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Abstract

Rubidium-82 positron emission tomography (PET) imaging has been proposed for 

routine myocardial blood flow (MBF) quantification. Few studies have investigated the 

test-retest repeatability of this method. Same-day repeatability of rest MBF imaging was 

optimized with a highly automated analysis program using image-derived input 

functions and a dual spillover correction (SOC). The effects of heterogeneous tracer 

infusion profiles and subject hemodynamics on test-retest repeatability were 

investigated at rest and during hyperemic stress. Factors affecting rest MBF 

repeatability included gender, suspected coronary artery disease, and dual SOC (p < 

0.001). The best repeatability coefficient for same-day rest MBF was 0.20 mL/min/g 

using a six-minute scan-time, iterative reconstruction, dual SOC, resting rate-pressure- 

product (RPP) adjustment, and a left atrium image-derived input function. The serial 

study repeatabilities of the optimized protocol in subjects with homogeneous RPPs and 

tracer infusion profiles was 0.19 and 0.53 mL/min/g at rest and stress, and 0.95 for 

stress /  rest myocardial flow reserve (MFR). Subjects with heterogeneous tracer infusion 

profiles and hemodynamic conditions had significantly less repeatable MBF 

measurements at rest, stress, and stress/rest flow reserve (p < 0.05).
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Chapter 1: Introduction

1.1 Background

Positron emission tomography (PET) is one of many medical imaging modalities. It 

produces three-dimensional images of functional molecular processes in a subject as 

opposed to planar or structural anatomic imaging modalities such as x-ray radiographs 

or computed tomography. This allows investigators and doctors to 'see' biological 

processes inside the living body, thus improving the understanding of disease processes 

and improve treatment for patients. Although PET imaging is non-invasive, a radioactive 

tracing agent must first be injected into the subject's bloodstream. The agent is taken up 

into a region or tissue of interest depending on the affinity of the tracer, and imaging 

reveals where the tracer resides by detecting the radioactive decay emissions.

Much research and labor has gone into the treatment and prevention of heart disease 

and heart attacks. Despite this, the Heart & Stroke Foundation of Canada reports that 

heart disease is still one of the top three leading causes of death (3). The National Heart 

Lung and Blood Institute in the United States reports that coronary heart disease is the 

most common type of heart disease and is the primary cause of death in both men and 

women (4). Coronary artery disease (CAD) is a slowly advancing condition that 

progressively reduces the vital blood flow to the heart muscle (myocardium) through 

atherosclerosis. The costs associated with treating late-diagnosed heart disease and
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strokes exceeds twenty billion dollars annually in Canada alone (3). PET is one of the 

imaging modalities that has helped bring a decline in the prevalence of heart disease in 

recent years.

1.1.1 Anatomy and Function of the Heart

The human heart has two pumping stations: right atrium and ventricle, and left atrium 

(LA) and ventricle (LV), as shown in Figure 1.1. The right ventricle is responsible for 

pumping oxygen-depleted blood to the lungs for re-oxygenation while the right atrium 

acts as a holding tank for incoming blood while the ventricle contracts. Newly 

oxygenated blood from the lungs enters the LV through the LA reservoir and is pumped 

throughout the body. When a subject begins moderate to vigorous activity, the LV must 

increase its pumping action to deliver oxygen and nutrients to the areas in demand.

Three main arteries supply the LV myocardium with blood: the left anterior descending 

(LAD), the left circumflex (LCX), and the right coronary artery (RCA) (5). Many conditions, 

diseases, and situations are known to cause heart dysfunction. Principal among these is 

CAD, which causes atherosclerotic stenosis (vessel narrowing due to plaque 

accumulation) and may result in subjects experiencing ischemia and plaque rupture that 

lead to heart attacks. Microvascular disease, referring to disease in the small vessels 

leading from the main trunks throughout the LV, is also a major cause of clinical 

symptoms of heart disease. PET imaging with an appropriate radiotracer is able to
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Left Atrium

Left Ventricle

Right Ventricle

Figure 1.1: A cross-section through the four chambers of the human 

myocardium. Oxygen-depleted blood returns from the body (solid blue 

line) through the superior and inferior vena cava into the right atrium. 
The right atrium and ventricle pump blood to the lungs. Re-oxygenated 

blood (dashed red line) returns to the left side of the heart through 

pulmonary veins into the atrium and is pumped through the aorta to 
the body by the left ventricle.

investigate the condition of these arteries and micro-vessels through quantitative blood 

flow analysis.

Functional myocardial perfusion imaging (MPI) detects the amount of blood reaching 

various parts of the heart muscle. A partial blockage, or narrowing, in a major artery 

from the buildup of atherosclerotic plaque, called a stenosis, will reduce the amount
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blood and tracer perfusing that portion of the myocardium, and the corresponding 

image region will display reduced tracer uptake relative to the other areas of normal 

perfusion.

PET MPI is performed in two stages: during resting conditions and under hyperemic 

(increased blood flow) stress. The heart can be stressed by having the subject exercise, 

or put under stress-like conditions through pharmacological drug injection. During 

treadmill exercise the target heart rate is at least 85% of the subject's age-matched 

maximal heart rate. Pharmacological stress is an acceptable and equivalent alternative 

for subjects, or situations, in which physical exercise is unattainable or impossible (6). 

The ability of the heart to increase its blood volume output is also a good measure of 

heart health. Resting images of the myocardium are compared with images during 

stress conditions enabling physicians to determine the severity of disease and what type 

of medical intervention or therapy may be necessary.

A hemodynamic measurement of the myocardial blood flow demand is the rate- 

pressure-product (RPP). This measurement is the heart rate multiplied by the systolic 

blood pressure and is a measure of cardiac work. As both heart rate and systolic blood 

pressure are subject specific and affected by various diseases, the RPP is an important 

physiological index used in quantitative myocardial blood flow imaging (MBF). The RPP 

is often used in subject studies to normalize resting population MBF measurements and 

has helped explain age-related increases in blood flow (7).
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1.2 PET Physics

The full complement of the physics principles behind PET are beyond the scope of this 

thesis. However, an introduction to the most important features of this useful imaging 

modality is presented, from atomic physics to biologic interactions.

PET imaging requires radioactive isotopes that emit positrons. Positron-emitting 

isotopes have an excess of protons in the nucleus. These nuclei follow one of two 

competing paths that allow them to achieve stability: electron capture and positron 

emission. Electron capture occurs when an inner shell electron is captured by a proton 

in the nucleus, converting the proton to a neutron and lowering the atomic number by 

one. This can take place if the rest state energy of the parent atom is larger than the rest 

energy of the daughter atom plus the binding energy of the captured electron. Heavier 

elements use the electron capture path to stabilize themselves much more frequently 

than lighter isotopes due to the higher likelihood that inner shell electrons will be close 

to the nucleus. Positron emission occurs when a proton ejects a positron (0+) and 

transforms into a neutron. This can take place if the rest energy of the parent nucleus is 

larger than the rest mass of the daughter nucleus minus the rest mass of two electrons,

M (A ,Z ) >  M ( A , Z - l )  +  2m e, [1.1]

where me is the rest mass of the electron, A is the atomic mass, and Z is the atomic
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number. The decay process is illustrated below,

AzX - > z_iY  +  p + +  ve, [1.2]

where X and Y are the parent and daughter isotopes and ve is an electron neutrino. The 

emission energy of the positron is shared with the simultaneously emitted neutrino, 

resulting in a range of possible energies from zero to the maximum available.

The emitted positron will lose its kinetic energy through inelastic collisions with 

surrounding electrons and nuclei. When it comes to rest, or a very low kinetic energy, it 

will annihilate with a nearby antiparticle, the electron. In tissue this usually occurs 

within a nanosecond and a few millimeters (8). The process of annihilation transforms 

the rest energies of the two particles into electromagnetic energy, or photons. Figure

1.2 shows the process from nucleus to annihilation photon emission. Conservation of 

momentum requires that at least two photons are created. The creation of three 

photons is about 1000 times less likely (8). A two-photon event will create both with 511 

keV of energy traveling in opposite directions. If the positron is not at rest when it 

annihilates with the electron, the photon system will retain some residual momentum. 

This results in a slight non-collinearity from 180° of about ±0.25° (for a standard 80 cm 

PET scanner the effect on spatial resolution can be expressed as a full width at half 

maximum of up to two millimeters) (9).



PROMPT Y

180* ±  0.25*

Figure 1.2: Radioactive positron (P+) emission from an unstable nucleus.
The positron loses energy in the surrounding medium and annihilates 

with an electron, creating two collinear 511 keV photons (y). Depending 

on the isotope, there is also the possibility of producing prompt 
gammas with the positron decay.

Some isotopes have a probability to emit cascade, or prompt, gamma photons 

immediately following positron emission. The myocardial blood flow tracer used in this 

study, 82Rb, has a prompt gamma ray emission at 777 keV that occurs in 14% of positron 

decays.

1.2.1 PET Scanners

PET scanners are designed to take advantage of the emitted photon collinearity. Current 

scanners have multiple rings of photon detectors arranged in an annulus that encircles
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the source of radiation. The scanners used to collect the data for the studies included in 

this thesis had 24 detector rings. The area bounded inside the rings defines the imaging 

field of view (FOV). If two detectors capture photons within a short period of time, it is 

assumed that the annihilation event, and therefore the positron-emitting isotope, 

decayed inside the volume of space between the two detectors. This process is called 

coincidence detection. The volume between the two detectors is the line of response 

(LOR).

All of the annihilation photons created in PET have the same energy, so detectors are 

chosen to work optimally at 511 keV. Three of the more common commercial human 

PET systems are made with either cerium-doped gadolinium oxyorthosilicate 

(Gd2SiOs:Ce), bismuth germanate (Bi4Ge30 i2), or cerium-doped lutetium 

oxyorthosilicate (Lu2Si05:Ce) (10) (11). Photon detection occurs through the scintillation 

process. Annihilation photons enter the detecting crystal and produce energetic 

elections through ionization. The electrons return to their ground energy states and 

produce a cascade of visible photons. These flashes of visible light (e.g., fluorescent 

green at 480 nm for BGO) are amplified by photomultiplier tubes (PMT) which turn the 

light into an electronic signal. The size of the signal is proportional to the energy 

deposited in the detector, and is also position-weighted to establish in which crystal or 

individual detector the flash of light occurred.



Each photon interaction inside the crystal detector takes a finite amount of time to be 

processed by the system electronics and recorded as a coincidence event. During this 

processing time the detector is unable to process further events and experiences 'dead 

time.1 At high activity levels, the photons could cause a constant stream of interacting 

detector events called pulse pile-up. Pulse pile-up causes coincidence events to be mis- 

positioned and the amount of activity to be underestimated.

1.2.2 Coincidence Detection

A time stamp is associated with each photon when it is detected. If two photons are 

detected within a given time interval t , the coincidence timing window, then they are 

assumed to be from the same annihilation event. The coincidence timing window is 

usually on the order of four to ten nanoseconds (12). Not all photons detected in this 

way necessarily originated along the associated LOR or are from the same annihilation 

event. Figure 1.3 shows the four types of prompt coincidences that are possible: true, 

random, scattered, and prompt gamma.

True events are annihilation photons that are unaltered from creation, and ideally 

reflect the true isotope activity distribution. Random coincidence events occur when 

two photons from separate annihilation events are captured by chance within the 

coincidence timing window. Scattered photons are from the same annihilation event, 

but at least one photon has interacted with surrounding material and changed direction 

so the recorded LOR does not accurately reflect where the event took place. There are
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Figure 1.3: Illustration of the four coincidence event types in positron 

emission tomography: true (1), scattered (2), random (3), and cascade 

photon (4). Number four is a type of scattered event involving a 

'prompt-gamma' photon. Annihilation photon paths are solid lines, 
prompt gamma rays are waved lines, and dashed lines correspond to 

the detected line of response.

six photon interactions possible: the photoelectric effect, Compton scattering, electronic 

and nuclear pair production, Rayleigh scattering, and photonuclear reactions.

Compton scattering has the highest probability of occurring over any other interaction 

mode due to its cross section at annihilation photon energies and the atomic number of 

the interacting medium (bone or soft-tissue). This occurs when a photon interacts with a
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loosely bound nuclear electron, ejecting the electron and altering the course of the 

photon. The energy of an annihilation photon after Compton scattering decreases 

according to the Compton equation:

hv' =  — t   , [1.3]
1 + - ^ ( 1 - c o s  0) 

m e ci

where hv’ is the energy of the deflected photon, hv is the original photon energy, angle 

0  is the deflection angle, and meir2 is the rest energy of an electron. Larger angles of 

deflection impart more energy to the ejected election resulting in lower energy 

photons. Scattered photons that lose enough energy can be identified by energy 

discriminators in the detectors and discarded.

The fourth prompt coincidence type is from prompt gamma emissions. Following 

normal positron emission an excited nucleus will revert back to its ground energy state 

by emitting a gamma photon in a short time-frame (< 1 0 12 seconds). Prompt gammas 

with energies inside the energy discrimination window, and higher energy prompt 

gammas that have lost energy through scatter, have the potential to form coincidence 

events with annihilation photons, thus introducing false LORs.

Annihilation photons are attenuated through Compton scatter and absorption, as noted 

above, as they exit the subject's body. The fraction of photon pairs that reach the 

detectors is described in the following equation as the total amount and type of matter



they must traverse to reach the pair of coincidence detectors:

F a e t e c t e d  =  =  e -» T, [1.4]

where p is the linear attenuation coefficient of a certain type of matter, T is the total 

thickness traversed, and x is the distance traversed by one photon. Attenuation 

correction is needed to correct for photon interactions in the subject's body so as to 

reflect the true radiotracer distribution.

1.2.3 Data Acquisition

Current PET scanners usually obtain data in 3-D mode, i.e., allowing photon events from 

all possible LORs to be paired between detector rings. However, the first scanners were 

designed with collimating septa that attenuated oblique angle LORs. This restricted the 

data accepted to 2-D rings or slices. Advantages included rejecting scattered photons 

and reducing the overall photon counting rate. This lowered the rate of random 

coincidences and minimized losses from detector dead-time. A large disadvantage to 

using septa was that a great number of useful photons from cross-ring planes were 

absorbed, thus limiting the total number of coincidence counts at the detectors.

When coincidence events are recorded, the data are binned into arrays indexed by 

spatial coordinates. The simplest case is 2-D imaging with a single ring of detectors, 

where each event LOR is associated with a radial (R) and angular (0) coordinate. These 

event arrays are often arranged as sinograms. The term sinogram refers to the shape a
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point source of activity will make when coincidence data are stored according to R and 0 

coordinates. Figure 1.4 shows how the coincidence events in each detector ring form 

sinograms according to the three coordinates (R, 0, I) . The figure also shows how 3-D 

imaging introduces a fourth oblique angle coordinate, 4> (recorded as the difference in 

rings), which creates many more sinograms compared to 2-D.

2-D PET

Detector ring

Profile of / l y  
Detector ring 1 ,2 ,3 ...

Sinogram from

Sinograms according to detector 
ring number and angle $

d> = o 0  -  Rings 1 &  4

<t> = Rings 1 fit 2

detector ring 1, 2, 3

0  = Rings 2 fit 3

$  = Rings 1 & 3

0 =  ...

Figure 1.4: Two-dimensional PET imaging (left) produces one sinogram 

per detector ring with radial (/?), angular (0 ), and axial (Z) coordinates. 
Three-dimensional PET imaging (right) produces a sinogram for each 

detector ring as well as a sinogram for each possible oblique angle (<Z>) 
as shown with a side view between points [A] and [B].
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Three-dimensional data acquisition has four- to eight-fold increased sensitivity 

compared to 2-D (9). In many cases this can result in less activity needing to be injected 

into the subject, which presents a lower radiation burden, rather than saturating the 

detectors with too many counts. At the same time, there is increased reliance on 

accurate scatter correction to produce results comparable to 2-D mode (13). At the 

University of Ottawa Heart Institute (UOHI) 3-D cardiac imaging is standard and this 

research study uses 3-D dynamic imaging exclusively.

Dynamic imaging measures the distribution and progression of tracer through a subject 

from the time of injection to a set end-point. This is possible due to the full ring of 

detectors encompassing the subject that acquire coincidence data by sampling the 

complete set of projection angles simultaneously. Coincidence data are sorted into 

variable length time-bins to capture the important temporal variations of the injected 

tracer. The standard dynamic heart scan at the UOHI consists of an eight- to ten-minute 

scan broken up into fifteen time-frames (9 frames x 10 s, 3 x 30,1 x 60,1  x 120,1 x 240).

An integrated hybrid PET and x-ray computed tomography (PET-CT) scanner is used at 

the UOHI to provide CT attenuation correction for the PET emission scan data. The CT 

system is a helical multi-slice x-ray scanner with a 4 cm, 64-slice multiple-row detector 

array that is able to rapidly image the same FOV as the PET scan. Each slice has an axial 

thickness of 0.625 mm. The patient couch translates through the FOV at a constant rate, 

or pitch, to acquire the full set of projections.
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In tomographic x-ray imaging a beam of poly-energetic photons is projected through a 

cross-sectional slice of a subject. A detector measures the intensity of transmitted 

photons that have not been absorbed or scattered by the subject. The distribution of 

energies in the beam are altered by scatter and absorption in the subject, so an effective 

beam energy is used. Effective energy is defined as the energy of a mono-energetic 

beam of photons that will produce the same intensity as a poly-energetic beam. The x- 

ray intensity measured at each detector is

b , t  =  b e - ’? ' * * * * ' ,  [1-5]

where lo is the x-ray intensity without a subject in the FOV, n is the linear attenuation 

coefficient in the subject, and E is the effective energy of the x-ray beam. Intensity 

projections in CT are acquired in either 180° or 360° rotations and reconstructed to 

obtain an image of linear attenuation. Single slice reconstruction is most commonly 

performed with filtered back projection (FBP), which will be discussed in the Image 

Reconstruction section.

1.2.4 Data Corrections

In order to obtain a set of dynamic images that ideally represent the true activity 

concentration in the body of a subject, several corrections must be made. Corrections 

can be performed prior to reconstruction while the data are still in projection format 

(sinograms) or included within the reconstruction process. Partial-volume correction,
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which depends on the size of the object being imaged and on the scanner resolution, 

will be discussed in section 1.3 as it is often estimated as part of the tracer kinetic 

modeling algorithms.

An important correction is for the rate of isotope decay. Isotope decay correction is 

applied to determine the amount of radiotracer present at the start of the scan given 

the amount of activity remaining at a particular frame time. The correction is as follows:

A0 =  At x e [1-6]

where A0 is the activity corrected back to time zero, At is the measured activity at some 

time (t), and lambda (A) is the decay constant. Lambda is the natural log of two divided 

by the half-life of the radiotracer.

Detector Efficiency Normalization

PET scanners are designed based on theoretical uniformity assuming that each detector 

has an identical efficiency, each PMT processes electronic signals identically, and 

detector block spacing is uniform. However, the actual physical characteristics of each 

detector element often vary enough to cause noticeable artifacts in reconstructed 

images. A direct, though simplistic, method for normalizing the number of counts is to 

expose every LOR with a uniform activity source (9). One technique is to rotate a rod 

source of germanium-68 (68Ge, half-life = 271 days) around the FOV. A normalization 

factor for each detector pair is then calculated by dividing the actual counts by the



average counts of all detector pairs. After a subject PET scan, the counts at each LOR 

detector pair are divided by the unique normalization factor to obtain the normalized 

corrected counts (9).

The direct normalization method assumes extreme uniformity of activity concentration 

and similar scatter distribution as a subject scan. Differences in either parameter will 

result in bias and artifacts from poor normalizations. Normalization scans take many 

hours to complete in order to obtain the desired number of counts for low statistical 

variations. An improvement to detector efficiency normalization is a component-based 

correction. A component-based model measures average detector efficiency and 

geometric components and combines them into a correction matrix (15). To ensure the 

various correction factors remain accurate, different components need to be updated 

with quality assurance tests at various intervals and after scanner maintenance.

Random Coincidences

Random coincidences are a source of background signal in reconstructed images. 

Although this background is relatively uniform, it has the effect of adding bias and 

reducing image contrast around the organ of interest, which may make a medical 

diagnosis less certain. There are two main methods used to correct PET data for random 

coincidences: a delayed-window and calculation from detector singles rates (9). In the 

more common technique, the delayed-window, the number of coincidence events is 

sorted according to the time between events for two detectors. Inside the coincidence
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window the peak of the histogram will include both prompt and random events, but at a 

greater time difference between single photon events a 'delayed-coincidence-window' 

will include only random events. Subtraction of these random events occurs either in 

real-time, or the data are smoothed separately before subtraction to reduce statistical 

variations in the distribution of random events (14).

The second method involves measuring the number of unpaired or 'singles' events at 

each detector. The rate at which random coincidences occur for a given detector pair 

can be computed accurately by the following equation,

^random f  *  ^singles A *  Rsingles B > [1-7]

where r  is the coincidence timing window and RSingies a and RSmgies b are the photon 

counting rates counted at the individual detectors. The total number of random events 

is subtracted from the total number of prompt coincidences, which also introduces 

increased statistical noise. It is therefore desirable to limit the rate of random 

coincidences, if possible, by using the smallest possible coincidence timing window. An 

important observation from Eq. 1.7 is that doubling the dose to the patient will double 

the true coincidence event rate, but will quadruple the random event rate (12).

Two scanners were used to acquire PET images for this research study. Before January 

2010 all the subject scans were performed on a Discovery RX PET-VCT scanner (GE 

Healthcare, Waukesha, Ml). This scanner used the delayed-window technique to correct 

for random coincidences. In January 2010 the UOHI installed a Discovery 690 PET-CT.
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This scanner uses singles counting rates at each detector to calculate a relatively 

noiseless correction for random coincidences.

Scattered Coincidences

After random coincidences are subtracted, the remaining counts are composed of true 

and scattered coincidences. Scattered event correction has been successfully achieved 

by several different approaches. Briefly, empirical methods involve plotting the number 

of photons detected versus photon energy and fitting the tails with either a 2nd order 

polynomial or 1-D Gaussian. Multiple energy window techniques involve comparing 

either two or three adjacent windows about 511 keV and then scaling and subtracting 

counts. Convolution approaches convolve projection image data with an experimentally 

determined scatter function and then subtract the result from the original projections. 

Completely analytic, or numeric, scatter simulation involves immense computing power 

and has taken too long in the past to be practical. However, if reasonable 

approximations are made, like eliminating multiple scatters on a single photon from the 

model, based on well understood physical principles, then accurate scatter correction 

can be successfully applied to image data (16).

Prompt coincidences in 3-D have a much higher scatter fraction (35-65%) than 2-D (10- 

20%) and are an important effect to address (15). The UOHI systems use a model-based 

scatter correction that analytically calculates angular scatter distributions from the 

Klein-Nishina formula. The intensity of photons in the emission image and the CT-
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acquired attenuation image of the scattering medium are used, along with probability 

distributions from the Klein-Nishina formula to estimate the shape of the scatter 

distribution. The scale of these scatter projections are typically estimated by fitting to 

the count profiles, or 'scatter tails', outside the object defined as the scattering medium. 

When a uniform prompt-gamma correction is combined with scattered coincidence tail- 

fitting outside the subject, the proper scale of the scatter correction is maintained (17).

Attenuation

Equation 1.4 demonstrated that the attenuation of annihilation photon pairs depended 

only on the total distance, and the spatial distribution, of attenuating material. This is a 

very important, and the largest magnitude, correction made to the data. Conservative 

estimates of the amount of attenuation by absorption and scatter, made in a 20 cm 

uniform water phantom, result in only 15% of photons reaching detectors. In a 40 cm 

phantom, similar to larger human subjects, only 1-2% of photon pairs are detected (13). 

Attenuation correction, therefore, is based on building a map of linear attenuation 

factors for every LOR. PET emission data are then multiplied by this attenuation map 

during reconstruction to obtain attenuation corrected images.

On dedicated PET scanners (without CT) this is carried out by completing a blank scan 

and a transmission scan. In the blank scan a positron-emitting source is rotated around 

the empty FOV. Then the transmission scan is completed in the same way with the 

subject in the FOV. Attenuation correction factors for each LOR are calculated simply by
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dividing the blank scan by the transmission scan counts. The attenuation correction 

factors for each LOR are then multiplied by the PET emission data to complete the 

weighting. This process is prone to subject movement as it takes between four and 

twenty minutes to complete each scan. Subject movement causes artifacts in the 

reconstructed image with attenuation correction. One improvement in this method uses 

up to three separate positron-emitting sources rotated about the FOV to speed up the 

process (15).

Attenuation correction at the UOHI is performed with high-speed, high-resolution, CT 

imaging. After transforming the linear attenuation coefficient map from x-ray energies 

to 511 keV, the PET emission data are weighted as described above. CT has the benefit 

of improved spatial resolution, and reduced statistical noise and scan speed (less than 2 

seconds for a thorax scan) over PET transmission data. Minor drawbacks include non

linear scaling of linear attenuation coefficients (p) from the effective x-ray energy, 

typically 60 to 80 keV (18), to 511 keV, and patient motion between scans, which is 

always an issue. Whereas PET emission data are acquired over several breathing and 

cardiac cycles, the CT scans can be performed at end- or mid-breath expiration.

Dead-Time

Detector dead-time arises from the finite time it takes for a photon to be processed by 

the electronic systems. An ideal system would have a linear response between the 

activity of a source in the FOV and the detected true coincidences. However, the
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number of detected events typically falls off with increased source activity, may begin to 

decrease at high activities, and can even fall to zero at extremely high activities 

depending on the system dead-time characteristics.

Two dead-time correction models are commonly used: paralyzable and non-paralyzable. 

In the paralyzable model the system will not accept any further input for a fixed time 

after activation. If a subsequent interaction starts before the end of the fixed time it will 

be ignored and a new time period is started. If photons impinge on a detector in rapid 

succession, only the first will be counted leading to an extended dead time. The non- 

paralyzable model only disregards subsequent events for a fixed amount of time. 

Further inputs do not restart the processing time period. This allows the maximum 

observable count rate to be a factor of at least e (e ~ 2.718) higher than the paralyzable 

model (19). Many radiation detection systems are constructed with cascaded 

components subject to both paralyzable and non- paralyzable effects. Corrections to the 

data are made by applying scaling factors based on the dead-time model parameters, to 

estimate the true source activity.

1.2.5 Image Reconstruction

Following 3-D dynamic data acquisition and correction there is a mass of sinogram data 

that needs to be put into a format that allows for radiolabeled tracer localization in the 

subject's body. Fully 3-D reconstruction algorithms exist, but they require powerful 

computing and take much longer than 2-D methods. Rebinning algorithms, such as
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Fourier rebinning (FORE), reorder projections from 3-D data into approximate 

projections in 2-D. There are two types of reconstruction algorithms that take sinogram 

LOR projection data and transform them into an image: analytic and iterative.

Analytical reconstruction algorithms, primarily filtered backprojection (FBP), use simple 

and elegant transformations to produce an image. Ramp and low-pass filters are applied 

in the Fourier domain to the sinogram data and then inverse Fourier Transformed back 

into image space. An image matrix is defined and the number of counts in each LOR is 

linearly superimposed. This back-projection constructs the image analytically from each 

projection LOR in the sinograms. The amplification of high frequencies by the ramp filter 

magnifies extraneous noise in projection data. Smoothing roll-off filters, like the Hann 

filter, are typically applied to ramp-filtered data to control the effects of high frequency 

noise amplification (20).

Iterative reconstruction has become more common with increased computing power. 

This method compares successive approximations with the measured sinograms in 

order to approach the true image incrementally. The first step is to calculate the 

projections that would have come from a uniform image. These forward projections are 

compared to the measured sinograms, a difference image is back-projected, and a new 

approximation is formulated by adding to the uniform image. The forward- and back

projection process is repeated iteratively, and stops when the differences between the 

measured sinograms and forward projections are within a certain threshold.
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In order to speed up the iterative computation time a method called ordered subset- 

expectation maximization (OSEM) was developed. OSEM is a more efficient 

implementation of the maximum likelihood-expectation maximization (MLEM) 

algorithm. MLEM uses a likelihood parameter to minimize the difference between a 

sinogram and forward projections. OSEM speeds up the process by using equally spaced 

subsets of projections to compare and update the estimation in each iteration instead of 

the entire set of forward projections.

Multi-slice CT reconstructions are performed using proprietary non-linear interpolation 

algorithms that balance slice profile, helical pitch, and image noise (21). The simple 

elegance of FBP cannot be used as multiple slices must be stitched together to form the 

image.

1.3 Myocardial Perfusion Imaging

1.3.1 Relative Perfusion Imaging

Conventional MPI with PET is a very useful tool in investigating CAD. This disease is 

manifested in PET imaging as portions of the myocardium that show reduced tracer 

activity compared to nearby regions. Unlike dynamic imaging, relative MPI uses a static 

PET scan where the useful image acquisition begins after the majority of activity is taken 

up, or trapped in, the myocardial tissue. For example, a 82Rb PET MPI scan is a sum of all 

the activity from about two minutes into the scan until the end.
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Relative MPI with 82Rb PET has been shown to accurately detect and localize single

vessel CAD (22). However, MPI is known to have reduced sensitivity to detect micro- 

vascular disease in patients with diabetes (23) or multi-vessel CAD (24) (25). The extent 

and severity of disease can be underestimated when MPI is measured relative to the 

'most normal' territory. Recent advances in technology and imaging for the tracer used 

in this study, 82Rb, have led to the possibility of routine quantification of myocardial 

blood flow (MBF) (26), which increases the ability to detect multi-vessel disease (MVD) 

(27) (28) and provides additional diagnostic information regarding coronary stenosis and 

ischemia (29).

1.3.2 Quantitative Blood Flow Imaging

Quantitative imaging seeks to use known factors, like the behavior of a radiotracer in 

vivo and the amount of activity at various time-points using dynamic imaging, to 

evaluate how much blood per unit time brings vital oxygen and nutrients to the heart 

muscle tissue. Methods of quantifying blood flow in the myocardium with PET have 

been successful at determining absolute measures of flow (24) (30) (31) and improving 

detection of disease(25) (26) (27) (32). Rubidium-82 PET imaging has been validated 

against other myocardial perfusion tracers like nitrogen-13-ammonia (13NH3) and 

invasive measurements like microspheres, and has been shown to measure rest and 

stress MBF accurately (30) (31).
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Flow quantification starts with a dynamic PET scan. The acquired emission data are 

reconstructed and processed using tracer kinetic analysis. Tracer kinetic analysis, or 

compartmental modeling, is the process of applying a mathematical model to the blood- 

heart system dynamics. This enables the measurement of parameters that can 

ultimately be used to quantify the flow of blood to the LV myocardium. True 

quantitative analysis depends on an accurate correction to an effect called partial 

volume (PV) averaging. When accurate image data acquisition, reconstruction, and 

robust tracer kinetic analysis are applied to dynamic PET scan data, then measurements 

of MBF in absolute units of mL/min/g are possible.

Tracer Kinetic Modeling

Dynamic PET imaging produces measured temporal-spatial distributions of radioactivity 

called time activity curves (TACs) in a subject at various time points (Fig. 1.5). There is a 

direct physiologic relationship between the activity levels in various regions of the heart 

and the biological or biochemical processes. Compartments represent either physical 

space, chemical forms, or pharmacological states (33). Figure 1.6 shows a generalized 

two-compartment model that could include all three types of compartments. Examples 

of a physical space would be the LV cavity or LV myocardium, a chemical form would be 

fluorodeoxyglucose (FDG, C6Hu18FOs) or FDG-6-phosphate (C6Hi 218F08P), and a
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Figure 1.5: A time activity curve showing the amount of activity in 
absolute units of kBq/cm3 in various regions in the heart over time.
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Figure 1.6: A generalized two-compartment tracer kinetic model showing 

a schematic of the dynamic rate-constant processes between spaces.
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pharmacological state would be bound tracer or unbound tracer in the same physical 

space. Each compartment is linked by a rate constant k (m in1). The rate constant is a 

model parameter that describes the speed of tracer exchange or transformation that 

occurs between compartments. In theory the tracer in the entire compartment is 

considered to be instantaneously homogeneous, which is impossible. That the 

compartments achieve homogeneity faster than the rate constant is typically adequate 

for the models to describe the system. The concentration of tracer in a compartment 

can be described as a function of time by a first-order differential equation and is 

governed by conservation of mass. This means that the concentration of tracer is equal 

to the influx of tracer into, minus the efflux of tracer out of, a compartment in units of 

inverse time (m in1). Blood flow through vessels is described in units of volume per unit 

time (mL/min) while MBF, or 'perfusion1, is expressed as blood flow per unit mass of 

tissue (mL/min/g).

The uptake and net retention of tracer in tissue depends on tracer extraction and 

clearance. A simple model relating the parameters for extraction was developed by 

Renkin and Crone (34) (35). The extraction fraction of a tracer depends on the surface 

area of a vessel network, S, on the permeability of the tracer through the vessels, P, and 

on the flow of blood through the vessels. The simple model predicts that the 

permeability-surface (PS) product is constant with flow, but experimental results have 

shown that the PS product increases with flow. An increase in the recruitment of micro-
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vascular capillaries is considered to be the reason for this relationship. The modified 

extraction fraction is therefore

E ( M B F ) = 1 -  e -(A+B MBFyMBF  ̂ ^  g]

where (A+B MBF) is the flow-dependent PS product, and A and 8 can be calculated for a 

tracer by fitting this relationship with experimentally measured uptake data (36).

The mathematics of the generalized model in Figure 1.6 begin with the TAC of a region 

of interest (ROI) from the dynamic PET scan as an input. In myocardial imaging this 

represents the tracer concentration of the blood input function. The rates of tracer 

exchange between the compartments shown in Fig. 1.6 are described by the following 

differential equations:

=  kiCinputd) -  fc3C i(0  -  k2C i(t), [1.9]

and

^  = ^ ( 0 , [1.10]

where dQ(t)/dt represents the rate of tracer concentration change in compartment i, 

and CinpUt(t), Cj(t), and C2(t) represent the concentration of tracer in the input function, 

first compartment, and second compartment respectively. Solutions to the first-order 

differential equations can be expressed as exponentials convolved with the input 

function. The values of the rate constants are calculated by fitting the model to the
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measured tissue TAC data using non-linear regression. The final output is the TAC of the 

tissue of interest, and since the desired parameter is MBF through the heart muscle, the 

output is the myocardial TAC.

The simplest compartmental model is the model with a single tissue compartment. In 

comparing a single tissue compartment model to a multiple compartment model, there 

is a trade-off between bias and precision (33). Fewer compartments might simplify the 

biological and chemical processes too much, causing the model to yield useless values 

because of bias. Too many compartments, which model every process exactly, often 

suffers from high variance in the estimated parameters, making the results unreliable. 

Fortunately for this reserach, in vivo investigations of a one-compartment model with 

three of the most common flow tracers, 82Rb, H2150, and 13NH3, have proven that it is 

able to model the distribution of these MBF tracers both robustly and accurately (37) 

(38) (39).

Partial Volume Averaging

Partial volume (PV) averaging can bias the measured activity concentration if the object, 

or organ, being imaged is small compared to the reconstructed image resolution. 'Small' 

is defined as being less than two times the image resolution (16). PET reconstructed 

image resolution, measured as the point spread function full-width at half-maximum 

(FWHM), and LV wall thicknesses are both on the order of 6 to 10 millimeters. PV 

averaging reduces the quantitative accuracy of quantitative MBF due to two factors:
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limited PET resolution and cardiac pumping motion. Cardiac wall motion blurring effects 

can be mitigated by electrocardiogram (ECG) gated imaging which divides the heart 

motion into cyclic time bins. This technique, however, is not routinely used in dynamic 

PET imaging for flow quantification.

Limited PET resolution causes activity from a higher activity region to blur, or 'spill out', 

into an adjacent region of lower activity. Accordingly, the late-frame activity in the LV 

myocardium is underestimated. Spillover, in the form of 'spill in’, occurs when 

evaluating a lower activity region, such as the late-frame blood pool, and myocardial 

wall blurring causes an overestimation of activity. Measurements in the thinnest part of 

the LV wall at the apex are most affected by PV averaging, as it also has the largest 

range of wall motion from systole to diastole. Both spill-in and spill-out can cause 

inaccurate quantification or visual analysis, and may lead to misdiagnosis of disease. 

Corrections to both of these effects are needed for accurate quantification of MBF.

Myocardial Blood Flow Tracers

Tracers are chemical compounds or substances that have an affinity for certain 

biological processes in the body, and are delivered in small amounts that do not alter 

the function of the process of interest. Localization occurs when molecules of tracer are 

trapped, as in the case of macro-aggregated albumin when it lodges in the small 

capillaries of the lung, or is taken up into cells, as in the case of FDG. They come in 

several forms including naturally occurring compounds, radiolabeled analogs of
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naturally occurring compounds, and radiolabeled drugs. A few of the commonly used 

MBF tracers for cardiac PET imaging are shown in Table 1.1.

An ideal tracer for blood flow imaging would be freely diffusible across cell membranes 

and capillary walls and fully extracted from the blood pool. It would also be retained in 

cells and have a long enough half-life for imaging. Unfortunately, the perfect tracer does 

not yet exist, and therefore the available ones are used according to their strengths 

while minimizing the potential effects of their weaknesses (36).

Oxygen-15 water is considered the gold standard for MBF flow quantification with PET 

in regards to accuracy. The H2150  tracer can be produced directly in a cyclotron and 

separated from by-products (40). It is freely diffusible across capillary and cell 

membranes and achieves equilibrium between blood pool and tissue quickly. However,

Table 1.1: Characteristics of commonly used PET MBF tracers

13N-ammonia lsO-water 82Rb

Half-life (min) 9.98 2.03 1.27

Decay abundance (3+) 100% 100% 95.5%

Maximum 3+ energy (MeV) 1.19 1.7 3.36

Mean P+ energy (MeV) 0.492 0.735 1.5

Maximum range in water (mm) 5.4 8.0 16.5

Root mean square range (mm) (41) 0.72 1.1 2.4

Production (42) On-site cyclotron On-site cyclotron Generator

Content from (40) unless otherwise noted
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its fast equilibrium state inhibits accurate discernment between blood and tissue for 

visual myocardial perfusion imaging (MPI) assessments (43). One of its best attributes is 

that it has an extraction fraction near unity at all physiologic flow rates, which simplifies 

kinetic modeling and interpretation.

Nitrogen-13 ammonia has also been used extensively for MBF quantification and 

investigating areas of ischemia. It is also produced in an on-site cyclotron but requires 

more post-production and radiopharmaceutical synthesis techniques to prepare it for 

injection. It has a high, though slightly non-linear, decreasing extraction fraction with 

flow. Nitrogen-13 ammonia diffuses across cell membranes and is trapped in tissue by 

metabolic processes that convert it to 13N-glutamine. Due to the metabolic processes 

that take place, a two-tissue compartment model is often used with blood metabolite 

corrections that are also required to evaluate quantitative MBF.

Rubidium-82 chloride has become the most commonly used cardiac PET perfusion 

tracer. It is located in the first column of the periodic table and acts as an analog of 

potassium, which is essential in maintaining cell membrane integrity and heart function. 

The potassium cation (K+) is replaced by (Rb+) in the cellular sodium-potassium pump 

and transported across cell membranes and retained (44). Clinical use of 82Rb does not 

require a local cyclotron as it is generator produced. Strontium-82 (82Sr) is loaded onto a 

tin-oxide or alumina column, immersed in a bath of saline, and decays (t* = 25.5 days) 

by electron capture to 82Rb. After decay the rubidium is no longer ionically bound to the
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column and dissolves into the surrounding saline, ready for elution and injection into 

the subject (Fig 1.7) (43). The major cost of using 82Rb as an imaging agent comes from 

the operation of a high-energy cyclotron, or linear accelerator, for generation of the 

parent 82Sr.

As a blood flow tracer, 82Rb has the highest root mean square range in tissue compared 

to many others (Table 1.1). Along with a low count density due to the short half-life and 

imaging time, the high RMS range forces more image smoothing during reconstruction, 

which results in lower resolution images. The extraction fraction at peak stress is 

substantially less than 13N-ammonia, which requires a large correction, and may lead 

to over- or underestimation of MBF (40). Its short half-life (1.27 min) allows for serial 

imaging within ten-minute intervals. Scanning many patients helps offset the high cost 

of the generator as it can be eluted about every ten minutes. Imaging studies of the 

heart under stress conditions are carried out through pharmacological vasodilatation 

drugs, because bicycle stress is not feasible due to the short tracer half-life.

1.3.3 Image Processing

Computer software makes data acquisition, correction, and reconstruction possible. 

Ideally, post-processing MBF quantification software is highly automated to reduce user 

influence, but also flexible enough to allow intervention when difficult situations arise 

with subject data. A number of commercial software packages are available (30) (45)



35

Saline Rb-82 Chloride

Sr-82
Sr-82

Sr-82 Rb-82
Sr-82 _

Sr 82
Sr-82 

Sr-82 
Sr-82 

Sr-82 sr-82
Sr-82

safM
Ready for iflection Rb-82

Sr-82

Rb-82
Rb-82

Sr 62
Sr-82

Rb-82
Rb-82

Figure 1.7: A simplified illustration of a 82Sr/82Rb generator. The MBF 

tracer 82RbCI is eluted when saline (NaCI) is flushed through the 

generator. The chloride anion binds to the rubidium cation to form the 

solution for injection.

(46) (47) for processing cardiac images, and some investigations have been published 

comparing their respective merits (48) (49). The UOHI has developed a highly 

automated image processing package called FlowQuant©, as described originally by 

Klein et al (50).

FlowQuant

The heart does not lie in a convenient orientation for investigation inside the body. The 

first steps in the cardiac processing workflow are to locate the LV in the dynamic PET 

scan data, and then to orient it so that the organ can be optimally visualized. An average 

of the final six to eight minutes of dynamic uptake data are used to visualize the LV
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myocardium. This ensures that the myocardium to blood pool contrast is high, and 

count statistics are sufficient to reduce image noise. After automatic location of the LV, 

ellipses are fit to the data in three orthogonal planes: horizontal long axis (HLA), vertical 

long axis (VLA), and short axis (SA). Figure 1.8 shows the planes and cross-sectional 

slices. This stage also estimates the length and width of the LV.

Vertical

[fart Axis

Extra-cardiac uptake

Figure 1.8: Cross-sectional planes of the myocardium and their 

corresponding PET images. Radial red lines in the Horizontal Long Axis 

image at top right are conical sampling lines while horizontal white lines 

are the short axis slices.
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Transverse LV images are reoriented into short axis slices. The apex of the LV, however, 

is sampled with conical slices to better match the anatomy (Fig. 1.8). The whole LV is 

segmented, and sampled values are displayed in polar map form (Fig. 1.9) which shows 

the apex at the center with the outer rings corresponding to basal slices. Myocardial 

TACs for all time points are typically obtained for 496 polar map sectors. Blood pool 

regions are centered near the atrium, base, and center, of the LV cavity to sample the 

blood input function for tracer kinetic modeling. The output of the modeling produces a 

TAC for the myocardium from which blood flow is extracted (Fig. 1.10). The kinetic 

modeling steps specific to this research are described in chapter 2.1.

Anterior

Lateral

Posterior
m U m in fg

Figure 1.9: Three-dimensional mesh grid of the LV (left) represented in 

polar map format (right). Color scheme corresponds to flow in 

mL/min/g as shown with the scale on the right.
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Figure 1.10: Time activity curves for the blood input function (red 

circles), measured myocardium (blue stars), and modeled myocardium 

(cyan).

1.4 Test-Retest Repeatability

Many factors affect MBF measured with PET. As each person is unique, and the human 

body is an immensely complex physiologic system, MBF varies between individual 

people and in the same person at different time-points. The act of making the MBF PET 

measurement adds variability as well. This intra-subject variation in MBF limits the 

ability to track the progression of disease and effectiveness of therapies. It also limits 

the accuracy of setting absolute boundaries between 'normal' and 'diseased' MBF. Test 

re-test variability, or repeatability, is a very important factor to consider when 

quantifying MBF for serial or longitudinal imaging. Figure 1.11 shows how similar tracer

x 10 Time Activity Curves

— Input: Measured blood
Output: Measured myocardium + blood
Modeled myocardium



Ac
tiv

ity
 

[B
q/

cc
] 

Ac
tiv

ity
 

[B
q/

cc
]

39

X 105 Scan 1

3
Kt = 0.63 ± 0.016 
FBV = 0.42 ± 0.015

2

1

0
1 2 3 5 60 4

Time [min]

x 105 Scan 2 (+15 days)

Measured blood 
Measured myocardium + blood 
Modeled myocardium

Ki= 0.56 ± 0.012 
FBV = 0.42 ± 0.0133

2

1

0
1 2 30 5 64

Time [min]

Figure 1.11: Time activity curves of repeated rest scans performed 15 

days apart. Similar infusion shapes and blood input parameters (FBV) 
should result in similar MBF. However, a dissimilar tracer uptake 

parameter (Ki), which is related to MBF, resulted in a 22% decrease in 

MBF in scan 2.

infusion TACs in the same subject done fifteen days apart can result in very different 

MBF results (~22% decrease in MBF, 0.9 vs. 1.1 mL/min/g).



Inter- and intra-operator variability for MBF measurement using 82Rb PET was reported 

using FlowQuant (50). While test-retest data exist for flow quantification in humans 

using 13NH3 (51) (52) (53) and H2150  PET (54) (55) (56), there are limited data regarding 

test-retest repeatability using 82Rb PET in patient studies (30) (57), and no data using the 

specific system and software developed at the UOHI.

1.5 Thesis Objectives

The goals of this research were two-fold. The first was to investigate the same-day test- 

retest repeatability of MBF under resting conditions with 82Rb while optimizing the 

parameters tested for best results. This will provide evidence to determine the most 

appropriate protocol for dynamic PET scan reconstruction type, length of data to 

reconstruct, the effect of hemodynamic adjustment, the utility of a dual blood- 

myocardium spillover correction, and where to place the image ROI for the blood input.

The second goal was to investigate the test-retest repeatability effects of 

heterogeneous myocardial hemodynamic conditions and tracer infusion profiles, with 

rest and stress MBF imaging performed serially over the course of several weeks or 

months. Hemodynamic conditions refer to the RPP, while tracer infusion profiles have to 

do with the timing of injection of tracer into the subject. Very little published literature 

exists regarding either of these effects (58). These results should provide evidence that 

uniformity in subject hemodynamic conditions and tracer infusions are key to
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eliminating these sources of variability that affect the quantification and interpretation 

of MBF measurements with 82Rb PET.

Determining the accuracy of 82Rb PET imaging using a one compartment kinetic model 

was not a goal of this research. Previous investigation has shown that this technique is 

accurate (59). However, the effects of bias on MBF measurements, and the effect on 

test-retest repeatability, due to protocol variations has been examined.

Chapter 2 presents the methods of these two studies and Chapter 3 the results. Chapter 

4 is a discussion on the interpretation of the results and the final chapter provides 

conclusions and proposes future research areas for investigation.



Chapter 2: Methods

This chapter describes the methods used to perform two separate studies of test-retest 

repeatability. The first study, same-day repeatability of resting MBF, investigates the 

optimal repeatability of PET measured MBF by minimizing the effect of time between 

scans. The second study determines serial repeatability in MBF at rest and stress and of 

MFR while investigating the effects of heterogeneous subject hemodynamics and tracer 

infusion profiles. Since many of the methods were identical in both studies they are 

presented together, with any differences between studies noted. Some results from the 

first study were used in forming the methods used for the second study.

2.1 Patient Cohorts

Thirty-six subjects were included in the same-day study and thirty-two in the serial 

study. The studies (same-day, serial) included patients (n = 27, 29) with suspected CAD 

and healthy normal volunteers (n = 9, 3). Each was instructed to refrain from consuming 

caffeine for twelve hours, as caffeine inhibits the efficacy of the pharmocological 

vasodilator stress agent, beta-blockers for 24 hours, and food for at least four hours 

prior to the scan. Each subject gave written informed consent under a cardiac PET 

registry, or rubidium dosimetry study, approved by the Ottawa Heart Institute Research 

Ethics Board.
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2.2 Imaging Protocol

The serial study subjects underwent the standard clinical procedure of a single rest scan 

followed by a dipyridamole-induced stress scan at each visit as previously described by 

Klein et ai (59). Same-day study subjects underwent a modified single-session procedure 

that included three successive scans, two at rest and one under dipyridamole-induced 

stress. Subjects were purposely not repositioned between scans to limit body motion, 

changes in heart orientation and resting hemodynamics.

According to the standard clinical procedure, subjects were placed on the scanner couch 

and positioned with the aid of a CT scout scan. Following the CT scout scan a low-dose 

(0.4 mSv, effective dose), fast helical (1.5 seconds), CT scan was performed at normal 

end-expiration for attenuation correction of the rest 82Rb scan. Tracer activity (10 

MBq/kg) was administered from a 82Sr/Rb generator (59) intravenously over a 30- 

second interval using a custom infusion system (60), limiting the coincidence dead-time 

to less than 50% to ensure accurate measurement of the first-pass bolus activity. 

Dynamic rest data (scan 1) were acquired over ten minutes in 3D-mode with fifteen 

time intervals (9 x 10, 3 x 30, 1 x 60, 1 x 120, and 1 x 240 seconds). Dipyridamole was 

infused (0.14 mg/kg/min for five minutes) to induce hyperemic stress and the same 82Rb 

PET imaging protocol was repeated. A second low-dose CT scan was performed for 

attenuation correction of the stress scan data. Fourier rebinning (FORE) was applied to 

the 3D scan data for more efficient 2D reconstruction. Dynamic images were



reconstructed using OSEM with four iterations, 24 subsets, and an eight mm Hann filter. 

One serial study rest-stress study was acquired on the Discovery RX PET-VCT scanner 

(GE Healthcare, Waukesha, Ml) and the remaining 31 on the Discovery PET-CT 690.

The modified, same-day study procedure began with the positioning scout scan and 

injection of the first resting scan dose of 82Rb tracer activity. The standard protocol, 

minus the scout scan, commenced immediately at the end of the first rest scan with the 

first attenuation correction CT scan used for both rest scans. Dynamic images were also 

reconstructed using FBP, with a twelve mm Hann filter. Sixteen data sets in this study 

were acquired on the Discovery RX PET-VCT scanner (GE Healthcare, Waukesha, Ml) and 

the remaining 20 on the Discovery PET-CT 690.

2.3 Analysis

Image data were processed using FlowQuant v2.2 (University of Ottawa Heart Institute, 

ON) as previously reported (50). Dynamic images were reoriented automatically into 

short-axis views, and the left ventricle (LV) myocardial time-activity-curves (TACs) were 

measured in 496 polar map sectors, Cmy0(t). In the same-day study, blood regions were 

placed automatically within the left ventricle and atrium cavities to sample the blood 

input function, Ccav(t), and MBF estimated using the tracer kinetic model. In the serial 

study, only the left atrial cavity was used, based on the optimal protocol determined in 

the same-day study. The tracer kinetic model used to evaluate absolute blood flow will 

be described in the next section.
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In the same-day study blood flow and flow reserve results were analyzed in two phases. 

In the LV blood input phase standard clinical protocol settings (10-minute scan, FBP 

reconstruction) were used as a baseline for comparison. Protocol changes were 

investigated using sixteen variations of the following four settings:

i. Six-minute vs. ten-minute scan

ii. FBP vs. OSEM reconstruction

iii. Dual spillover corrected (SOC) vs. uncorrected

iv. RPP adjusted vs. unadjusted.

Rest MBF values were adjusted for the subject-specific RPP as

MBFa d j= M B F x ^  , [2.1]

where RPP is the average RPP across all study subjects (7426 bpm • mm Hg).

The second phase introduced the blood input ROI in the left atrium (LA) (61). The 

maximum extent of the ROI was a cylindrical shape defined by the average LV diameter. 

Two frames, taken from the time-frame with maximal activity in the LV cavity and the 

previous time-frame, were averaged to define the LA blood pool. The useable blood 

input region was defined as the contiguous pixels with at least 85% of the maximum 

pixel activity in the two-frame average ROI (62). Figure 2.1 shows a representative 

sample image of the standard clinical LV ROI compared to the LA input region. The two 

most repeatable rest protocols from the LV analysis phase were re-analyzed with the LA 

input. These four LA and LV protocols, with the corresponding LV SOC on/off pairs, were 

also used to analyze the single stress scans to evaluate the effects on myocardial flow
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reserve (MFR). In the serial study, all images were analyzed with the previously 

determined most repeatable protocol: six-minute scan length, SOC, LA input region, 

with and without the RPP adjustment. Repeatability was assessed with correlation and 

Bland-Altman coefficients (63).

Figure 2.1: Horizontal and vertical long axis sample images showing the 

maximal extent of the left atrium region of interest (left-blue box) and 

the 85% ROI (left-solid red region inside box) for tracer kinetic modeling 

input function vs. the left ventricle cavity (right-white CBA) region of 
interest (C-cavity, B-base, A-atrium).

HLA
HLA

VLA
VIA
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2.3.1 Kinetic Modeling

A one-tissue-compartment distribution-volume model of tracer uptake in myocardial 

tissue was used to describe the 82Rb tracer kinetics (64)

where Ct(t) is the true myocardial tissue activity concentration in Bq/g, Ki is the 82Rb 

uptake rate in mL/min/g, Cc0v(t) is the concentration of arterial blood measured in the 

cavity region as a function of time in Bq/mL, and ® is the convolution operator (50). 

Distribution volume (DV) is the ratio of tissue and blood tracer concentrations after the 

compartments reach equilibrium. At equilibrium the net exchange of tracer is zero and 

DV becomes

DV was set to a constant value (specific for each scan) determined by fitting the 

unconstrained model to the normal uptake region (>75% max) within the polar map.

Uptake, Ki, and MBF (mL/min/g) are related by an extraction fraction

[2 .2]

D V  = [2.3]

Kx =  M B F  x E (M B F ) , [2.4]

where

E (M B F )  =  1 -  e v  m b f ' ) . [2.5]
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The 82Rb extraction function, E(MBF), is a model-specific term that accounts for non

linear tracer extraction and the tissue permeability surface-area product, PS (mL/min/g), 

as a function of MBF (34) (35). The PS function was previously determined in human 

studies (64) (65), as

PS(MBF) =  0.63 +  0.26 x  MBF, [2.6]

making

( 0 6 3  \
1 - 0 . 7 7 e ~ ^ } M B F .  [2.7]

The myocardial image concentration in each polar map sector was modeled as

CmeasiO  =  FBV ■ Ccav( 0  +  (1 -  FBV) ■ Ct (t), [2.8]

where FBV is the estimated fractional blood volume and (1-FBV) was used to correct for 

regional partial-volume losses in the myocardium (66). The parameters Kh k2, and FBV 

were estimated with equations 3.2 and 3.8 in each sector of the LV myocardium, using 

weighted non-linear least squares minimization comparing the modeled with the 

measured myocardium TACs.

2.3.2 Dual Spillover Correction (SOC)

Spillover from the myocardial tissue into the LV cavity reduces the quantitative accuracy 

of the image-derived blood input function. To improve the accuracy, a technique was 

developed to estimate a pure blood signal for use as input to the kinetic model instead
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of Ccav(t) (65). The proposed method models the myocardium and cavity TACs as mixed 

partial-volume fractions of pure blood, Cb(t) and pure myocardium Ct(t) signals (65). The 

measured myocardium and blood pool regions are modeled as

Cmeasit) =  FB V  ■ Cb( t ) +  (1 -  FBV') ■ Ct (t ) ,  [2.9]

and

CCa v (t) =  fi ■ Cb( t ) +  (1  -  /?) ■ Ct ( 0 ,  [2.10]

where Cc0v(t) is the mixed blood signal in the cavity and 3 is the partial-volume fraction

of pure blood signal in the cavity region of interest. Equations 3.9 and 3.10 were

combined to generate the pure blood signal, Cb(t), from the measured functions, Cme0s(t) 

and Ccov(t),

~  P ( l - F B V ) - ( l - p y F B V

First, the parameters Kh k2, FBV, and 3 were estimated using the average LV polar-map 

data Cmeas(t), using weighted non-linear least squares minimization with equations 3.2, 

3.9, 3.11. Then in a second step, using the 3 value estimated above, the corresponding 

pure blood signal Cb(t) from equation 3.11 was substituted in place of Ccav(t) to estimate 

regional MBF in each polar map sector with equations 3.2 and 3.8.
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2.3.3 Gamma Variate Function

The shape of the tracer infusion profile was used in the serial study as a comparison 

parameter. Changes in the shape of the TAC data from scan 1 to scan 2 due to abnormal 

82Rb infusions could affect the ability of the model to accurately describe the system. 

This investigation aimed to assess repeatability under similar and dissimilar infusion 

conditions.

A modified gamma variate (GV) function was fit to the blood time activity data points to  

characterize the TAC infusion profile. The shape of this function models the rise of 

activity and the sharp peak as a first-pass bolus, or timed injection, clears the LV cavity 

(67). It has the form

The parameters t0 and tmax are the activity appearance times and peak activity time, 

respectively. The rise-time, from activity appearance to peak activity, was calculated as 

tmax-to- A reduced chi-squared goodness-of-fit statistic (x l ) was calculated between the 

blood data points and the modified GV function, from t0 to the last point before the 

onset of tracer recirculation. A second infusion profile parameter, tracer clearance-time

y i t ' )  = [2.12]

where ym0x is the peak activity, a is a free parameter, and t' is defined as

t m a x ~ t  o
[2.13]
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(Tc), was calculated as the time from t0 up to an endpoint corresponding to 50% of the 

peak blood activity.

A variable transformation from the modified GV function to the original GV function (68) 

was implemented to extract a third tracer infusion profile parameter, mean transit-time 

(MTT), from the fit. The original GV function has the form

y ( t ) =  C(t -  t 0) ae , [2.14]

where C is a constant scale factor and a  and P are parameters determined during model 

fitting. The MTT is the average time for a molecule of tracer to travel to the ROI and was 

calculated from

M TT =  t0 +  p(ct +  1). [2.15]

Figure 2.2 shows the parameters that were extracted from the GV, and modified GV, 

function fits.

2.3.4 Hemodynamics

Differences in hemodynamic conditions from scan 1 to scan 2 may represent an 

additional factor affecting repeatability of MBF at rest and stress (52). Therefore, 

differences in RPP between repeated rest and stress scans were calculated and the 

resulting effects on MBF were investigated.
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Figure 2.2: A representative scan showing the tracer infusion profile 

parameters investigated. The tracer clearance-time measures the time 

it takes for the activity concentration to return to half the height of the 

peak. The mean transit-time is the average time for the tracer to travel 
to the region of interest. The goodness-of-fit measures the squared sum 

of errors between the Blood Median and Gamma-Variate fit from time 

zero to the last point before tracer recirculation begins.
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2.3.5 Statistical Analysis

Paired and un-paired Student's t-test and multiple factor ANOVA (with interactions) 

were used to analyze the segmental MBF data where appropriate. The F-test was used 

to compare the test-retest variance between scans. Bonferroni correction was applied 

to account for multiple statistical tests. Correlation plots (Pearson's r2) were used to 

show agreement between datasets. Bland-Altman plots were used to compare test- 

retest differences, and to provide a visual representation of the repeatability coefficient 

(RPC = 1.96 x standard deviation of differences; discussed in Appendix A) and the 

coefficient of variation (CV, standard deviation /  mean x 100%) (63). Differences were 

considered statistically significant when p < 0.05.
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Chapter 3: Results

This chapter describes the results of two separate studies of test-retest repeatability. 

The first study, same-day repeatability of resting MBF, investigated the optimal 

repeatability of PET measured MBF by eliminating the effect of time between scans. The 

second study determined the repeatability of serial MBF measurements at rest and 

stress, and of MFR while investigating the effects of heterogeneous subject 

hemodynamics and tracer infusion profiles. The results of the same-day study have been 

accepted for publication in the Journal of Nuclear Cardiology (1).

3.1 Demographics

The subject demographics and hemodynamics are summarized in Tables 3.1 to 3.4. The 

age range of same-day study subjects was 27 - 76 years: 45 - 76 for CAD patients and 27 

- 60 for normal volunteers. The difference between male and female RPP was 

significant, both in scan 1 and scan 2 (p = 0.03). The difference in RPP between CAD 

patients and normal volunteers was not significant for either scan 1 or scan 2 (p = 0.1). 

Scan 1 to scan 2 RPP differences were different (p = 0.05).

The age range of serial study subjects was 34-80 years with a range of 42-50 years for 

normal volunteers. Time between scans ranged from fifteen to 541 days (mean 194 ± 

147 days). Rate-pressure-product differences between male and female subjects, and 

CAD patients and normal volunteers, were not significant for either scan 1 or scan 2,



rest or stress (p > 0.06). Scan 1 to scan 2 RPP differences at rest and stress were also not 

statistically significant (p > 0.5).

Table 3.1: Same-day study subject demographics

Demographics Age (y) BMI

males (n = 24) 55 ± 13 30.3 ± 5.3

females (n = 12) 57 ± 12 33.7 ±8.7

normal volunteers (m = 6a, f = 3) 41 ± 9 * 26.6 ± 3 .8 *

CAD patients (m = 18, f = 9) 60 ± 9 33.0 ±6.7

Values are mean ± standard deviation, BMI = Body Mass Index (kg/m2)
3 Two normal volunteers had high total cholesterol (TCH > 5.2 mol/L) and high 
triglycerides (TGC > 1.70 mmol/L)
* p < 0.05 normal volunteers vs. CAD patients

Table 3.2: Serial study subject demographics

Demographics Age(y) BMI

males (n = 22) 59 ± 12 29.0 ± 4.8

females (n = 10) 63 ±12 26.9 ±5.7

normal volunteers (m = 1, f = 2) 47 ± 5 * 24.2 ± 7.4

CAD patients (m = 21, f = 8) 61 ± 12 28.8 ±4 .8

Values are mean ± standard deviation, BMI = Body Mass Index (kg/m2) 
* p = 0.05 normal volunteers vs. CAD patients
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Table 3.3: Same-day study subject hemodynamics

Rest

Hemodynamics Scan 1 Scan 2

Heart rate (bpm) 64 ±14 65 ±13

Systolic blood pressure (mm Hg) 114 ± 17 116 ± 17

RPP (bpm x mm Hg) 7327 ± 2293 7525 ± 2368

RPP males 6738 ± 2202* 6922 ± 2311*

RPP females 8505 ± 2077 8729 ± 2074

RPP normal volunteers 6226 ± 1417 6387 ± 1407

RPP CAD patients 7693 ± 2428 7904 ± 2518

Values are mean ± standard deviation, bpm = heart-beats per minute, 
mm Hg = millimeters of mercury, RPP = rate-pressure-product 
* p = 0.03 males vs. females

Table 3.4: Serial study subject hemodynamics

Rest Stress

Hemodynamics Scan 1 Scan 2 Scan 1 Scan 2

Heart rate (bpm) 61 ± 10 62 ±11 79 ±12 79 ± 11

SBP (mm Hg) 114 ± 15 114± 19 118± 19 117± 20

RPP (bpm x mmHg) 6916 ± 1281 7089 ± 1932 9244 ± 1874 9120 ± 1764

RPP males 6627 ± 1327 6999 ± 2031 9153 ± 2071 9165 ± 2005

RPP females 7553± 943 7286 ± 1781 9445 ± 1422 9021± 1148

RPP normal volunteers 6952 ± 1636 6387± 647 9203± 713 9236± 483

RPP CAD patients 6913 ± 1275 7161± 2012 9248 ± 1963 9108 ± 1851

Values are mean ± standard deviation, bpm = heart-beats per minute 
SBP = systolic blood pressure, mm Hg = millimeters of mercury 
RPP = rate-pressure-product
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3.2 Protocol Effects on MBF and MFR

3.2.1 Same-Day Study

Table 3.5 summarizes the same-day scan 1 and scan 2 resting MBF results for the 

imaging protocols evaluated with the LV cavity input function. Multi-factor ANOVA 

showed differences in male vs. female (p < 0.01) and normal vs. CAD patients (p < 0.05) 

MBF values, as well as a systematic decrease in MBF using the SOC (p < 0.01). Other 

parameters (reconstruction method, scan length, scan number, RPP adjustment) did not 

have a significant effect on the mean MBF values (p > 0.18). There were significant 

interactions of gender and disease status with RPP (p < 0.01).

The population standard deviation values (SD) shown in Table 3.5 were not significantly 

different between test-retest scans, reconstruction methods, scan length, or between 

population subgroups, i.e., gender and disease status. The mean SDs for all methods for 

scan 1 and 2 where 0.26 and 0.33 respectively, while RPP adjusted SDs for scan 1 and 2 

were 0.17 and 0.21 respectively. The mean MBF was essentially unchanged after RPP 

adjustment, but the population sample SD values decreased significantly from 0.26 to 

0.17 mL/min/g for scan 1, and from 0.33 to 0.21 mL/min/g for scan 2 (p < 0.01). 

Therefore, individual RPP values accounted for a significant fraction (~34) of the 

population variability in resting MBF.
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Figure 3.1 shows a box-plot of resting scan 1 MBF by gender with and without RPP 

adjustment, using six-minute scans with OSEM reconstruction and dual-spillover 

correction (OSEM-6-SOC). The mean MBF was ~ 50% higher in females vs. males in scan 

1 (p < 0.001) and scan 2 (p = 0.005). After the RPP adjustment was applied, however, 

neither the difference in scan 1 (p = 0.07) nor scan 2 (p = 0.28) remained statistically 

significant.

Table 3.5: Same-day rest MBF values with and without RPP-adjustment

Reconstruction Scan Length SOC MBF MBF RPP MBF MBF RPP 
Method (min) * Scan 1 Scan 1 **  Scan 2 Scan 2 * * *

FBP 10 SOC 0.74 ± 0.27 0.75 ±0.18 0.76 ±0 .37 0.75 ±0.21

FBP 10 0.82 ± 0.29 0.83 ±0.16 0.83 ±0 .36 0.83 ±0.21

FBP 6 SOC 0.74 ±0 .27 0.75 ±0.19 0.76 ±0.33 0.76 ±0.21

FBP 6 0.87 ± 0.28 0.88 ±0.17 0.86 ±0.32 0.87 ± 0.20

OSEM 10 SOC 0.78 ± 0.25 0.79 ±0.19 0.78 ±0.33 0.79 ± 0.23

OSEM 10 0.81 ±0.26 0.82 ± 0.15 0.81 ±0 .36 0.82 ± 0.23

OSEM 6 SOC 0.76 ±0.25 0.77 ±0 .18 0.75 ± 0.28 0.76 ±0.21

OSEM 6 0.86 ±0.26 0.88 ±0.18 0.86 ±0.33 0.87 ± 0.22

SOC = dual spillover corrected, MBF values are mL/min/g, values are mean ± standard
deviation, RPP = rate-pressure-product, MBF RPP are adjusted as: MBF x RPPaverage /  RPPsubject
*p < 0.01 for all SOC vs. no SOC protocol pairs
**p  = 0.01 sample variance decreased vs. MBF for all scan 1 pairs
* * *p  < 0.01 sample variance decreased vs. MBF for all scan 2 pairs
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p < 0.001
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Figure 3.1: Notched box-plot comparison of same-day scan 1 MBF 

values between male and female subjects, with and without RPP 

adjustment using six-minute scan-time, OSEM reconstruction and dual
spillover correction. Outliers (+ symbols) are flow values > 1.5 x inter
quartile range. Resting mean MBF values (circles) are significantly 

higher in females vs. males before adjustment for RPP (0.97 vs. 0.65 

mL/min/g; p < 0.001) but not after (0.85 vs. 0.73 mL/min/g; p = 0.07). 
See Appendix B for a box-plot tutorial.
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While the present study was unable to incorporate a second stress scan with the 

standard administration of aminophylline (which reverses the effects of dipyridamole), 

the single stress scan was paired with both rest scans to simulate single-session 

repeated MFR measurements. Four subjects did not complete stress scans reducing the 

population to thirty-two for stress and MFR. Table 3.6 shows the MFR results for the 

two optimal LV, and corresponding LA input protocols.

Multi-factor ANOVA showed significant differences in stress MBF values for male vs. 

female (p < 0.001), normal vs. CAD patients (p < 0.001), and significant interactions of 

gender with disease status (p < 0.04). Other parameters (reconstruction method, scan 

length, scan number) did not have a significant effect on the mean MBF values (p > 

0.26). There were significant differences in MFR values for OSEM vs. FBP (p = 0.001),

Table 3.6: Same-day study stress and myocardial flow reserve (MFR)t

Recon
Method*

Scan
Time

Input
* * SOC Stress

MFR  
Scan 1

MFR RPP 
Scan 1

MFR 
Scan 2

MFR RPP 
Scan 2

FBP 10 LV 2.17 ± 1.16 2.62 ± 1.04 2.60 ±  1.09 2.60 ± 1.00 2.58 ± 1.03

FBP 10 LV SOC 2.01 ± 0.90 2.77 ± 1.02 2.71 + 0.94 2.77 ± 1.05 2.70 ± 0.95

FBP 10 LA 2.19 ± 1.22 2.64 ± 1.04 2.93 ± 2 .1 4 2.64 ± 1.03 2.93 ± 2.02

OSEM 6 LV SOC 1.91 ± 0.85 2.58 ± 0.98 2.53 ± 0.91 2.63 ± 1.03 2.58 ± 0.99

OSEM 6 LV 2.04 ± 0.96 2.37 ± 0.92 2.37 ± 1.03 2.43 ± 1.03 2.42 ± 1.08

OSEM 6 LA SOC 1.94 ±1 .12 2.38 ± 0.96 2.32 ±  0.83 2.33 ± 0.88 2.27 ± 0.75

+ A single stress scan paired with repeated rest scans. Scan Time is in minutes,
SOC = spillover correction, Myocardial flow reserve (MFR) is unit-less ratio of stress/rest 
MBF, MFR RPP calculated using rate-pressure-product adjusted MBF 
*p = 0.001 effect by ANOVA in MFR for FBP vs. OSEM
**p  < 0.005 effect by ANOVA in MFR for LV vs. LA___________________________________
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normal vs. CAD patients (p < 0.001), male vs. female (p < 0.001), LV vs. LA input 

(p = 0.004), as well as significant interactions between reconstruction method, disease 

status, gender, and blood input (p < 0.02).

3.2.2 Serial Study

The scans from subject number 30 were removed from the study because the 

acquisition of data commenced near the peak LV blood pool activity. The GV function 

could not be fit to the data to extract tracer infusion profile parameters and it is known 

that the kinetic modeling is not accurate without the early blood input data. The 

population (n = 31) mean MBF values for rest and RPP adjusted rest were 0.69 ± 0.26 

mL/min/g and 0.69 ± 0.21 mL/min/g respectively for scan 1 and 0.66 ± 0.21 mL/min/g 

and 0.68 ± 0.22 mL/min/g respectively for scan 2 (p = NS). Stress flow was significantly 

increased over rest flow at 1.72 ± 0.84 mL/min/g for scan 1 and 1.64 ± 0.73 mL/min/g 

for scan 2 (p < 0.001). Myocardial flow reserve and RPP adjusted MFR for scan 1 and 

scan 2 were 2.52 ± 0.83 and 2.45 ± 0.74 and 2.54 ± 0.95 and 2.46 ± 0.88 respectively (p = 

NS).

Infusion Profiles

The mean rise-time of activity (34 ± 6 for rest and 32 ± 6 seconds for stress scans), from 

scan start to peak activity, agreed well with the 30-second tracer infusion. Rise-time 

values less than 30 seconds were typically due to late starts in data acquisition. Average
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values for the mean transit-time were 42 ± 12 s for rest and 45 ± 19 s for stress (p = NS). 

The mean clearance-times were 53 ± 14 s for rest and 54 ± 11 s for stress (p = NS).

Tracer infusion profile curves were characterized by extracting three parameters from 

the GV function fit to the blood time activity data. Figure 3.2 shows box plots of the 

exclusion analyses with three exclusion levels: 2.25 x the interquartile range (IQR), 1.5 

IQR, and 0.75 IQR. For normally distributed data, 2.25 IQR, 1.5 IQR, and 0.75 IQR are 

approximately three, two, and one standard deviations, respectively.

Profiles from scan 1 and scan 2 were considered heterogeneous and excluded if the 

difference between the parameters exceeded the whisker limits from the nearest 

quartile. Five subjects were excluded at 2.25 IQR, eight at 1.5 IQR, and sixteen at 0.75 

IQR.
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Figure 3.2: Notched box-plot comparison of infusion profile parameters 

extracted from the gamma variate function fit to the blood time-activity 

data. The labels T0 MTT, and Chi Sq represent clearance-time (s), mean 

transit-time (s), and reduced Chi-squared respectively. Outliers at each 
exclusion level are noted with a unique symbol.
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Hemodynamic Heterogeneity

Differences in the RPP at rest and stress were compiled and grouped according to their 

distance from the median. Figure 3.3 shows box plots of rest, stress, and combined RPPs 

exclusion analyses with whisker limits extending to the last data point before 0.75 IQR. 

One subject was excluded as an outlier for rest at 2.25 IQR and the same subject was 

excluded at 1.5 IQR when rest and stress were combined. Three subjects were excluded 

at rest, four at stress, and seven in the combined RPP at 0.75 IQR.
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Figure 3.3: Hemodynamic parameter box-plot comparison of scan 2 

minus scan 1 rate-pressure-product at rest, stress and combined. 
Outliers at each exclusion level are noted with a unique symbol.
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3.3 Test-Retest Repeatability

3.3.1 Same-Day Study

Table 3.7 shows the repeatability results for all rest protocol variations. The second 

phase introduced a cylindrical region of interest in the LA to sample the input function 

rather than the LV cavity ROI. The two most repeatable LV input rest MBF methods were 

analyzed with the LA input based on the Bland-Altman repeatability results (FBP-10-RPP 

and OSEM-6-SOC-RPP).

Left Ventricle Input ROI

Resting MBF values generally showed good correlation between repeat scans (r2 = 0.52- 

0.94), and were reduced after adjusting for changes in the RPP (r2 = 0.37-0.90). The 

OSEM-6-SOC-RPP protocol had the lowest RPC value (0.27 mL/min/g) and CV (18%) for 

LV methods, with no outliers greater than three standard deviations from the mean. The 

SOC tended to improve the RPC and CV for OSEM reconstructions but the opposite was 

observed for FBP.

Separating the OSEM-6-SOC results into normal and CAD patient groups, the RPC values 

were 0.20 and 0.31 mL/min/g respectively (p = 0.3). RPP-adjusted normal and CAD 

patient RPC values were 0.19 and 0.27 mL/min/g respectively (p = 0.7). The test-retest 

RPC was significantly smaller for reconstruction method OSEM-6-SOC vs. FBP-6-SOC (p = 

0.005) and for spillover correction OSEM-6-SOC vs. OSEM-6 (p = 0.04), but not for scan
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Table 3.7: Same-day study test-retest repeatability of rest MBF measurements

Reconstruction
Method

Scan
Time

Input/
SOC r2 RPC CV Outlier r2

RPP
RPC
RPP

CV
RPP

Outlier
RPP

FBP 10 LV/SOC 0.63 0.44 30 1 0.48 0.32 22 1

FBP 10 LV 0.78 0.33 20 1 0.65 0.26 16 0

FBP 6 LV/SOC 0.52 0.46 31 2 0.37 0.36 24 2

FBP 6 LV 0.67 0.36 21 0 0.50 0.30 18 0

FBP 10 LA 0.90 0.27 16 2 0.83 0.26 15 2

OSEM 10 LV/SOC 0.75 0.34 22 1 0.66 0.27 18 0

OSEM 10 LV 0.74 0.37 24 1 0.63 0.29 18 1

OSEM 6 LV/SOC 0.74 0.28 19 0 0.63 0.26 17 0

OSEM 6 LV 0.62 0.40 24 1 0.50 0.30 19 0

OSEM 6 LA/SOC 0.94 0.21 13 0 0.90 0.20 12 0

Scan Time is in minutes, SOC = spillover correction, Input = blood input region for kinetic 
modeling, r is Pearson's correlation, repeatability coefficient (RPC) is in mL/min/g, 
coefficient of variation (CV) is MBF SD/meanxi00%, outlier = data greater than three 
standard deviations from the mean, RPP = rate-pressure-product adjusted.

length or RPP adjustment (p > 0.3). Using the best LV protocol, OSEM-6-SOC, the RPC in 

males was significantly better than in females (0.21 mL/min/g vs. 0.40 mL/min/g; p = 

0.008) before applying the RPP adjustment but not after (0.21 mL/min/g vs. 0.33 

mL/min.g; p = 0.07).

Figures 3.4 and 3.5 show the correlation and Bland-Altman plots of test-retest 

differences using the best LV protocol with and without the RPP adjustment, OSEM-6- 

SOC. The plots also demonstrate the narrowed population range of mean MBF values 

after RPP-adjustment (Table 3.5), but with similar test-retest repeatability compared to 

the unadjusted values (RPC = 0.26 vs 0.28; p = 0.7).
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Figure 3.4: Correlation and Bland-Altman plots of test-retest differences 

in rest MBF values using the OSEM-6-SOC-RPP protocol with LV input.

Left Atrium Input ROI

The mean MBF using OSEM-6-LA-SOC-RPP (scan 1, 0.86 ± 0.34 mL/min/g; scan 2 , 0.86 ± 

0.32 mL/min/g) was slightly higher compared to the LV input function (scan 1, p = 0.02; 

scan 2, p = 0.008), but not significantly different than the original clinical protocol values 

(Table 3.5: FBP-10-RPP = 0.83 mL/min/g, p > 0.4). The mean MBF using FBP-10-LA-RPP 

was also similar at 0.87 ± 0.29 mL/min/g.

Figure 3.6 shows the correlation and Bland-Altman results for the most repeatable rest 

protocol (OSEM-6-LA-SOC-RPP) overall. There were reductions in RPC (0.21 and 0.20 

mL/min/g) and CV (13% and 12%) using both OSEM-6-LA-SOC and OSEM-6-LA-SOC-RPP 

compared to the LV cavity input function values shown in Figure 3.6 (RPP; p = 0.16,
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unadjusted; p = 0.08). However, the RPC (0.27 and 0.26 mL/min/g) and CV (16% and 

15%) using FBP-10 and FBP-10-RPP did not improve with the LA compared to the LV 

cavity input function values.
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Figure 3.5: Correlation and Bland-Altman plots of test-retest differences 
in rest MBF values using the OSEM-6-SOC protocol with LV input.
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Figure 3.6: Correlation and Bland-Altman plots of test-retest differences 
in rest MBF values using the OSEM-6-SOC-RPP protocol with LA input.

Table 3.8 shows the repeatability results of the single stress scan MFR with the most 

repeatable rest protocols. Similar to the rest MBF results, the most repeatable MFR 

results were obtained using OSEM-6-LA-SOC-RPP (RPC = 0.5) as expected. The test- 

retest variance was significantly better than the next most repeatable protocol FBP-10- 

LA (p = 0.04). Figure 3.7 shows the MFR correlation and Bland-Altman plots using the 

optimal OSEM-6-LA-SOC-RPP protocol.
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Table 3.8: Same-day study test-retest repeatability of myocardial flow reserve (MFR)t

MFR MFR RPP

Reconstruction
Method

Scan
Time

In p u t/
SOC

r2 RPC CV
r2

RPP
RPC
RPP

CV
RPP

FBP 10 LV 0.84 0.83 16 0.84 0.85 17

FBP 10 LV/SOC 0.84 0.83 15 0.73 1.0 19

FBP 10 LA 0.87 0.75 14 0.96 0.88 15

OSEM 6 LV/SOC 0.80 0.92 18 0.81 0.85 17

OSEM 6 LV 0.73 1.00 22 0.77 1.00 22

OSEM 6 LA/SOC 0.91 0.58 12 0.90 0.52' 11

t  A single stress scan paired with repeated rest scans.
Myocardial flow reserve (MFR) is unit-less ratio of stress/rest MBF, RPP = rate-pressure-product 
adjusted, Time is in minutes, SOC = spillover correction, Input = blood input 
r2 is Pearson's correlation, Repeatability coefficient (RPC) is in mL/min/g 
Coefficient of variation (CV) is MFR SD/mean x 100%
* p = 0.04 vs. FBP-10 protocol with LA input___________________________________________
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3.3.2 Serial Study

Effect of Infusion Profile and Hemodynamic Heterogeneity

Table 3.9 shows the repeatability results for the three infusion profile and hemodynamic 

exclusion levels. The exclusion of heterogeneous profiles significantly improved the 

repeatability of stress scans at all levels (p < 0.03). The RPC values for all rest and stress 

flow values were lowest at 1.5 IQR with the eight most heterogeneous infusion profile 

subjects excluded. RPC values for MFR and adjusted MFR were slightly lower at 1.5 IQR.

Repeatability assessed with hemodynamic exclusion criteria showed a trend similar to 

the infusion profile results. The RPCs for all flow values were lowest at 0.75 IQR with 

seven of the most hemodynamically heterogeneous subjects excluded, whether outliers 

were evaluated at rest and stress separately or combined. Combining the rest and stress 

RPP exclusion parameters marginally improved the repeatability vs. separate RPP 

exclusion for all values.

There were nine total subjects excluded using the 1.5 IQR combined infusion profile and 

hemodynamic criteria. One subject was excluded by two infusion profile exclusion 

categories. The resulting population (n = 22) mean MBF at rest and adjusted rest were 

0.66 ± 0.23 mL/min/g and 0.67 ± 0.21 mL/min/g respectively for scan 1 (p = 0.8) and 

0.64 ± 0.22 mL/min/g and 0.67 ± 0.22 mL/min/g respectively for scan 2 (p = 0.8). Stress
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Table 3.9: Test-retest repeatability at rest and stress MBF, and MFR for different 
infusion profile and hemodynamic exclusion criteria

Group Rest Rest RPP Stress MFR MFR RPP

Infusion Profile RPC % RPC % RPC % RPC % RPC %

Population (n=31) 0.38 56 0.28 41 1.40 84 1.30 51 1.50 62

2.25 IQR (n=26) 0.33 51 0.23 36 0.81a 52 1.20 48 1.30b 53

1.50 IQR (n=23) 0.26 40 0.22 33 0.67° 41 1.30 48 1.30 52

0.75 IQR (n=15) 0.26 41 0.25 39 0.80a 49 1.40 51 1.60 59

Hemodynamic Rest Rest RPP Stress MFR MFR RPP

Separate RPC % RPC % RPC % RPC % RPC %

2.25 IQR (n=30) 0.38 56 0.28 41 1.40 83 1.30 51 1.40 58

1.50 IQR (n=30) 0.38 56 0.28 41 1.40 83 1.30 51 1.40 58

0.75 IQR (n=24) 0.31 46 0.28 40 1.00a 62 1.20 49 1.30 53

Combined

2.25 IQR (n=31) 0.38 56 0.28 41 1.40 84 1.30 51 1.50 62

1.50 IQR (n=30) 0.38 56 0.28 41 1.40 83 1.30 51 1.40 58

0.75 IQR (n=24) 0.30 45 0.26 38 0.97° 59 0.98 35 1.00 43

1.5 IQR Rest Rest RPP Stress MFR MFR RPP
Infusion Profile + RPC % RPC % RPC % RPC % RPC %

1.50 Hemo (n=22) t 0.26 40 0.21 32 0.653 40 1.30 48 1.10 45

Excluded (n=9) 0.58d 78 0.41d 58 2.50d 140 1.40 62 2.30d 98

0.75 Hemo (n=18)t 0.27 41 0.19 28 0.53° 32 0.7g 29 0.95c 37

Excluded (n=13) 0.50e 70 0.38e 54 2.10e 120 1.80e 78 2.00e 90

MFR = myocardial flow reserve, Repeatability coefficient (RPC) is in mL/min/g
% = RPC as a percent of the mean flow
RPP = rate-pressure-product adjusted, IQR = interquartile range
Separate = rest and stress RPP exclusions evaluated separately
Combined = rest and stress RPP values combined to determine exclusions
t  Combined hemodynamic exclusions used in addition to the 1.50 IQR Infusion Profile
3 p < 0.03 vs. population stress,b p = 0.02 vs. population MFR RPP
c p < 0.05 vs. population values,d p < 0.02 vs. 1.50 Hemo included group
e p < 0.05 vs. 0.75 Hemo included group
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flow remained significantly increased compared to rest at 1.66 ± 0.60 mL/min/g for 

scan 1 and 1.61 ± 0.67 mL/min/g for scan 2 (p < 0.001). The combined rest and stress 

RPC was significantly larger for the whole population vs. the 1.5 IQR combined inclusion 

group (1.0 mL/min/g vs. 0.49 mL/min/g; p < 0.001). Myocardial flow reserve and 

adjusted MFR for scan 1 were 2.66 ± 0.86 and 2.50 ± 0.65 respectively and for scan 2 

were 2.63 ± 1.02 and 2.50 ± 0.93 respectively. There were no significant differences in 

scan 1 vs. scan 2, RPP adjusted vs. unadjusted, or included sub-group vs. whole 

population flow values (p = NS). With the combined hemodynamic and tracer infusion 

profile exclusion criteria applied, the stress flow had a significantly smaller RPC than the 

whole population value (p = 0.003). Almost all the included sub-group rest, stress, and 

MFR values were significantly more repeatable than the values of the corresponding 

excluded group.

A combination of the 1.5 IQR infusion profile exclusion and the 0.75 IQR combined 

hemodynamic exclusion criteria provides some addition insight into the effect of 

hemodynamic heterogeneity on repeatability. Thirteen total subjects were excluded; 

two subjects were in both exclusion groups. When these two exclusion groups were 

combined, the resulting population MBF mean at rest and adjusted rest values were 

0.66 ± 0.23 mL/min/g and 0.68 ± 0.23 mL/min/g respectively for scan 1 and 0.64 ± 0.23 

mL/min/g and 0.67 ± 0.23 mL/min/g respectively for scan 2. Stress flow remained 

significantly increased compared to rest at 1.68 ± 0.65 mL/min/g for scan 1 and 1.66 ± 

0.66 mL/min/g for scan 2 (p < 0.001). The RPC of the combined rest and stress MBF was
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0.43 mL/min/g. Myocardial flow reserve and adjusted MFR for scan 1 were 2.64 ± 0.82 

and 2.50 ± 0.66, and for scan 2 were 2.73 ± 0.97 and 2.58 ± 0.91 respectively (p = NS). 

Scan 1 vs. scan 2, RPP adjusted vs. unadjusted, and included sub-group vs. whole 

population flow values were not significantly different (p > 0.05), as expected. With 

these combined exclusion criteria, the stress flow, MFR, and adjusted MFR again had 

significantly smaller RPCs than the whole population values (p < 0.05). All of the 

included sub-group flow values were significantly more repeatable than the values of 

the excluded group.

3.3.3 Study Comparison

Figure 3.8 shows a repeatability comparison between the same-day study and the serial study. 

The RPC typically decreases as the scans become less heterogeneous in respect to RPP 

differences and tracer infusion profile differences.
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Chapter 4: Discussion

The goal of this research was to investigate the test-retest repeatability of global left 

ventricle MBF and MFR using 82Rb PET imaging. In the first study, the optimal same-day 

test-retest repeatability protocol parameters were investigated at rest. The protocol 

was optimized by investigating the effects of scan length, image reconstruction method, 

dual-spillover correction, RPP adjustment, gender, location of blood input function, and 

CAD on mean blood flow, population variance, and test-retest repeatability. In the 

second study, the test-retest repeatability effects of heterogeneous hemodynamic 

conditions and tracer infusion profiles on MBF and MFR were investigated.

4.1 Reconstruction

Statistical iterative reconstruction methods such as OSEM used in the present study 

have become the de facto standard for relative MPI with PET. However, there are some 

important non-linear effects that can potentially limit the accuracy of MBF 

quantification using OSEM or other statistical-based methods. Compared to analytic 

methods such as FBP that have a stable and predictable linear behavior, the 

reconstructed resolution and contrast recovery with OSEM can vary spatially and 

dynamically, depending on the local count statistics and convergence properties of the 

particular algorithm implementation. The accuracy of MBF measurements using a 

particular imaging instrument, iterative reconstruction code, and tracer kinetic analysis
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should always be validated for the intended use against an appropriate gold-standard 

(30) (31) (64).

The optimal same-day protocol included the iterative OSEM reconstruction method. 

Several other studies have investigated the effects of iterative reconstruction on 

quantitative MBF accuracy. The underestimation of MBF by OSEM has been shown in 

pig studies with 3D H2150  PET vs. microspheres (70), in patients with 2D 13NH3 PET vs. 

FBP (71), and 13NH3 PET vs. FBP (72), but not in patients with 2D 18F-FDG PET vs. FBP (73) 

or in 3D 18F-FDG PET vs. FBP (74). Aggressive smoothing of OSEM images was cited as a 

common factor in underestimating MBF. Different combinations of iterations and 

subsets were studied but none were the same as the four iteration, 24 subset protocol 

used in the present studies. The same-day study did not result in a systematic decrease 

in MBF when comparing OSEM to FBP reconstructions (Table 3.5).

4.2 Scan Length

A number of the same-day myocardial TACs showed apparent increasing blood activity 

in the last four-minute frame of the ten-minute scan. This included points sampled in 

the LV myocardium, base, atrium, and cavity. Shortening the scan time from ten to six 

minutes appeared to eliminate the noisy blood pool and myocardium signal observed at 

this late time-point. Shortening the scan could also reduce the likelihood or severity of 

patient motion, which can be more common in the final four-minute time-frame. The
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results of the same-day study show that a six- vs. ten-minute scan improved 

repeatability.

Most patients undergo a rest and stress scan in the same imaging session. A 40% 

reduction in PET scan time (ten to six minutes) could reduce the time patients spend on 

the scanner couch and improve their overall experience. The time between rest and 

stress scans could thus be shortened, still allowing for full decay of the rest dose, as well 

as the time after the stress scan.

The data from healthy volunteer number 30 were removed from the serial study 

because the peak activity coincided with the scan start time. It is known that the tracer 

kinetic model is not able to accurately represent the system without the early blood 

information. A large number of TACs (30 out of 128 scans) showed that the recording of 

PET data started 10 to 30 seconds after the initial appearance of activity. Since the peak 

in blood activity was typically observed at 40 to 45 seconds for both rest and stress, a 

small portion of the early data was often missing, likely contributing to the test-retest 

variability. Clinical measures were implemented subsequently to ensure a shorter delay 

between tracer injection and the start of data acquisition.

Patient body motion is a potential concern between and during scans. To minimize 

radiation dose in the same-day study, a single rest CT attenuation correction scan was 

used to correct both rest 82Rb PET scans. Patient translational motion (x,y,z) between 

scans was corrected manually using the standard ACQC PET-CT alignment and
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attenuation correction software. Small body movements within scans (e.g., between 

dynamic frames) were observable in a majority of cases, mostly in the final four-minute 

frame that was excluded in the optimal six-minute scan protocol. Intra-scan motion 

correction was not one of the goals of this study, but it is important to recognize that 

patient body and internal organ motion can worsen the repeatability and accuracy of 

absolute MBF quantification.

4.3 Blood Input Function

The optimal protocol included an input function located in the LA cavity. Hove et al (61) 

studied the use of an LA input function as a way to circumvent the spillover of activity 

from the surrounding left ventricular walls. Their study found no bias in MBF using the 

LA vs. the LV input function. The present same-day study also detected no MBF bias 

between FBP-LA, FBP-LV, FBP-LV-SOC, OSEM-LA-SOC, or OSEM-LV input functions (p = 

NS), but OSEM-LA-SOC vs. OSEM-LV-SOC showed a trend towards a decrease of ~0.1 

mL/min/g in resting MBF (p = 0.11 and 0.052; scan 1 and scan 2) and RPP adjusted MBF 

(p = 0.052 and 0.02; scan 1 and scan 2). This suggests that the SOC and LV input function 

together may underestimate MBF. Lubberink et al reported better accuracy in 

estimating image-derived input functions with 2D or 3D 18F-FDG PET using the ascending 

aorta, which, like the LA, is not associated with myocardial spillover contamination in 

the late blood data, but may be more sensitive to motion artifacts (74).
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Both present studies used a 30-second constant-activity-rate uniform infusion of 82Rb to 

optimize test-retest repeatability, and to limit PET system dead-time losses during the 

tracer first-pass through the heart and lungs. Previous investigations suggest that the 

precision of MBF estimates may be further improved by using even longer infusion 

intervals, e.g., one to four minutes, together with the one-tissue-compartment model 

(58). This type of slow-bolus controlled infusion may be particularly advantageous for 

MBF imaging on 3D PET systems with limited dynamic range, where it is essential to 

maintain quantitative accuracy at the peak count-rates encountered during the first- 

pass transit of activity through the circulatory system. Future investigations might help 

to determine potential trade-offs between accuracy and precision, using protocols 

optimized for absolute MBF quantification vs. relative MPI for routine clinical use.

4.4 Spillover Correction

Spillover from the myocardium into the blood pool, which contaminates the LV blood 

input function and might cause an underestimation in measured MBF, is a concern in 

flow quantification. In the same-day study the SOC negatively biased MBF 

measurements (Table 3.5) compared to clinical values but improved repeatability 

(Tables 3.7, 3.8). The introduction of the LA input function removed the MBF bias at 

rest. Since the LA region was not investigated without the SOC, it was not possible to 

determine whether the SOC may be unnecessary when using the LA input. Recently, 

Katoh et al (75) showed that a global spillover correction and an LV input improved



inter-operator repeatability and improved stability in estimating regional MBF, similar to 

the same-day study.

4.5 Hemodynamics

Hemodynamic differences in the same-day study between males and females were 

associated with significant changes in resting MBF measurements (~0.3 mL/min/g). After 

adjusting scan 1 MBF values for these differences in the rest RPP, the mean change 

between male and female subjects was no longer significant as shown in Figure 3.1. 

However, when scan 1 and scan 2 data were pooled, a significant gender difference of 

0.1 mL/min/g remained even after applying the RPP adjustment. Previous studies have 

reported that myocardial spillover effects (e.g., FBV) may bias PET measurements of 

MBF (48). The size of the LV cavity, thickness of the myocardium, and therefore the 

variable activity spillover between blood pool and myocardium, could potentially affect 

the kinetic modeling accuracy of MBF measurements in men vs. women. In this study 

male and female subjects did have slightly different fractional blood volume (FBV = 0.33 

vs. 0.37; p < 0.001), and LV short-axis dimension (56.4 vs. 46.8 millimeters; p < 0.001), 

but the myocardium-to-blood spillover fractions (P) were not significantly different 

between genders (0.86 vs. 0.87; p > 0.5). Adjustment of the MBF values for differences 

in FBV, in addition to RPP, eliminated the residual gender difference in MBF (0.77 

mL/min/g mean value in males and females), suggesting that a small bias in estimation 

of the FBV may account for the residual differences in MBF. Interestingly, an inverse
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adjustment for LV dimension (MBF x individual subject LV dimension ■* population 

average LV dimension), in addition to RPP, also reduced the residual gender difference 

to ~0.05 mL/min/g (p = 0.24), suggesting that a small physiologic effect of heart size on 

MBF may also be possible.

Adjusting the individual MBF values to the population average RPP reduced the 

population variance significantly (Table 3.5). In the same-day study, the normal range of 

resting MBF was influenced heavily by a single patient with a very high resting RPP. 

Following adjustment for the individual scan-specific RPP, this resting MBF outlier was 

corrected to a value within the population mean ± 2 SD. Similarly, the test-retest RPP 

adjusted RPC and CV showed incremental improvement compared to unadjusted values. 

In the serial study, RPP adjustment showed a decrease in test-retest RPC vs. unadjusted 

RPC at rest (Table 3.9), but the opposite was true for MFR, which showed no change, or 

an increase, in RPP adjusted RPC vs. RPC. Previous studies (30) (54) (56) (57) have found 

an increase in resting population variance and RPC with RPP adjustment. However, 

Manabe (57) reported that the RPP adjustment decreased the test-retest repeatability 

at rest, similar to the results of the present study .

Figures 4.1 (subject number 27) and 4.2 (subject number 18) show example TACs with 

similar blood curves in repeated scans, comparing the effect of a similar RPPs vs. very 

different RPPs on MBF. The MBF of the subject with similar RPP conditions is much more 

repeatable than the MBF of the subject with the large difference. This suggests that
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measurements of heart rate and blood pressure must be performed carefully to avoid 

introducing additional variability into the adjusted MBF values. In the present studies 

resting heart rate and blood pressure measurements were performed immediately 

before and after tracer injection, and the average values used to calculate the scan- 

specific RPP. The stress hemodynamic data were taken at the time of the peak heart 

rate during the scan to calculate the RPP.
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Figure 4.1: Time activity curves showing similar blood curves (AFBV = 

0.08), similar rest RPP values (ARPP = 150), and similar MBFs (AMBF = 

0.00; scan 1 and 2 = 0.58 mL/min/g).
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Figure 4.2: Time activity curves showing similar blood curves (AFBV = 

0.03), different rest RPP values (ARPP = 1390), and different MBFs 
(AMBF = 0.27; scan 1 = 0.50, scan 2 = 0.77 mL/min/g).

4.6 Tracer Infusion Profiles

Of the eight subjects identified as outliers at the optimal exclusion level for infusion 

profiles (1.5 IQR), six were identified by the x l  parameter. Five of the six subjects' TACs 

exhibited behavior inconsistent with a constant 30-second infusion. Figure 4.3 shows a 

representative TAC of subject number 16 at stress with this abnormal behavior.
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Figure 4.3: An abnormal time activity curve (top) from a subject 

excluded at the 1.5 IQR level of the x l  goodness-of-fit parameter. The 

blood activity (red circles) exhibits infusion profile irregularities that are 

not associated with patient motion in the first four frames (bottom).

During the first-pass tracer infusion, before the recirculation of blood through the heart, 

the TACs should increase monotonically during the infusion phase and decrease 

monotonically following the peak activity. Non-monotonic patterns may coincide with 

gross subject motion on the scanner couch. The motion detection plot shows no 

evidence of a shift in the location of the myocardium during the first four frames of the 

scan. The issue shown in Fig. 4.3 is most likely due to a tracer infusion malfunction. This 

specific subject had a difference in MBF at stress of over 1.0 mL/min/g, which was much
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larger than the group RPC of 0.65 mL/min/g (Table 3.9). Subject number eight was also 

excluded by the Tc parameter in addition to the x l • The remaining subject (number 30) 

excluded in the 1.5 IQR x l  group showed a very late start in the data acquisition (> 20 

seconds) which may have affected the ability of the GV fit to characterize the blood TAC 

compared to other scans.

The two subjects (numbers 14 and 25) not excluded by the Xv parameter were both 

delta-MTT outliers at stress. Figure 4.4 shows the TACs of subject number 25 with a very 

long activity washout from the myocardial blood pool in the first scan that was not 

observed in the second. The first scan was performed to investigate the severity of a 

myocardial infarction (heart attack) and stenosis in the LAD. No invasive interventions 

were performed at the time. Slow washout of tracer from the blood pool may be due to 

a lower ejection fraction (pumping function) after the infarction (76). The second scan 

occurred three months after the first because the subject was experiencing mild chest 

pain. The decreased MTT in scan 2 may be due to the recovery of myocardial pumping 

function. However, the second subject with heterogeneous MTT scans was a normal 

volunteer scanned three weeks apart. The reason for this difference is unclear at this 

time.
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Figure 4.4: Heterogeneous time activity curves at stress from a subject 
excluded at the 1.5 IQR level of the mean transit-time parameter. The 

blood curve (red circles) of the first scan (top) shows an increased tracer 

clearance-time in the left atrium (70 seconds) compared to the second 

scan (bottom, 37 seconds) despite their similar activity rise times (~30 

seconds). MBF values were 0.63 and 0.49 mL/min/g for scan 1 and 2 

respectively.

At the optimal repeatability exclusion level for profile infusions (1.5 IQR) the Tc 

parameter was a redundant exclusion metric. The clearance-time outlier was also
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excluded at 2.25 IQR by the mean transit-time parameter. This subject (number eight), 

however, had delta-clearance-times of over 60 seconds at both rest and stress. The 

second scan was performed 197 days after the first to assess chest pain with no invasive 

procedures occurring between scans. With both scans showing the same difference, it is 

possible that the subject's myocardial condition changed drastically. The difference in 

rest MBF was 0.45 mL/min/g and the stress MBF difference was 2.61 mL/min/g. The rest 

scans were also excluded by the delta-/„ parameter at 2.25 IQR. The reason for the 

large differences in flow is likely a combination of all three parameters. Figures 4.5 and 

4.6 show this subject's rest and stress infusion profile TACs, respectively. Overall, the 

three infusion profile exclusion parameters were able to distinguish five of the nine 

largest MBF differences at rest, five of the largest eight differences in adjusted rest, the 

six largest flow differences at stress, five of the top eleven in MFR, and six of the top 

twelve in adjusted MFR.

Very little has been published regarding the effect of infusion profile curves on 

repeatability. deKemp et al (58) investigated the effect of tracer infusion time on flow 

accuracy and precision. Scans were repeated for each infusion length but the test-retest 

repeatability was not reported. The potential clinical use of the serial study results may 

be in developing a normal database of values that would flag abnormal cases for a more 

thorough investigation.
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Figure 4.5: Resting time activity curves for the subject excluded at the 

1.5 IQR exclusion level for the clearance-time parameter. MBFs were 

1.3 and 0.82 mL/min/g for scan 1 and 2 respectively.
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Figure 4.6: Time activity curves at stress for the same subject as in Fig. 
4.5. These scans were excluded at the 1.5 IQR exclusion level for the 

clearance-time parameter. MBFs were 4.5 and 1.8 mL/min/g for scan 1 

and 2 respectively.

A comparison of RPP values between the same-day and serial studies at rest showed a 

significant difference. Same-day RPP values were significantly more repeatable (p < 

0.001). It is likely that the significant increase in time between scans, as opposed to
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Figure 4.7: Distribution of rate-pressure-products box plot comparison 
between same-day and serial study groups. Outliers at each exclusion 

level are noted with a unique symbol.

changes in subject disease status, are the reason for the difference. Figure 4.7 shows 

box plots of the distribution of values.

One subject was excluded at 1.5 IQR and six subjects at 0.75 IQR. Rest MBF and RPP 

adjusted MBF for both same-day 1.5 and 0.75 IQR groups were not significantly 

different vs. the whole population or each other, for either scan 1 or 2 (p = NS). None of 

the subjects in the same-day study would have been excluded by any of the serial study

*  2.25 IQR 
■ 1.50 IQR 
+ 0.75 IQR

Same-day Serial
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RPP exclusion parameters; the largest same-day delta-RPP was smaller than the 0.75 

IQR inclusion limit in the serial study.

4.7 Test-Retest Repeatability

Table 4.1 shows the results of the present studies using the OSEM-6-LA-SOC protocol in 

comparison to previous papers that have reported rest MBF test-retest repeatability. 

Manabe et al (57), Kaufmann et al (55), and Wyss et al (56) all reported RPC values (0.19 

mL/min/g, which was 24% of the mean MBF, 0.17 which was 19% of the mean, and 

0.26, which was 21% of the mean, respectively) in same-day, young normal subjects, 

similar to present study results measured both in normal subjects and in CAD patients. 

Schindler et al (51) found consistent repeatability between same-day (0.26, 39%) and 

two- to three-week intervals (0.26, 40%) in both healthy volunteers and in CAD patients 

using cold-pressor testing. Jagathesan et al (54) reported the most repeatable MBF in a 

long-term (24 week interval) study (0.25, 24%) in older CAD patients. El Fakhri et al (30) 

calculated a combined coefficient of reproducibility of 0.45 mL/min/g for rest and stress 

data, also similar to the present serial study findings. Same-day protocols were generally 

more repeatable than studies done over a number of weeks. However, none of the 

studies reported the effects of RPP adjustment in relation to MBF repeatability. The 

repeatability of resting 82Rb MBF in the same-day study using the OSEM-6-LA-SOC 

protocol is comparable to what has been reported in the literature.
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Table 4.1: Test-retest repeatability of rest MBF compared to published literature

Study Tracer Rest MBF RPC %
Rest MBF 

RPP
RPC
RPP

%

Same-day a 82Rb 0.84 ± 0.44 0.21 25 0.86 ±0.31 0.20 23

Serial 1.5 IQR b 82Rb 0.66 ±0.23 0.26 40 0.67 ±0.21 0.21 32

Serial 0.75 IQRC 82Rb 0.66 ±0.23 0.27 41 0.68 ±0.23 0.19 28

Manabe (57)

_occrsj00

0.77 ±0.25 0.19 24 0.99 ± 0.29 0.25 25

Sdringola (69) 82Rb 0.72 ± 0.17 0.25 35 n/a n/a n/a

El Fakhri (30) 82Rb 1.13 ±0.19 0.45d n/a 1.18 ±0.32 n/a n/a

Wyss (56) h 215o 1.22 ±0.16 0.26 21 1.75 ± 0.37 0.58 37

Kaufmann (55) h 215o 0.89 ±0.14 0.17 19 1.25 ±0.22 0.28 22

Jagathesan (54) h215o 1.03 ±0.19 0.25 24 n/a n/a n/a

Schindler (51)e 13n h 3 0.67 ±0.19 0.26 39 n/a n/a n/a

Schindler (51)f 13n h 3 0.65 ± 0.16 0.26 40 n/a n/a n/a

Nagamachi (52) 13n h 3 0.62 ±0.14 0.25g 39 0.62 ± 0.07 0.178 27
a First study using LA input function, OSEM reconstruction, 6 minute scan time and dual 
spillover correction.
b Second study using 1.5 IQR infusion profile and hemodynamic inclusion groups 
c Second study using 1.5 IQR infusion profile & 0.75 IQR hemodynamic inclusion groups 
d Combined rest and stress,e Same-day scan interval,f 2-3 week scan interval,
8 Estimated from reported results
Myocardial blood flow (MBF) and repeatability coefficient (RPC) are in mL/min/g 
RPP =rate-pressure-product adjusted, % is the RPC /  mean MBF x 100%

The RPCs of same-day rest MBF, with the RPP analysis shown in Figure 4.7, were not 

significantly affected by excluding RPP outliers. Repeatability of the same-day RPP 

adjusted rest MBF values were similar to the sub-group of serial study subjects who had 

repeatable infusion profiles and rest-stress hemodynamics.

Table 4.2 shows the stress MBF results of the present studies compared to published 

literature. Studies with same-day scan protocols reported more repeatable stress MBF
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Table 4.2: Test-retest repeatability of stress MBF compared to published literature

Study Tracer Pop. Recon
Stress
Agent

Stress MBF RPC %

Same-day a 82Rb Mixed OSEM Dipyridamole 1.94 ± 1.12 n/a n/a
Serial 1.5 IQRb 82Rb Mixed OSEM Dipyridamole 1.66 ±0.60 0.65 40
Serial 0.75 IQRC 82Rb Mixed OSEM Dipyridamole 1.68 ±0.65 0.53 32

Manabe (57) 82 Rb Normal FBP ATP 3.35 ±1 .37 0.92 27

Sdringola (69) 82 Rb Normal FBP Dipyridamole 2.90 ± 0.50 0.99 34

El Fakhri (30) 82Rb Mixed OSEM Dipyridamole 2.81 ±1.02 0 .45d n/a

Wyss (56) h215o Normal FBP Adenosine 5.13 ±0 .74 1.34 27

Kaufmann (55) h215o Normal FBP Adenosine 3.51 ± 0.45 0.90 25

Jagathesan(54) h215o CAD FBP Dobutamine 2.02 ± 0.44 0.58 28

Schindler (51)e 13n h 3 Mixed FBP Cold Pressor 0.88 ±0.21 0.28 32

Schindler (51)f 13n h 3 Mixed FBP Cold Pressor 0.85 ±0.19 0.31 37

Nagamachi (52) 13n h 3 Normal FBP Adenosine 2.00 ±0.39 0.568 28
a First study using LA input function, OSEM reconstruction, 6 minute scan time and dual 
spillover correction. ATP = Adensine triphosphate
b Second study using 1.5 IQR infusion profile and hemodynamic inclusion groups 
c Second study using 1.5 IQR infusion profile & 0.75 IQR hemodynamic inclusion groups 
d Combined rest and stress,e Same-day scan interval,f 2-3 week scan interval 
B Estimated from reported results
Myocardial blood flow (MBF) and repeatability coefficient (RPC) are in mL/min/g

values (51) (55) (56) (57) than long-term studies (51) (52) (54) (59). The increase in 

repeatability from same-day to long-term studies (a few weeks to two months) is 

thought to be caused by differences in RPP rather than changes in disease status. 

Removing subjects with both different tracer infusion profiles and different RPPs both 

significantly lowered the repeatability at stress in the serial study.

Optimizing the repeatability of resting MBF should also have important effects on 

stress/rest MFR. While the same-day study was unable to incorporate a second stress
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scan with the standard administration of aminophylline (vasodilatation antidote), the 

single stress scan was paired with both rest scans to simulate single-session MFR 

measurements. Neglecting the added variability that might be expected from repeated 

stress scans, the RPC values measured in the present study (22-24%) are much smaller 

than what has been reported previously in the literature as shown in Table 4.3. The 

variability associated with repeated stress scans is a significant factor, suggesting that 

the present study results may be interpreted as a lower bound on MFR repeatability due 

to subject and imaging variability. Overall, large differences in RPP (> 2,000 bpm x mm 

Hg)

Table 4.3: Test-retest repeatability of myocardial flow reserve (MFR) compared to 
published literature

Study Tracer MFR RPC % MFR RPP RPC RPP %

Same-day 0 82Rb 2.38 ±0.96 0.58 24 2.32 ±0.83 0.52 22
Serial 1.5 IQR 6 82Rb 2.66 ±0.86 1.30 48 2.50 ±0.65 1.10 45
Serial 0.75 IQRC 82Rb 2.64 ±0.82 0.78 29 2.50 ±0.66 0.95 37

Manabe (57) 82Rb 4.47 ± 1.47 1.61 36 3.4611.22 1.20 34

Sdringola (69) 82Rb 4.03 1 0.84 1.53 38 n/a n/a n/a

Wyss (56) h 215o 4.23 1 0.62 1.44 35 3.06 ± 0.84 1.48 44

Kaufmann (55) h 215o 4.05 ± 0.75 1.32 33 2.9010.70 0.98 34

Jagathesan (54) h 215o 1.98 ± 0.40 0.64 33 n/a n/a n/a
a First study using a single stress scan with repeated rest scans to evaluate MFR 
b Second study using 1.5 IQR infusion profile and hemodynamic inclusion groups
c Second study using 1.5 IQR infusion profile & 0.75 IQR hemodynamic inclusion groups 
Myocardial flow reserve (MFR) is unit-less ratio of stress/rest MBF, repeatability 
coefficient (RPC) is in mL/min/g, RPP = rate-pressure-product adjusted, % is the RPC /  
mean MFR x 100%
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from scan to scan were associated with less repeatable rest MBF and MFR values and 

significantly less repeatable stress MBF values (p < 0.03).

Klein et al (50) determined that the intra-operator variability (CV) for quantification of 

absolute MBF using the FlowQuant program was approximately 6%. Optimized test- 

retest repeatability in the same-day study was 12% using the OSEM-6-LA-SOC-RPP 

protocol. Since all test and retest studies were processed by the same operator in this 

study, approximately half of the total variability may be attributed to operator 

interactions (required in ~10% of cases), and the remaining half attributed to the true 

test-retest differences in measured MBF values. Lamoureux et al (77) showed that rest 

MBF repeatability in rat studies was influenced minimally by operator intervention.

Optimizing the repeatability of the same-day resting protocol had a significant effect on 

the repeatability of MFR. Figure 4.8 shows the repeatability of the same-day in 

comparison with serial repeatability. Flow reserve has been shown to be a predictor of 

adverse cardiac outcomes (78). If the repeatability of flow reserve is minimized through 

careful measurement and optimized protocols at both rest and stress, then more 

accurate risk stratification and appropriate decisions can be made regarding patient 

health and management of CAD.



The test-retest repeatability results presented in this study may not be exactly the same 

as those obtained using other flow quantification programs. However, it was 

demonstrated recently (79) that very similar MBF (A < 4-12%) and flow reserve (A < 8%) 

values are obtained using FlowQuant compared to two commercial software 

implementations of the same one-tissue-compartment model of rubidium kinetics (64), 

suggesting that the same physiologic and gender effects may be generalizable to MBF 

measurements made using the same or similar software programs.
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Chapter 5: Conclusions

Many factors affect the accurate measurement of quantitative MBF, more still for 

optimizing the test-retest repeatability. A protocol for achieving optimal test-retest 

repeatability in same-day 82Rb PET scans was investigated under resting conditions, and 

the effects of many of the factors were studied. The resulting protocol with the best 

repeatability at rest was used subsequently to determine the test-retest repeatability at 

rest and stress in a group consisting of mostly CAD patients and the effects of two little- 

studied factors were investigated: tracer infusion profile and intra-subject hemodynamic 

variability.

Same-day resting blood flow was measured with good repeatability in the LV 

myocardium using 82Rb PET; 95% of same-day test-retest differences were within 0.20 

mL/min/g, which was 25% of the average rest MBF value. The optimal imaging protocol 

used OSEM iterative reconstruction, a six-minute scan time, an image-derived input 

function using a blood region located in the left atrium cavity, dual-spillover correction, 

and rate-pressure-product adjustment for differences in subject hemodynamics. There 

was no significant difference in repeatability between CAD patients and normal 

volunteers even though the RPC was 50% larger in CAD patients (p = 0.3). A larger 

population might confirm this difference in repeatability but it seems more likely that 

there is no RPC difference between normal volunteers and patients with stable CAD. 

Serial measurement of test-retest repeatability on different days produced a similar RPC
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of 0.19 mL/min/g, which was 28% of the average rest MBF value, after subjects with 

heterogeneous hemodynamic conditions and scans with heterogeneous infusion profile 

curves were excluded. The values from both studies agreed with published literature.

In the same-day study, a single stress scan was used to evaluate the effect of resting 

flow values on MFR repeatability, removing a significant source of physiologic variability 

that may be expected from repeated stress measurements. The repeatability of serial 

stress MBF was measured with the protocol optimized for resting MBF and may not be 

the best to use for stress scans. However, when subjects with heterogeneous scan 

parameters, as described above, were removed from the study, the remaining sub

group had repeatability similar to published values. Repeatability of stress MBF 

measurements will be influenced by heterogeneity of the physiologic response to 

dipyridamole stress and amplified by decreased tracer extraction at higher flows. 

Differences in rate-pressure-products and infusion profiles had a much larger impact on 

stress flow than rest, suggesting that achieving similar vasodilation response to 

pharmaceuticals and identical infusion methods are critical in measuring the 

repeatability of stress MBF accurately. These effects should be investigated further to 

optimize the measurement of stress MBF and stress/rest flow reserve with 82Rb PET.

The best measure of MFR will be the result of optimized rest and stress scans. The 

repeatability results of serial MFR with hemodynamic and infusion profile sub-groups 

were comparable to published literature. However, the RPC is still relatively large to
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accurately determine absolute limits or make definitive diagnoses based on individual 

patient MFR values when compared to clinical reports on flow reserve and adverse 

outcomes (78). Lowering the RPC for MFR is therefore necessary, and future research 

should be directed towards this goal.

The improved image quality of OSEM reconstruction was able to provide more 

repeatable MBF results. This was expected as many studies had previously shown that 

improved iterative methods were superior to FBP. The underestimation of MBF by 

OSEM compared to FBP was only seen when spillover correction was applied. Although 

the correction was instrumental in achieving the optimal repeatability, the use of an LA 

blood input function may mitigate the effect of MBF underestimation by the SOC. If 

spillover from the myocardial walls is no longer a factor associated with the location of 

the input function, it may be much better to provide an elegant solution (LA input) than 

attempt to correct a poor one (LV wall motion and contamination of the blood pool). 

One shortcoming of this research is that all of the possible optimizing combinations 

were not investigated that could have provided answers to the issue above.

The benefits of shortening the scan length were shown in the same-day rest study. 

Reducing the possibility of subject motion, improving patient comfort and scanning 

experience, and the possibility of more patient throughput are superb compensation for 

the minute gain in counting statistics gained in the final four-minute time frame. With
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the fixed cost of the 82Rb generator, each extra patient scanned reduces the cost per 

dose (80).

As a result of the serial rest-stress repeatability study, important clinical changes were 

made to imaging acquisition procedures to ensure that the initial dynamic PET data 

would be recorded. Even with the constant-activity infusion system there were a 

number of scans (~5%) that showed inconsistent blood input functions, and these had a 

detrimental effect on the repeatability of MBF quantification. Quality assurance of the 

infusion system is essential in delivering the proper dose as a single bolus, or constant 

infusion, so that accurate blood-to-myocardium modeling is achieved.

This research set out to determine a the best protocol for rest MBF regarding test-retest 

repeatability, the repeatability of MBF and MFR for serially imaged subjects, and the 

effect of heterogeneous infusion profiles and hemodynamics on test-retest 

repeatability. This work contributes to the knowledge of technical and clinical factors 

that affect test-retest repeatability at the UOHI and at other diagnostic centers that 

employ similar imaging and analysis protocols.

5.1 Future Work

Future areas of research include studying the effect of physiologic heart size on MBF 

and possible bias in measuring blood volumes as shown in the same-day study. To our 

knowledge this effect has not been reported previously in CAD patients, and may
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warrant further investigation. A study designed to systematically alter infusion profiles, 

and confirm the effects on test-retest repeatability of MBF measurements in same-day 

scans, would be a sound extension of the current work. Obtaining same-day stress scans 

to complete the protocol optimization, and confirm the best protocol for measuring the 

test-retest repeatability of MFR, would significantly add to the results found in this 

thesis.

In some subjects the pharmacological vasodilator may not have the desired maximal 

vasodilatation effect, e.g., in cases where subjects have consumed caffeine. It is also 

unknown to what extent differing responses to stress agents from scan to scan will 

affect test-retest repeatability. Investigating the effect that differences in the increased 

hemodynamic response of stress over rest may have on MBF repeatability could add to 

understanding the full effects of hemodynamics on quantitative MBF and test-retest 

repeatability. The results presented in this thesis help to improve understanding of the 

test-retest repeatability of 82Rb PET and the factors that affect MBF and MFR 

measurements. This research has the potential to aid in the assessment and clinical 

interpretation of MBF over time with serial, or longitudinal, studies in patients and in 

animal models of disease and therapy.
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Appendix A

Repeatability Coefficient (RPC)

Bland and Altman introduced a graphical method to compare two measurement 

techniques (63).The difference between the measurements is plotted versus the mean 

of the measurements. The RPC is calculated as 1.96 x the standard deviation of the 

differences and is a measure of the variation between the measurement techniques. 

The significance of 1.96 is that 95% of repeated measurements between the two 

techniques will be less than the RPC. In treating and diagnosing patients who have had 

repeated quantitative MBF analysis, it is necessary to know if a change in MBF is within 

the accepted variability. Patients whose repeated MBF values are greater than the RPC 

are likely to have experienced a progression, for better or worse, in disease status.
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Appendix B 

Box-Plot Analysis

A box-plot is a non-parametric display of data distributions (81). This method of analysis 

was chosen for this research because a few study subjects had outlier values that were 

large compared to the mean population values, and the box-plot is robust against the 

effects of outliers. Outliers have the effect of skewing the measurement of mean and 

standard deviation and misrepresenting the sample distribution when the data are not 

normally distributed. Figure B.l shows a box-plot of MBF values with the important 

statistics identified. The horizontal line in the center of the box is the sample median. 

The top and bottom of the box are the first and third, or upper and lower, quartiles of 

the data. This means that 25% of the data points are below the lower quartile, 25% of 

the data points are between the lower quartile and the median, and so on. The middle 

50% of the data, between the upper and lower quartiles, is the interquartile range (IQR). 

The whisker above the box extends to the last data point that is less than the upper 

quartile value plus 1.5 x iq r  (1.5 is the standard box-plot whisker limit as it corresponds 

to two standard deviations for normally distributed data). Any data point, marked with a 

V  symbol, that exceeds this limit is considered an 'outlier1. The angled sides of the box 

are called notches and represent 95% confidence intervals on the median. If the notches 

of two box-plots overlap, then their medians are not statistically different.
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Figure B.l: A notched box-plot comparison between two groups.
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Appendix C: Extended Data 

Same Day Subjects 

Population Statistics

Subject Gender Age Status BMI RPP1 RPP2
1 f 47 23.9 5879 5829
2 m 42 32.8 5891 6934
3 m 72 CAD 24.9 6235 6210
4 m 67 CAD 41.8 7696 8473
5 f 74 CAD 31.8 9203 9942
6 f 67 CAD 27.5 12667 12863
7 m 39 27.7 5093 5205
8 f 68 CAD 33.9 7289 8030
9 f 60 30.9 7704 7740
10 f 31 21 5869 6269
11 m 51 CAD 30.4 6077 5966
12 m 68 CAD 31.3 6840 7719
13 f 58 CAD 41.5 9834 10074
14 f 65 CAD 27.9 8631 8941
15 m 70 CAD 29.8 6567 6325
16 f 48 CAD 52.9 11461 11448
17 m 46 CAD 39.9 4875 4922
18 m 56 CAD 36.3 9028 8888
19 m 27 23.7 5562 5775
20 m 57 CAD 34.9 6682 6831
21 f 48 CAD 34.2 7952 8117
22 f 53 CAD 39.2 6832 6949
23 m 62 CAD 27.5 5154 5341
24 m 64 CAD 19.9 4600 4873
25 f 59 CAD 39.9 8738 8552
26 m 64 CAD 23.7 5607 6128
27 m 38 29.3 5883 5528
28 m 61 CAD 31.8 5488 5830
29 m 65 CAD 28.7 6375 7293
30 m 43 25.2 4818 4884
31 m 39 25.1 9338 9321
32 m 76 CAD 31.9 9240 6900
33 m 45 CAD 33.7 6150 6355
34 m 53 CAD 27.7 6030 6180
35 m 62 CAD 35.3 7541 8236
36 m 53 CAD 33.7 14947 16019

0 6 1 = OSEM-6  min-scan 1, soc = spillover corrected
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Left Ventricle ROI Arterial Input Function - Rest and Stress MBF

Subject Rest Rest Rest Rest Stress Stress
06 1 06 soc 1 06 2 06 soc 2 06 06 soc

1 0.70 0.59 0.62 0.64 2.77 2.61
2 0.70 0.56 0.83 0.60 2.78 2.74
3 0.71 0.53 0.68 0.50 1.78 1.57
4 0.88 0.77 1.10 0.96 2.30 2.12
5 1.47 1.17 1.20 1.00 1.81 1.53
6 1.62 1.44 2.26 1.66 3.87 3.26
7 0.65 0.61 0.62 0.51
8 0.73 0.74 1.03 1.04 2.30 2.20
9 0.81 0.73 0.93 0.91
10 0.96 0.95 1.03 0.90 3 .62 ’ 3.68
11 0.77 0.55 0.63 0.46 1.47 1.11
12 0.90 0.88 0.95 0.78 0.64 0.69
13 1.10 0.93 0.92 0.77 1.80 1.85
14 1.40 1.21 1.01 0.88 3.83 3.16
15 1.20 1.14 1.18 1.30 1.97 1.74
16 1.02 0.94 0.73 0.68 1.38 1.23
17 0.55 0.48 0.53 0.46 1.53 1.50
18 0.82 0.79 0.99 0.79 1.05 1.05
19 0.77 0.71 0.69 0.62
20 0.70 0.57 0.50 0.54 1.73 1.67
21 1.12 1.15 1.35 1.24 4.02 3.91
22 0.77 0.80 0.61 0.59 2.04 2.06
23 0.65 0.59 0.53 0.52 1.66 1.64
24 0.70 0.60 0.74 0.63 0.97 0.95
25 1.15 1.00 0.96 0.85 1.40 1.23
26 0.67 0.58 0.84 0.65 1.05 1.48
27 0.68 0.54 0.59 0.47 2.34 2.19
28 0.73 0.59 0.67 0.63 1.63 1.59
29 0.63 0.57 0.88 0.70 1.83 1.81
30 0.56 0.48 0.51 0.45
31 1.01 0.99 0.87 0.84 4.29 3.67
32 0.73 0.55 0.54 0.41 1.43 1.34
33 0.74 0.55 1.04 0.75 1.83 1.77
34 0.68 0.46 0.61 0.53 1.15 1.06
35 0.57 0.54 0.59 0.54 1.15 1.19
36 1.02 1.07 1.23 1.24 1.89 1.67
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Left Atrium ROI Arterial Input Function - Rest and Stress MBF

Subject Rest Rest Rest Rest Stress
06 1 06 soc 1 o6 2 06 soc 2 06 soc

1 0.61 0.60 0.69 0.69 2.58
2 0.59 0.55 0.65 0.70 2.77
3 0.59 0.57 0.55 0.52 1.42
4 0.63 0.62 0.81 0.79 1.85
5 1.44 1.37 1.38 1.27 2.04
6 2.66 2.37 2.78 2.52 5.47
7 0.68 0.66 0.62 0.62
8 0.84 0.80 1.19 1.16 2.26
9 0.78 0.77 0.96 0.95
10 1.34 1.28 1.36 1.35 3.86
11 0.47 0.47 0.46 0.46 0.94
12 0.64 0.65 0.58 0.59 0.78
13 0.76 0.75 0.77 0.77 1.61
14 1.51 1.41 1.33 1.23 3.26
15 1.30 1.29 1.17 1.20 2.07
16 1.00 0.98 0.93 0.91 1.45
17 0.44 0.44 0.46 0.46 1.19
18 0.78 0.79 0.80 0.79 0.73
19 1.09 1.03 0.94 0.87
20 0.61 0.60 0.53 0.50 1.94
21 1.62 1.50 1.60 1.52 4.65
22 0.74 0.74 0.74 0.73 1.68
23 0.83 0.82 0.71 0.68 1.99
24 0.63 0.63 0.63 0.62 1.00
25 0.91 0.88 0.85 0.84 0.94
26 0.72 0.77 0.88 0.76 1.17
27 0.50 0.50 0.51 0.51 2.35
28 0.51 0.51 0.54 0.55 1.86
29 0.59 0.60 0.68 0.60 1.48
30 0.46 0.46 0.45 0.44
31 1.08 1.06 1.22 1.15 3.07
32 0.47 0.46 0.41 0.40 1.04
33 0.55 0.55 0.60 0.60 1.34
34 0.72 0.55 0.61 0.61 1.26
35 0.53 0.57 0.56 0.60 1.17
36 0.73 0.74 0.75 0.75 0.98
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Serial Subjects

Population Statistics

Subject Gender Age

1 m 52
2 m 69
3 m 42
4 m 72
5 f 65
6 m 51
7 m 54
8 m 47
9 m 56
10 m 75
11 f 72
12 m 53
13 m 47
14 f 50
15 m 48
16 f 72
17 f 63
18 m 74
19 f 71
20 f 68
21 m 65
22 m 76
23 m 34
24 m 75
25 m 61
26 m 56
27 m 53
28 f 42
29 m 65
30 f 50
31 m 66
32 f 80

Status BMI Rest 
RPP 1

CAD 32.0 5141
CAD 33.2 8736

32.8 5891
CAD 25.0 6235
CAD 20.0 7677
CAD 30.0 6077
CAD 25.0 5639
CAD 25.0 8514
CAD 40.0 5051
CAD 25.0 5483
CAD 26.0 8316
CAD 29.0 6993
CAD 34.0 4940

20.4 6129
CAD 25.0 6105
CAD 25.0 6683
CAD 34.9 8651
CAD 33.0 8543
CAD 31.0 6826
CAD 33.7 7735
CAD 28.7 5389
CAD 31.9 7784
CAD 19.0 6392
CAD 24.0 9621
CAD 35.0 5738
CAD 25.0 7051
CAD 27.7 6030
CAD 27.0 6592
CAD 31.0 6953

19.5 8836
CAD 27.0 7493
CAD 31.2 8085

Stress Rest Stress
RPP 1 RPP 2 RPP 2

7178 5805 7800
11325 7619 12008

9900 6934 8944
7560 7018 8804
7695 6144 10419
7446 5565 7000
6264 6831 9401

14027 6698 10057
7420 4947 8184
9438 5429 6678
9108 9669 10010
9996 12012 13905
7107 5002 7519
8475 5673 9794

12204 5985 10500
8175 6797 8463

11232 6514 6970
10586 9932 11160
11424 6947 8856
11544 8482 10425
8632 7293 10384

11097 6900 9300
9984 5735 8463

10738 11653 12212
7056 5076 6900
7828 5513 6512
6204 6180 6588
8670 5311 7760

10507 6250 9450
9234 6555 8970
8866 9599 9860
8888 10769 8544
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Rest and Stress MBF

Subject Rest Rest Stress Stress
MBF MBF MBF MBF

1 0.48 0.40 2.10 1.84
2 0.80 0.56 2.30 2.11
3 0.56 0.69 2.16 2.79
4 0.58 0.64 1.45 1.26
5 0.84 0.75 1.83 2.44
6 0.47 0.49 0.96 0.72
7 0.42 0.43 1.74 1.42
8 1.27 0.82 4.46 1.85
9 0.43 0.41 1.40 1.15

10 0.47 0.64 1.47 0.70
11 1.10 0.76 2.38 1.30
12 0.55 0.68 0.94 1.39
13 0.39 0.28 1.27 1.07
14 0.78 0.89 2.38 3.50
15 0.57 0.53 0.66 0.70
16 0.71 0.89 1.38 2.45
17 1.23 0.66 3.09 1.75
18 0.50 0.77 0.92 1.40
19 0.97 1.06 1.49 1.60
20 0.70 0.84 2.15 2.29
21 0.60 0.60 2.02 2.20
22 0.46 0.40 0.99 1.05
23 1.12 0.88 3.28 3.12
24 0.96 1.05 1.81 1.86
25 0.35 0.36 0.49 0.63
26 0.51 0.45 1.31 0.98
27 0.58 0.58 1.19 1.16
28 1.12 0.90 2.40 1.99
29 0.51 0.46 1.40 1.26
30 1.58 1.37 4.67 3.01
31 0.61 0.84 0.93 1.84
32 0.75 0.87 1.10 0.92
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