of PET scanners. More rapid imaging protocols lead to decreased patient motion 

artifacts and increased patient throughput. Given the 76 sec half-life of 82Rb, a rest/stress protocol 

can be completed in 30 minutes whereas 13N-ammonia with a half-life of 9.8 minutes typically 

requires a protocol of approximately 80 min (1).  Other than in research settings, exercise MPI 

with current PET tracers is not routinely feasible. A recent radiotracer, 18F-flurpiridaz, currently 

undergoing phase III clinical investigation, has a half-life of 110 min and is suitable for both 

pharmacological and exercise stress (1-4). Initial protocols have used a 30 min interval between 

rest and stress for pharmacological stimulation and a 60 min interval when using exercise stress 

(3-5). All recent PET scanners operate in 3D mode, allowing the detection of coincident photons 

in all directions resulting in greater photon sensitivity (6).  Indeed, the 3D PET sensitivity is at least 

an order of magnitude higher compared to cardiac SPECT owing in part to lack of physical 

collimators.  

 

PET MPI is associated with lower radiation dose to patients 

For 82Rb chloride, radiation doses have been estimated to be in the range of 2.4 – 3.7 mSv (7, 8) 

and approximately 2 mSv for 13N ammonia (9).  This radiation burden, comparable to a 1 year 

background radiation (3 mSv), is sizably less than the average exposure from a rest-stress 

SPECT MPI scan which is approximately 12 mSv.  It is important to note however that the recent 

introduction of new SPECT scanners using solid-state photon detectors as well as resolution 

recovery software allow clinically acceptable image counts with decreased injected dose and 

radiation exposure to patients (10). Use of stress only protocol has further reduces radiation 

exposure to patients. A higher percentage of truly normal patients may be identified as such with 

PET MPI due to routine use of attenuation correction with PET.  
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Radiation dosimetry of 18F-flurpiridaz has been shown to be favorable (11, 12). In general, 18F-

flurpiridaz PET MPI is associated with about ½ of radiation dose to patients as compared to 

comparable Tc-99m labelled SPECT MPI rest-stress or stress only protocol (3,13).   

 

PET MPI has a higher sensitivity for detection of CAD 

A known limitation of SPECT agents is their underestimation of perfusion defect severity (2). In 2 

large meta-analyses, PET outperformed SPECT MPI with higher sensitivity and specificity (PET 

sensitivity/specificity 90 – 93%/81 – 88% vs. SPECT sensitivity/specificity 85 – 88%/76 – 85%) 

(14, 15).  The first phase 3 18F-flurpiridaz multi-center clinical trial has shown that PET MPI 

sensitivity and overall accuracy with PET MPI is superior to Tc-99m labelled SPECT MPI (3). 

Furthermore, the diagnostic performance of PET is superior to SPECT in specific patient 

subgroups such as females and obese patients using Rb-82 PET (16) and 18F-flurpiridaz PET (3). 

The following factors contribute to improved sensitivity of PET MPI: 

 

a. PET system resolution is higher: Reduced detector element sizes of the new PET 

scanners allow for high spatial resolution, which ranges from 4.4 – 4.8 mm in the center of the 

field of view (6).  The picosecond timing resolution achievable by fast coincident electronics and 

fast scintillators allows implementation of time-of-flight (TOF) PET reconstruction algorithms.  TOF 

PET considers the time difference between the arrival of the 2 annihilation photons at opposite 

detectors.  The iterative reconstruction algorithms incorporate this information to determine the 

position of the positron annihilation more accurately, leading to improved contrast and signal-to-

noise ratios (6). 

 

b. PET radiotracers have higher myocardial extraction fraction:  PET radiotracers have 

superior extraction fractions than SPECT agents.  These are ~60% for 82Rb-chloride, ~80% for 
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13N-ammonia and ~94% for 18F-flurpiridaz (1, 17).  The lower first-pass extraction of SPECT 

radiotracers and the more prominent non-linear myocardial uptake with increasing blood flow, 

termed the “roll-off phenomenon”, results in relatively lower myocardial contrast resolution images 

when compared to PET MPI (1).  The first-pass myocardial extraction fraction of 99mTc-tetrofosmin 

is ~54% and that of 99mTc-sestamibi is ~60% (1). 

 

c. Peak stress imaging is feasible with PET MPI: An additional significant advantage of 

PET over SPECT MPI is the ability to measure left ventricular ejection fraction (LVEF) at true 

peak stress which in SPECT MPI is measured on post-stress images. Peak stress LVEF 

measurement with PET MPI improves evaluation of the magnitude of myocardium at risk and the 

extent of angiographic coronary artery disease (18).    

 

d. Absolute quantitation of myocardial blood flow (MBF) and coronary flow reserve (CFR): 

In clinical practice, SPECT and PET MPI studies are evaluated visually by “relative” flow 

quantitation, i.e. myocardial regions with the highest tracer uptake are assumed to be supplied by 

normal or non-obstructive epicardial coronary arteries, leading to identification on stress MPI of 

only the most severe lesion in multivessel CAD.  However, flow-limiting stenosis of the remaining 

vessels may go unnoticed by visual “relative” evaluation.  These disadvantages may be resolved 

by the systematic addition of “absolute” flow quantitation by PET (19).  Using kinetic modeling, 

myocardial blood flow (MBF) in absolute terms (mL/g/min) at rest and during vasomotor stress 

can be determined allowing the computation of coronary flow reserve (CFR) as an adjunct to the 

visual interpretation of myocardial perfusion studies.  Accurate attenuation correction and 

simultaneous tomographic acquisition of counts in list mode and rapid flow quantitation using 

commercial software have moved absolute MBF and CFR determination from a predominantly 

research arena to clinical practice.   Absolute quantification of MBF by various PET radiotracers 

has been validated against microsphere blood flow over a wide flow range from 0.5 – 5.0 mL/g/min 
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(1). Use of MBF and CFR allows detection of subclinical CAD, improved identification of the extent 

of multivessel CAD and assessment of balanced ischemia seen in severe 3-vessel disease or left 

main disease with a left-dominant system (20).  A decreased CFR provides incremental diagnostic 

value (21) and a normal CFR effectively rules out high-risk CAD on angiography (22).  Abnormal 

CFR cutoffs values may vary based on the PET radiotracer, however by and large a value < 2 is 

deemed abnormal (1, 17).  This is further supported by recent work with the novel 18F flurpiridaz 

which demonstrated an inverse relationship of CFR with incremental levels of CAD burden (23).  

In spite of preliminary reports, CFR may not be readily assessed by SPECT MPI due to multiple 

limitations (24).  

 

In addition to its enhanced ability to detect CAD, absolute MBF quantitation allows determination 

of endothelial dysfunction / microvascular disease (17), a phenomenon which often precedes 

CAD and may lead to the development of anginal symptoms.  Hence, an abnormal PET CFR is 

usually a manifestation of macrovascular disease, microvascular disease, or a combination of 

both. Of note, vasodilator CFR predominantly is a measure of endothelium-independent coronary 

flow abnormalities, and to a lesser extent endothelium-dependent flow abnormalities.  Coronary 

angiography may be necessary to differentiate between epicardial CAD, microvascular disease, 

or a combination of both.   

 

PET MPI has a higher specificity for detection of CAD 

A key advantage of PET compared to SPECT is that attenuation correction is an integral part of 

image acquisition and processing.  Attenuation correction is performed in a very small percentage 

of SPECT MPI studies. Attenuation correction leads to improved specificity and superior 

diagnostic and prognostic performance of PET MPI in women and obese patients for (16, 25, 26). 

 

PET MPI improves risk stratification in patients suspected of having CAD 
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All recent PET scanner allow list-mode acquisition leading to reconstruction of dynamic perfusion 

data and absolute MBF quantitation.  Screening for subclinical atherosclerosis by PET CFR may 

aid in supplementing current global risk assessment approaches.  A large body of evidence has 

established the additive information gained by absolute flow quantitation and CFR above and 

beyond relative perfusion assessment.  Abnormal CFR values with both 13N-ammonia (27) and 

82Rb-chloride (28, 29) have been associated with cardiovascular events.  Over the last years, 

several studies (30-33) have documented the incremental prognostic value of PET CFR over 

clinical factors and beyond perfusion defect size with a cardiac mortality 5.6 fold higher in patients 

with the lowest tertile of CFR (< 1.5) compared to the highest tertile of CFR in multivariate analysis 

(31).  Importantly, a normal CFR conferred protection from a subsequent cardiovascular events 

even in the presence of abnormal relative perfusion or a rest LVEF < 40%. CFR has been shown 

to result in a substantial improvement in risk discrimination and reclassification ability.  Notably, 

among intermediate-risk patients, the use of CFR is associated with a net reclassification 

improvement of 55% (31). Diabetics without epicardial CAD but with impaired CFR were found to 

have an annual cardiac mortality similar to diabetics with known CAD (32). Interestingly, CFR is 

associated with cardiovascular events independently of luminal angiographic severity (33). Apart 

from the ability to identify high-risk individuals in whom the majority of events occur, a normal CFR 

confers a very low risk of cardiovascular events and mortality.  
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CONCLUSION 

Detection of CAD and assessment of disease severity by PET MPI with addition of CFR to detect 

angiographically significant as well as subclinical atherosclerosis, provides the clinician with an 

integrated view of the disease state and subsequent risk.  CFR, representing a final common 

pathway of multiple pathophysiological processes which affect the macro- and microvasculature, 

is a powerful diagnostic and prognostic tool.  Based on clinical equipoise, contemporary CAD 

treatment approaches should prioritize strategies based on PET MPI and CFR with its superior 

accuracy and prognosis compared to SPECT.  Given its inherent limitations, SPECT MPI may be 

tied to more testing and downstream costs.  Finally, we would like to end this debate with a 

question:  “Would you be more reassured about a patient’s CAD burden and prognosis if the 

SPECT MPI were negative or if the PET MPI and CFR were negative?”  Based on existing and 

emerging data, we believe the choice to be evident.  
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Clinical advantages of PET MPI Contributing factors 

Shorter imaging protocol Shorter half-lives of tracers 
More rapid background clearance 
Higher photon sensitivity of scanners 

Lower radiation dose to patients Shorter half-lives of tracers 
More favorable radiation dosimetry 

Higher sensitivity for CAD detection Higher PET system resolution 
Higher myocardial extraction fraction of 
tracers (except for Rb-82) 
Peak stress imaging of LV function 
Absolute quantitation of MBF and CFR 

Higher specificity for CAD detection Routine attenuation correction 

Improved CAD risk stratification Higher sensitivity and specificity for ischemia 
detection 
Absolute quantitation of MBF and CFR 

 

Table 1. Clinical advantages of PET vs. SPECT MPI and contributing factors. 
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ABSTRACT 

Fractional flow reserve by computerized tomography (FFR-CT) provides non-invasive functional 

assessment of the hemodynamic significance of coronary artery stenosis.  We determined the 

FFR-CT values, receiver operator characteristic (ROC) curves and predictive ability of FFR-CT 

for actual standard of care guided coronary revascularization.  Consecutive outpatients who 

underwent coronary CT angiography (coronary CTA) followed by invasive angiography over a 24-

month period from 2012-2014 were identified.  Studies that fit inclusion criteria (n=75 patients, 

mean age 66, 75% males) were sent for FFR-CT analysis, and results stratified by coronary artery 

calcium (CAC) scores.  Coronary CTA studies were re-interpreted in a blinded manner, and 

baseline FFR-CT values obtained retrospectively.  Therefore, results did not interfere with clinical 

decision-making.  Median FFR-CT values were 0.70 in revascularized (n=69) and 0.86 in not 

revascularized (n=138) coronary arteries (P <0.001).  Using clinically established significance 

cutoffs of FFR-CT ≤0.80 and coronary CTA ≥70% stenosis for the prediction of clinical decision 

making and subsequent coronary revascularization, the positive predictive values were 74% and 

88%, and negative predictive values 96% and 84%, respectively.  The area under the curve (AUC) 

for all studied territories was 0.904 for coronary CTA, 0.920 for FFR-CT, and 0.941 for coronary 

CTA combined with FFR-CT (P =0.001).  With increasing CAC scores, the AUC decreased for 

coronary CTA but remained higher for FFR-CT (P <0.05).  The addition of FFR-CT provides a 

complementary role to coronary CTA and increases the ability of a CT-based approach to identify 

subsequent standard of care guided coronary revascularization.   
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INTRODUCTION 

Previous observations demonstrated the need for improved risk stratification and increased yield 

of patients who undergo invasive coronary angiography and subsequent revascularization.1  

Mounting evidence over recent years supports the use of coronary computerized tomography 

angiography (coronary CTA) as an attractive non-invasive approach that may fulfill this 

gatekeeper role.2,3  However, coronary artery calcium (CAC) significantly reduces the diagnostic 

specificity4,5 and overall accuracy6 of coronary CTA. 

 

Coronary CTA provides non-invasive assessment of CAD with a high correlation to invasive 

coronary angiography.4,5  Recent large clinical trials7,8 further support increased diagnostic 

certainty and improved efficiency of triage to invasive coronary angiography when using coronary 

CTA.  Despite these findings however, coronary CTA has not been widely adopted – in part due 

to its initial inability to determine the physiologic importance of CAD.  Fractional flow reserve 

derived from coronary CTA (FFR-CT) enhances the accuracy of coronary CTA and has emerged 

as a potential tool to provide functional characterization of the hemodynamic significance of 

coronary artery stenosis with correlation to invasive FFR.9  Furthermore, the accuracy of FFR-CT 

is superior to coronary CTA stenosis in the presence of calcification10,11 thereby providing 

enhanced interpretation ability. 

 

An ideal non-invasive strategy should go beyond the prediction of the anatomical narrowing of an 

artery and aggregate risk factor profiles, intrinsically reflect clinical parameters and predict the 

physiological need for coronary revascularization on a per vessel basis.  Multiple studies have 

compared FFR-CT to coronary artery stenosis and invasive FFR,12-14 and determined its ability to 

identify obstructive CAD during invasive angiography15 with associated cost reduction.16  Despite 

these studies analyzing CT functional imaging of coronary obstructions,17 none have compared 
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FFR-CT to actual decision-making at the time of invasive coronary angiography while integrating 

all available parameters including risk factor profile, clinical presentation and anatomical findings.  

 

Accordingly, in the present study we retrospectively determined whether FFR-CT predicts 

standard of care guided coronary revascularization in ‘real world’ clinical practice, above and 

beyond percent stenosis determination.  We calculated the performance of coronary CTA alone, 

FFR-CT alone, or coronary CTA combined with FFR-CT to predict actual standard of care guided 

clinical decision making leading to medical management vs. coronary revascularization – 

integrating clinical presentation as well as clinical and diagnostic parameters with findings during 

invasive coronary angiography.  In addition, we further established the range of FFR-CT values 

in patients who underwent coronary revascularization and analyzed the performance of FFR-CT 

and coronary CTA in studies with significant calcium burden. 
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METHODS 

Patient population 

Consecutive outpatients who underwent computerized tomography (CT) followed by invasive 

angiography (mean delay 45.8 days) over a 24-month period from 2012-2014 at the Cedars Sinai 

Heart Institute–Cardiovascular Medical Group of Southern California (Los Angeles) were 

identified using a retrospective approach.  Patient characteristics (Table 1) at the time of coronary 

CTA were obtained through review of electronic medical records.  The decision to obtain CT 

studies (Table 1) and to proceed with invasive coronary angiography was at the discretion of the 

care providers.  The decision to advance to coronary revascularization was based on standard of 

care.  This study was approved by the Institutional Review Board.   

 

Coronary CT angiography studies 

Coronary CTA images were acquired using a 64-slice multi-detector row Lightspeed VCT scanner 

(General Electric Healthcare).  Patients received beta blockers to achieve a heart rate <60bpm.  

Following a scout X-ray of the chest, a timing bolus (10–20mL iodixanol [Visipaque], General 

Electric Healthcare) was performed to detect time to reach optimal contrast opacification in the 

axial image at a level immediately superior to the ostium of the left main coronary artery.  

Nitroglycerin was given prior to contrast administration.  A triple phase contrast protocol was used 

during image acquisition:  iodixanol (60mL), followed by a ½–½ mixture of iodixanol and 

normosaline (40mL), followed by a normosaline flush (50mL).  The scan parameters were 

64x0.625mm collimation, tube voltage 100 or 120kV, effective mA 350–780 and 512x512 matrix 

size.  All coronary computerized tomography angiography (CTA) studies were transferred to a 

workstation (Vitrea–Vital Images, Toshiba).   

 

Coronary CT angiography interpretation 
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The coronary CTA studies were re-interpreted separately by 2 readers (R.R.S.P. and R.P.K.) 

blinded to all patient characteristics, FFR-CT and invasive coronary angiography results.  The 

coronary CTA readers were permitted to use any or all of the available post-processing image 

reconstruction algorithms, including 2-dimensional axial and 3-dimensional maximal intensity 

projection, multi-planar reformat, cross-sectional analysis, and volume-rendered technique.  A 

semi-quantitative scale was used by the coronary CTA readers to grade the extent of luminal 

stenosis as a percentage of the vessel diameter.  Stenosis severity was recorded in the following 

manner: 0%, 1-24%, 25-49%, 50-69%, 70-99%, and 100%.  There was 95% overall inter-observer 

agreement of the 2 blinded readers.  In the 4 cases with discrepant reads, consensus was reached 

by joint interpretation.   

 

FFR-CT studies 

CT studies that did not fit inclusion criteria (absence of coronary CT angiography, prior coronary 

revascularization, incomplete or suboptimal datasets) were excluded (Fig. 1).  The remaining 

studies (n=75) were sent for FFR-CT analysis (HeartFlow) which was performed as previously 

described.15,18  Three-dimensional blood flow simulations in the coronary vasculature were 

performed using proprietary software, with qualitative and quantitative image analysis, image 

segmentation, and physiological modelling using principles of computational fluid dynamics.9  

Coronary blood flow was simulated under conditions that modelled coronary hyperemia to mirror 

pressure and flow data and the FFR values that would have been obtained during an invasive 

evaluation.  Data provided to the investigators included the lowest FFR-CT value in each coronary 

distribution and a color-scale representation showing FFR-CT values in all vessels >1.8mm in 

diameter.  FFR-CT values from left main coronary arteries were excluded due to inconsistent 

reporting when vascular territories were short, and FFR-CT values from chronic total occlusions 

(CTOs) were excluded to avoid skewing of the data and given this additional measure is of limited 

clinical utility.  Baseline FFR-CT values were obtained retrospectively and therefore did not 
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interfere with clinical decision-making.  FFR-CT values were compared in revascularized (n=50 

patients, n=69 arteries) and not revascularized arteries (n=138) (Fig. 2, 3).    

 

Comparative performance of FFR-CT and coronary CTA 

The positive and negative predictive abilities for coronary revascularization of previously 

established and clinically used significance cutoffs of FFR-CT ≤0.80 and coronary CTA ≥70% 

stenosis were compared (Table 2).  Receiver operator characteristic (ROC) curves for the 

prediction of coronary revascularization were determined for coronary CTA alone, FFR-CT alone, 

and coronary CTA combined with FFR-CT (Fig. 4).  For the ROC curves, FFR-CT values were 

used as continuous variables ranging from 0.50–1.0, whereas the following discrimination 

thresholds were used for coronary CTA stenosis:  0%, 1-24%, 25-49%, 50-69% and 70-99%.  

ROC curves were analyzed in the entire population to determine global test performance and in 

the subgroups with a CAC score of >0, >200, >400, >600, >800, and >1000 (Fig. 5).   

 

Statistical analyses 

Statistics were performed using the Mann-Whitney test for differences in median FFR-CT values, 

the Kolmogorov-Smirnov test for FFR-CT value distributions, and the c-statistic to compare the 

relative performance of FFR-CT and coronary CTA as well as to analyze significance of the ROC 

curves.  To test the significance of differences in areas under two independent ROC curves, 

Cochran's c-statistic was applied based on multiple comparisons, as previously described.19  To 

this end, we first calculated the areas under the ROC curve (AUC) for coronary CTA, FFR-CT 

and the combination of coronary CTA and FFR-CT.  Next, we used predictors with the SAS 

ROCcomp command to apply both nested and non-nested models.20  IBM SPSS version 20 and 

GraphPad version 6 were used to perform the statistical analyses.  A P-value <0.05 was 

considered statistically significant.   
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RESULTS 

Over a 24-month period (2012-2014), 257 consecutive outpatients who had a CT followed by 

invasive coronary angiography were identified (Fig. 1).  Of the excluded studies, 60 did not have 

a coronary computerized tomography angiography (CTA) with either a non-contrast CAC 

(coronary artery calcium) score only, an aortogram, a pre-electrophysiological study, a TAVR 

(trans-catheter aortic valve replacement) or PE (pulmonary embolism) protocol;  62 had prior 

revascularization (given FFR-CT is not approved in patients with prior surgical or interventional 

revascularization) with 47 who had prior PCI (percutaneous coronary intervention) and 15 prior 

CABG (coronary artery bypass grafting);  and 60 studies were excluded or rejected due to 

misregistrations such as a ‘skip’ in the axial data, motion artifact, or missing left ventricular 

segments.  No studies were rejected due to blooming artifact.   

 

All the remaining coronary CTA studies underwent successful FFR-CT analysis (n=75 patients, 

n=207 territories).  Patient characteristics, medical history, medications and laboratory results are 

presented in Table 1.  The 10-year ACC/AHA atherosclerotic cardiovascular disease (ASCVD) 

risk,21 defined as coronary death or nonfatal myocardial infarction, or fatal or nonfatal stroke, of 

our study population was as follows:  27% had an ASCVD <7.5%, placing them in the low risk 

category, whereas 73% had an ASCVD ≥7.5%, categorizing them as high risk.  None of the 

patients had a previous myocardial infarction.  Indications for the coronary CTA studies are 

detailed in Table 1.  Of the patients who underwent a coronary CTA study, 64% were symptomatic 

with 19% experiencing typical angina and 45% reporting atypical anginal symptoms.  In the 

remaining 36% of patients who were asymptomatic, coronary CTA was used as a screening tool 

for the determination of underlying CAD burden and severity.  8% of patients had previously 

identified CAD by coronary CT or invasive angiography, and 28% had significant CAD risk factors.  

The mean CAC score was 705.   
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Baseline FFR-CT distributions (median, 25th–75th percentile) (Fig. 2) in revascularized 0.70 (0.62–

0.75) compared to not revascularized territories 0.86 (0.82–0.91) displayed significantly different 

medians (P <0.001) and value distributions (P <0.001).  We retrospectively analyzed the 

proportion of cases in which FFR-CT recapitulated the clinical decision-making process to 

medically manage or revascularize coronary territories (Fig. 3).  Concordance was observed in 

90% of the territories whereas 10% were discordant.  58% of territories (n=120) had a FFR-CT 

>0.80 and were managed medically, whereas 32% of territories (n=66) had a FFR-CT ≤0.80 and 

were revascularized.  1% of the territories (n=3) had a FFR-CT >0.80 but were revascularized, 

with review of cases illustrating coronary stenoses ≥50% and presence of typical anginal 

symptoms.  Invasive FFR was not obtained in these cases.  Of the 9% territories (n=18) in which 

an FFR-CT ≤0.80 was reported but were medically managed, the following contributing factors 

were observed; invasive coronary stenosis <25% (n=8), invasive coronary stenosis 25-50% (n=3), 

discrepancy with an invasive FFR >0.80 during cardiac catheterization (n=5) or significant 

stenosis deemed too distal and not amenable to intervention (n=2).  In addition, the above patients 

with invasive coronary stenoses <25% or 25-50% underwent invasive coronary angiography 

following coronary CTA falsely concerning for significant stenoses which were obtained in the 

setting of known CAD, CAD screening, or atypical symptoms (Table 1).   

 

Next, we sought to compare the discriminative ability of FFR-CT compared to coronary CTA in 

the prediction of standard of care guided coronary revascularization (Table 2).  To this end, 

clinically accepted and routinely used significance cutoffs were studied, i.e. FFR-CT ≤0.80 and 

coronary CTA stenosis ≥70%.  The overall accuracies for the prediction of revascularization were 

similar – 86% for FFR-CT and 85% for coronary CTA.  Importantly, a significant complementary 

role for these 2 strategies was observed, with coronary CTA having a superior positive predictive 

value of 88% and a positive likelihood ratio of 14.3, whereas FFR-CT had a superior negative 

predictive value of 96% and a negative likelihood ratio of 0.09. 
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We further determined receiver operator characteristic (ROC) curves for the comparison of 3 

strategies:  coronary CTA alone, FFR-CT alone, and coronary CTA combined with FFR-CT for 

the prediction of subsequent coronary revascularization in the entire study population (Fig. 4).  

Using continuous variables portrayed in the ROC curves, the global statistical accuracy was not 

used to test the study properties of coronary CTA vs. invasive coronary angiography, but the 

overall ability of coronary CTA vs. FFR-CT to predict actual clinical decision-making, i.e. medical 

management vs. coronary revascularization.  The reference group was coronary CTA alone 

(AUC, 95% CI):  0.904 (0.863–0.944), with the ROC curve demonstrating the strong performance 

of this test by itself.  FFR-CT alone (AUC, 95% CI):  0.92 (0.883–0.957), had a greater AUC than 

coronary CTA which did not achieve significance (P = 0.4).  However, combining coronary CTA 

with FFR-CT (AUC, 95% CI):  0.941 (0.911–0.971) had the highest AUC for the prediction of 

subsequent revascularization and was significant (P = 0.001).  In addition, we identified from the 

ROC curve the optimal FFR-CT cut‐off value to predict downstream revascularization may be a 

lower FFR‐CT value of 0.76, and not 0.80.22  In order to test the performance of this FFR-CT 

cutoff value, a comparison of ROC curves (on a per-patient basis) was applied, yielding an AUC 

of 0.842 for an FFR-CT cut-off of 0.76 and an AUC of 0.829 for an FFR-CT cutoff of 0.80 (P = 

0.043).   

 

AUCs were also stratified according to increasing CAC burden categories and demonstrated the 

increasing contribution of FFR-CT to overall accuracy with worsening calcification (Fig. 5).  

Whereas coronary CTA AUC progressively decreased with worsening calcification burden, 

ranging from 0.90 (CAC>0) to 0.71 (CAC>1000), this phenomenon was less observed in the FFR-

CT AUC which remained more stable in its discriminative ability, ranging from 0.92 (CAC>0) to 

0.86 (CAC>1000) (P <0.05, FFR-CT combined with coronary CTA vs. coronary CTA alone for all 

CAC scores).   
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A case example of a patient with short clinical vignette comparing coronary CTA, FFR-CT and 

invasive coronary angiography results is illustrated (Fig. 6).   
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DISCUSSION 

The management of patients with stable coronary artery disease (CAD) has evolved 

significantly23-25 with efforts to determine which coronary stenoses cause myocardial ischemia.  A 

strategy of artery-specific flow-guided revascularization was explored in the FAME trials.26,27  In 

stable CAD patients, routine measurement of invasive FFR during coronary angiography 

significantly reduces death and non-fatal myocardial infarction compared to an angiographically 

driven approach when stenting of indicated lesions only if the FFR is ≤0.80.26  Conversely, similar 

patients with an FFR >0.80 should receive medical therapy alone to improve outcomes.27  Thus, 

the routine measurement of FFR is supported by large clinical trials and integrated into American28 

and European guidelines29 recommending the use of FFR with a cutoff of 0.80 to guide the 

decision to medically manage or revascularize patients with stable CAD.30   

 

FFR-CT may offer a noninvasive equivalent to invasive FFR.17  FFR-CT provides functional 

characterization of the hemodynamic significance of coronary artery stenosis without changes in 

acquisition, medication, contrast or radiation.9,18  FFR-CT computation is based on calculations of 

coronary flow and pressure fields from anatomic data, in particular construction of an anatomic 

model of the coronary arteries, a mathematical model of coronary physiology to derive boundary 

conditions representing cardiac output, aortic pressure, microcirculatory resistance, and their 

combination with fluid dynamics principles which relate to conservation of mass and balance of 

momentum.18   

 

The present study sought to take findings beyond previous reports12-14 by predicting not just the 

significance of coronary artery narrowing, but also establishing the distribution of FFR-CT values, 

inclusive of studies with high calcium scores, in an integrated manner to predict coronary 

revascularization behavior in patients commonly treated with standard of care in a large urban 

Cardiology practice.  We applied this measure to consecutive outpatients over a 24-month period 
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who had previously undergone invasive coronary angiography following a coronary CTA study.  

Given baseline FFR-CT values were obtained retrospectively, results did not interfere with clinical 

decision-making.  We determined baseline FFR-CT values in patients undergoing coronary 

revascularization and those treated with optimal medical therapy, establishing significant 

differences in median values (0.70 vs. 0.86, respectively).  A comparison of accepted and 

routinely used clinical significance cutoffs of FFR-CT ≤0.80 and coronary CTA stenosis ≥70%26-

29 highlighted important different behaviors of these 2 tests.  Indeed, a coronary CTA approach 

had a significant positive predictive value and positive likelihood ratio, indicating that in the 

presence of an angiographically significant stenosis, the odds of having a downstream 

revascularization were high, reflecting the ability of coronary CTA to identify high-risk patients.  In 

contrast, an FFR-CT approach had a significant negative predictive value and negative likelihood 

ratio, supporting the hypothesis that in the presence of a hemodynamically insignificant FFR-CT 

value >0.80, the odds of having downstream revascularization were low, thereby reflecting the 

ability of FFR-CT to exclude high-risk patients.  With the use of FFR-CT values as continuous 

variables and incremental discrimination thresholds for coronary CTA stenoses, we further 

established global performance measures of these tests in the prediction of coronary 

revascularization.  Accordingly, our data demonstrate that even though coronary CTA alone had 

a high predictive ability of subsequent coronary revascularization, FFR-CT alone performed 

better, and the combination of coronary CTA and FFR-CT performed best, particularly in patients 

with advanced disease and elevated CAC scores.  In addition, our findings suggest that the best 

cut-off value for the prediction of downstream revascularization may be a lower FFR-CT value of 

0.76, and not 0.80 as reported with invasive FFR.   

 

Previous CT trials determined the diagnostic characteristics of coronary CTA compared to 

invasive coronary angiography – i.e. % angiographic stenosis by CT vs. % angiographic stenosis 

by cardiac catheterization,4,5,31 a correlation dependent on target lesion, coronary calcium score, 
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and vessel diameter.  In these coronary CTA validation studies, coronary artery segments <2 mm 

in diameter were not evaluated.32  In the present study, we examined the ability of coronary CTA 

alone, FFR-CT alone, or coronary CTA combined with FFR-CT to integrate all available 

parameters including clinical presentation, laboratory findings, non-invasive imaging workup, and 

findings on invasive coronary angiography with actual clinical decision-making regarding medical 

management vs. coronary revascularization on a per-vessel basis.  The difference in approach 

we adopted with an endpoint consisting of standard of care guided clinical decision-making to 

manage with optimal medical therapy or revascularize coronary territories, as opposed to previous 

studies where the endpoint consisted of anatomic findings during cardiac catheterization,4,5,31 

explain differences in the observed predictive abilities of coronary CTA and FFR-CT we illustrate.   

Our study has several limitations.  This was a single center retrospective study.  We analyzed 

FFR-CT only in patients who had a coronary CTA followed by invasive angiography.  The decision 

to proceed with revascularization was at the discretion of the primary cardiologist, based on 

medical history, clinical presentation, non-invasive imaging tests and findings during angiography.  

We believe however these limitations also constitute a strength of our study population which is 

representative of ‘real world’ patient care and may avoid the patient selection bias of clinical trials. 
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CONCLUSIONS 

FFR-CT predicts standard of care guided coronary revascularization and provides additive 

predictive value to coronary CTA, improving overall accuracy, particularly in territories with 

significant calcification.  Future studies are needed to validate these observations prospectively 

and to determine the optimal FFR-CT cutoff for the prediction of coronary revascularization.  Our 

results suggest that coronary CTA combined with FFR-CT allows individual patient-level, artery-

specific decision making, thereby enhancing the gatekeeping function of coronary CTA and 

increasing the diagnostic and therapeutic yield of invasive coronary angiography.   
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FIGURES AND TABLES 

 

 

 

Table 1.  Patient characteristics and coronary CTA indication 

Patient Characteristics  

Age, years 66 ± 10 
Gender, male 56 (75) 

Medical History  

LVEF, % 60 ± 8 
Hypertension 41 (55) 
Dyslipidemia 59 (79) 
Diabetes mellitus 8 (11) 
Tobacco use  

Current 10 (14) 
Former 25 (33) 
Never 40 (53) 

Family history of CAD 40 (53) 

Medications  

Aspirin 45 (60) 
Second antiplatelet agent 6 (8) 
Betablocker 22 (29) 
ACE-I/ARB 32 (43) 
Statin 42 (56) 
Fish oil 9 (12) 
Ezetimibe 8 (11) 

Laboratory Results  

Creatinine, mol/L 87 (77 – 99) 
GFR, mL/min/1.73 m2 75 (63 – 86) 
Glucose, mmol/L 5.4 (4.9 – 5.9) 
HbA1C, % 5.6 (5.4 – 5.9) 
Total cholesterol, mmol/L 4.6 (4.0 – 5.5) 
LDL cholesterol, mmol/L 2.8 (2.2 – 3.7) 
HDL cholesterol, mmol/L 1.3 (1.1 – 1.5) 
Triglycerides, mmol/L 1.3 (0.8 – 1.7) 

Coronary CTA Indication  

Symptomatic with typical angina 14 (19) 
Symptomatic with atypical angina 34 (45) 
Asymptomatic with known CAD * 6 (8) 
Asymptomatic with CAD risk factors 21 (28) 
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Values are mean ± standard deviation, n (%), or median (interquartile range).  * Known CAD 

defined as previous CAD identification by invasive angiography or coronary CT angiography.  

ACE-I: angiotensin-converting enzyme inhibitor.  ARB: angiotensin receptor blocker.  GFR: 

glomerular filtration rate.  HbA1C: hemoglobin A1C.  HDL: high density lipoprotein.  LDL: low 

density lipoprotein.  LVEF: left ventricular ejection fraction.   
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Table 2.  FFR-CT vs. coronary CTA analyses using routine clinical significance cut-offs and 

subsequent coronary revascularization.   

Values in parentheses depict the 95% confidence intervals.   
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Figure 1.  Study flowchart.   
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Figure 2.  FFR-CT distributions in revascularized vs. not revascularized coronary arteries.   

Bow and whisker plots with the boxes depicting the 25th–75th percentile and the whiskers the 5th–

95th percentile of data distribution.   
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Figure 3.  FFR-CT and clinical decision of CAD management.   

Concordance between FFR-CT findings and clinical management was observed in 90% of the 

coronary territories (n=186) whereas 10% were discordant (n=21).   
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Figure 4.  Receiver operator characteristic curves of coronary CTA, FFR-CT, or coronary CTA + 

FFR-CT to predict subsequent coronary revascularization.   

Coronary CTA alone was the reference group and had an AUC of 0.904, whereas FFR-CT alone 

had an AUC of 0.92 and combining coronary CTA with FFR-CT had the highest AUC of 0.941.   
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Figure 5.  AUC plots of coronary CTA vs. FFR-CT according to increasing CAC scores for the 

prediction of subsequent revascularization.   

AUC plots depicting relative performance of coronary CTA vs. FFR-CT in territories with 

increasing calcification burden ranging from CAC score >0 to >1000 demonstrate a superior 

performance of FFR-CT at all levels of coronary artery calcification compared to coronary CTA.  

AUC: area under the curve.  CAC: coronary artery calcium.   
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Figure 6.  Case example comparing coronary CTA, FFR-CT and invasive angiography results.   

A 71 year old male presented with exertional chest pain.  He exercised for 10 minutes on a Bruce 

protocol, experienced reproducible chest pain but had no significant ECG changes.  He 

underwent coronary CTA which showed a 70-95% ostial left anterior descending (LAD) coronary 

artery narrowing (A).  Invasive angiography confirmed the 70-95% ostial LAD narrowing (B) and 

the artery was stented (C).  The coronary CTA also showed a 25-49% mid right coronary artery 

(RCA) narrowing followed by a 70-95% distal narrowing (D).  The mid RCA narrowing was judged 

minimal on invasive angiography and the distal RCA a 50% narrowing that did not undergo 

stenting (E).  FFR-CT was 0.76 in the LAD that underwent stenting and 0.82 in the RCA that did 



 

256 
 

not undergo stenting (F), predicting decision-making in the cardiac catheterization laboratory.  The 

patient was asymptomatic at 2-year followup.  The solid white arrows represent the stenotic 

segments identified on coronary CTA (A, D) or invasive angiography (B, E).  The dashed white 

arrow represents the revascularized LAD stenotic segment (C).  The FFR-CT values in each 

coronary territory are depicted in color scale, and the numerical values of the worst FFR-CT 

determined in distal segments provided (F).  A color scale graph of FFR-CT values is also 

presented (F).  LCX = left circumflex coronary artery.   
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Coronary computed tomography angiography (CTA) is being used increasingly in patient care 

despite the highest standard ever set for adoption of a noninvasive imaging test for diagnosing 

coronary artery disease (CAD). Recent analyses from the SCOT-HEART (Scottish Computed 

Tomography of the HEART) trial, which randomized patients to standard of care with or without 

coronary CTA (1), demonstrated that following a coronary CTA, invasive angiograms are 

significantly more likely to show obstructive lesions, and appropriate therapy to be initiated, 

associated with halving of myocardial infarction occurrence (2). Combined with the recent 

PROMISE (Prospective Multicenter Imaging Study for Evaluation of Chest Pain) trial (3), these 

data supported this expanding role for coronary CTA in CAD management (4). Furthermore, 

coronary CTA may be used to monitor coronary plaque progression (5,6) and has an increasing 

role in patients with acute chest pain (7) presenting to the emergency department (8). These 

studies and others have fueled the proposal that coronary CTA is a highly competitive or superior 

modality as a gatekeeper to invasive angiography (9,10). 

 

Complementing this role of coronary CTA, considerable effort has been devoted to assess the 

physiologic significance of stenosis burden by different CT-based approaches, including 

transluminal attenuation gradient (TAG) (11,12), contrast density difference (13), CT vasodilator-

induced stress myocardial perfusion imaging (14,15), and fractional flow reserve CT (FFRCT), the 

most rigorously studied parameter of functional CAD assessment (16-22). Moreover, FFRCT has 

demonstrated additive value in what remains an Achilles’ heel of coronary CTA: decreased 

accuracy in the setting of significant calcification (23-25). 

 

In this issue of the Journal (16), Douglas et al. present the 1-year follow-up of the previously 

reported 90-day quality of life (QOL) and economic impact (17) of the PLATFORM (Prospective 

Longitudinal Trial of FFRCT Outcome and Resource Impacts) trial (18). In an elegant editorial 
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that accompanied the 90-day trial results (19), Hulten and Di Carli reviewed the history and 

evolution of CAD testing and changing clinical trends as well as pivotal FFRCT trials (20-22). They 

concluded that randomized trials comparing FFRCT, coronary CTA, and stress testing were 

needed to further evaluate changes in cost and outcomes with FFRCT (19). The authors also noted 

that translating FFRCT results from a clinical trial population to routine clinical practice patients 

might prove challenging. 

 

In their 1-year follow-up study, Douglas and colleagues concluded that there were no meaningful 

differences in QOL in the planned noninvasive and invasive arms other than by 1 isolated metric; 

however, addition of FFRCT led to increased cost in the planned noninvasive arm but a significant 

decrease in the planned invasive arm.  In the planned invasive arm, regardless of the angina type 

experienced, an FFRCT-guided strategy was beneficial, with a substantial 60% reduction in 

invasive coronary angiography (ICA), the main driver of economic impact. Additionally, FFRCT led 

to a significant 61% decrease in the finding of obstructive CAD at the time of ICA. The study was 

underpowered to test whether this decrease in ICA led to significant differences in ‘hard’ 

cardiovascular events such as fatal myocardial infarction, acute coronary syndromes, or urgent 

revascularizations. 

 

The following caveats should be noted: the study was conducted in European centers and reflect 

local practice patterns, which cannot be assumed to be identical to American centers. Moreover, 

as PLATFORM was not a randomized trial, the decision to medically manage or directly send 

patients to the cardiac catheterization laboratory must be examined more closely. In the planned 

invasive cohort, many patients would not likely be chosen to directly proceed to ICA in many 

cardiology centers under current guidelines. Conversely, American patterns of noninvasive 
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imaging tests have had disquieting percentages of normal studies, raising questions about the 

appropriateness of our patient selection process (26).  

 

The decision to proceed with ICA in PLATFORM was unclear. Only ~50% of the usual care and 

FFRCT-guided arms had noninvasive testing – the results of which were not reported – before the 

decision to proceed to ICA, an approach at odds with current guidelines (27).  As an extreme 

example, in some cardiology environments patients with angina are offered ICA only after failed 

medical therapy and/or abnormal noninvasive testing demonstrating large areas of reversible 

ischemia on myocardial perfusion imaging (28).  Certainly there was room for additional testing 

using current routine modalities prior to and/or other than FFRCT in the planned invasive arm of 

the PLATFORM study.  

 

Another significant drawback to the routine use of FFRCT is the lack of advantage in the 

noninvasive arm. Costs were higher in the planned noninvasive cohort, even when FFRCT was 

assigned a cost weight equal to coronary CTA, emphasizing that FFRCT should not be universally 

proposed to patients during CAD work-up but considered in patients designated to ICA. 

Importantly, 297 patients in both study arms underwent coronary CTA. Of those, 201 studies 

showed stenoses ≥30% with subsequent submission for FFRCT analyses. Of those, 177 were 

actually analyzed and FFRCT values provided to clinicians.  In other words, FFRCT values were 

available in only 58% of noninvasive and 60% of invasive arm cases, respectively, for clinical 

decision making. More than likely, a proportion of the decisions not to proceed with ICA might 

have been done on the basis of coronary CTA alone. In fact, observational studies suggest 

coronary CTA alone can dramatically reduce by almost half the incidence of ICA in controlled 

clinical environments (9). 
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The major advantage of FFRCT above other methods of physiologic assessment resides in its 

direct reference to invasive FFR. An invasive FFR-guided method of artery-specific 

revascularization of stable CAD patients was addressed in the FAME (Fractional Flow Reserve 

Versus Angiography for Multivessel Evaluation) trials (29,30) and led American (31) and 

European (32) guidelines to recommend routine use of FFR with a cutoff of 0.80 to guide the 

decision to medically manage or revascularize patients. Furthermore, FFRCT has now undergone 

testing and validation against invasive FFR in multiple clinical trials (20-22), leading to its approval 

by the U.S. Food and Drug Administration (FDA).  In the PLATFORM cases where invasive FFR 

was performed (50 vessels in 29 patients), FFRCT had an overall accuracy of 84%. An additional 

advantage of FFRCT is that it can be added onto coronary CTA for artery-specific physiological 

measurement when deemed necessary, with no need for repeat acquisition and, hence, no 

additional radiation or contrast administration. 

 

As perceived by Hulten and Di Carli (19), introducing FFRCT into the real world was challenging. 

We performed the first 100 U.S. studies after FDA release and likely have one of the largest 

volumes in clinical practice currently (25,33). In our environment, when not enrolled in a clinical 

trial, patients had to pay for the test out of pocket. This required a detailed, understandable 

explanation with supplemental written and video material. It also meant many patients could not 

get the test. Hospital and office administrators needed to be convinced of the value proposition, 

especially with no insurance reimbursement. In the early stages, sole reliance on FFRCT was not 

routinely accepted; therefore, multimodality noninvasive testing was requested by other health 

care team members, patients, or both. There was concern about the ‘black box’ nature of the 

measurement, given the unclear contributions of the CT angiogram versus the segmentation and 

computational fluid dynamics modeling leading to the final FFRCT value, the skill of the personnel 

performing the interpretation/segmentation/modeling, the effects of noncalcified plaque on the 

modeling, concern about a sole commercial vendor and concern about nonconcordance with 
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clinical features and other noninvasive testing. FFRCT provided a convenient ‘second opinion’ on 

the coronary CTA interpretation with additive functional assessment, which was confirming in 

some cases, challenging in others. Clinical care had to adjust to the changing paradigm of FFRCT 

with values provided not only at the distal tip of the arteries, but also the capability of 

measurements at any level of the artery and across a narrowing. Despite these limitations, we 

found that FFRCT implemented in a routine clinical practice predicted artery-specific 

revascularization behavior better than coronary CTA alone (33), particularly in cases with heavy 

calcification (25). 

 

For FFRCT to gain broader use, outcomes trials similar to the FAME trials should be performed to 

unequivocally demonstrate the central role this technology can play in managing patients with 

CAD; currently, FFRCT is only being used as a ‘surrogate’ to invasive FFR. We should not assume 

this surrogate measure has the same outcome associations as invasive FFR until these measures 

meet the same standards in similarly designed rigorous trials. Nonetheless, the enhanced role 

FFRCT provided in patients with planned ICA in PLATFORM is noteworthy. 

 

This trial further expanded the “PLATFORM” of coronary CTA by providing an additional tool to 

enhance our ability to refer the right patients for ICA. Obviously, it would have been more powerful 

if PLATFORM was a randomized trial, if the workup of the population agreed with current 

guidelines, and if FFRCT results were compared to coronary CTA alone and provocative stress 

testing. This is particularly the case given previous single-center observational studies as well as 

registry data proposed CTA – without FFRCT – as a gatekeeper to ICA (9,10). However, while the 

exact role of FFRCT in managing patients with CAD continues to be explored, either 

complementary to or in replacement of other noninvasive strategies, the present effort by Douglas 
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et al. analyzing the 1-year follow-up of the PLATFORM trial provides 1 more step in our 

understanding of the growing role of coronary CTA in patient care. 
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