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Foreword

When the history of medicine in the latter half of the twentieth century is written, 
the advances in cardiovascular diagnosis, therapy, and prevention will stand out as 
one of the most important achievements. Although the age-corrected death rate 
secondary to coronary artery disease has declined substantially in industrial-
ized nations during this period, the prevalence of these conditions remains stubbornly 
high because of the aging of the population. Importantly, the incidence of coronary 
events and of one of their most important sequelae—heart failure—is rising alarm-
ingly in the developing world. When viewed from a global perspective, cardiovascular 
disease is assuming a progressively greater importance, and it is estimated that by 
2025 it will be, for the fi rst time in human history, the most common cause of 
death.

Clearly, rather than resting on the laurels of our achievements, an intensifi cation of 
the battle against cardiovascular disease must now be undertaken. Cardiovascular 
imaging will, without question, play a critical role in this battle. The appropriate selec-
tion of therapeutic measures, be they pharmacologic, catheter-based, surgical, altera-
tions in lifestyles, or some combination of these, depends on accurate assessments of 
both cardiac structure and function. Increasingly, the changes that dictate manage-
ment are quite subtle and require a level of precision that was not available to clini-
cians heretofore. Positron emission tomography (PET), especially when combined 
with contemporary techniques of computed tomography (CT), allows virtually simul-
taneous assessment of cardiac and coronary arterial structure together with myocar-
dial perfusion and metabolism. The combination of these noninvasive approaches 
provides information that is an order of magnitude greater than that obtained 
previously.

As these new technologies move rapidly from the research laboratory to 
clinical practice, it is vital to train cardiologists, radiologists, and specialists in nuclear 
medicine in their appropriate use. To achieve this important goal, Drs. Di Carli 
and Lipton and their talented contributing authors have provided in Cardiac PET 
and PET/CT Imaging a most valuable resource for this training. In addition to 
summarizing—in a manner understandable by clinicians—the theoretical under-
pinnings and instrumentation of these techniques, they lay out clearly the array 
of clinical situations in which these two imaging modes, as well as cardiac 
magnetic resonance imaging, provide information that is of enormous value for clini-
cal management. This remarkable book also has a keen eye on the future. Advances 
in molecular imaging, which will certainly fi nd its way into practice in the second 
decade of the twenty-fi rst century, are also discussed lucidly and are well 
illustrated.



The editors, Drs. Di Carli and Lipton, and the contributing authors deserve thanks 
and congratulations for providing this important new textbook. It will be appreciated 
by trainees, clinicians, and investigators in this fi eld.

Eugene Braunwald, MD
 Harvard Medical School
 Brigham and Women’s Hospital
 Boston, Massachusetts, USA
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Preface

The fi eld of cardiovascular imaging in general, and cardiovascular nuclear medicine 
in particular, is witnessing dramatic change, especially with emerging new technology 
such as positron emission tomography/computed tomography (PET/CT). Relatively 
recent FDA approval of PET radiopharmaceuticals and changes in reimbursement in 
oncology and, more recently, in cardiology continue to fuel exponential growth in the 
deployment of integrated PET/CT cameras, especially throughout the United States, 
Europe, and Asia (Japan and Korea). As a result, clinical PET and PET/CT imaging 
are no longer the domain of university hospitals. This is the good news. The bad news 
is that there is now an enormous gap between the growth of these technologies for 
diagnosis and management of patients with heart disease and the limited knowledge 
base obtained by cardiologists, nuclear medicine specialists, and radiologists lacking 
clinical experience in performing and interpreting these procedures. This gap is self-
evident in cardiac PET and PET/CT imaging. Although currently only a handful of 
teaching programs offer specialized training in cardiac PET and PET/CT, the number 
of these programs is expected to grow fairly rapidly.

The books on PET and, more recently, PET/CT are almost exclusively dedicated 
to imaging applications in oncology. In those textbooks, cardiac imaging is narrowly 
focused on myocardial perfusion and viability from a highly research-oriented per-
spective. Those isolated chapters are designed only to illustrate the possible applica-
tions of PET and PET/CT in cardiology and not to provide the trainee or imaging 
specialist with a systematic approach to the complexities of cardiac imaging.

Cardiac PET and PET/CT Imaging is intended to narrow the gap between technol-
ogy and the practical clinical knowledge base. The goal of this book is to educate, 
stimulate, and serve as a resource to cardiology, radiology, and nuclear medicine 
trainees, as well as imaging and medical specialists, with the most up-to-date informa-
tion regarding the current practice for cardiac PET and integrated PET/CT, including 
the advanced applications of CT coronary angiography. To this end, we have assem-
bled a multidisciplinary group of clinical and imaging experts from cardiology, radiol-
ogy, and nuclear medicine to provide a systematic, practical, and in-depth approach 
to imaging with PET and CT, as well as correlative imaging with magnetic resonance 
imaging (MRI). We hope that the thoughtful and forward-thinking conception of this 
text, with its 40 tables and 234 fi gures, will allow its content to remain current even 
in an era of rapid technical and scientifi c evolution.

Part I includes the general principles of cardiac imaging and instrumentation 
with chapters on PET, CT, and integrated PET/CT. In addition, this section also 
includes a chapter on the principles of quantifi cation and tracer kinetic modeling 
with PET.



Part II includes comprehensive reviews on PET radiopharmaceuticals for cardiac 
imaging and iodinated contrast agents for CT angiography. It also contains unique 
chapters on cross-sectional anatomy of the heart and vessels and on the increasingly 
important issue of patient and occupational radiation dosimetry.

Part III is devoted entirely to the diagnosis of coronary artery disease, which 
accounts for the vast majority of heart disease in developed countries. The chapters 
include comprehensive reviews on patient preparation and stress protocols for perfu-
sion imaging, myocardial perfusion imaging protocols and quality assurance, myocar-
dial perfusion imaging with PET, and the use of quantitative myocardial perfusion 
imaging for evaluating coronary artery disease. This section also contains compre-
hensive reviews on the use of contrast and noncontrast CT for diagnosing coronary 
disease, a critical review of the relative merits of coronary imaging with CT and MRI, 
and the integration of myocardial perfusion and coronary anatomy for diagnosis and 
management of coronary artery disease (CAD).

Heart failure has emerged as one of the most important problems in cardiology, 
and imaging plays a key role in diagnosis and treatment planning. Part IV includes 
chapters on the principles of myocardial metabolism, evaluation of myocardial viabil-
ity with PET and with MRI, a critical review of the role of imaging in evaluating 
ischemia and viability in diagnosis and management of heart failure, and the emerging 
role of imaging of cardiac innervation and receptors in heart failure.

Part V provides a forward look at the emerging role of molecular imaging in cardi-
ology. It includes comprehensive reviews on imaging of the vulnerable plaque with 
PET/CT and MRI, imaging of gene products and cell therapy, and imaging of 
angiogenesis.

Part VI includes a library of cardiac PET/CT cases illustrating a broad spectrum 
of common clinical scenarios from identifi cation of normal scans and recognition of 
artifacts to identifi cation of high-risk scans, assessment of myocardial viability, inte-
gration of perfusion and coronary anatomy, and the importance of recognizing inci-
dental fi ndings.

We are thankful for the skilled assistance of Jeselle Gierbolini. We would also like 
to acknowledge the dedication and help of our technical staff in nuclear medicine, 
CT, and MRI. We are also grateful for the expert editorial assistance of our develop-
ment editor, Merry Post, who has tolerated our frequent requests for changes that we 
believe made the book even better. Finally, we would also like to acknowledge our 
Radiology Department chair at Brigham and Women’s Hospital, Steven Seltzer, for 
his unfl agging support of innovation in imaging and his encouragement to write this 
textbook.

Marcelo F. Di Carli, MD
Martin J. Lipton, MD, FACR, FACC

x Preface
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Part I
Instrumentation and 

Principles of Imaging



1 Instrumentation and Principles 
of Imaging: PET

Frank P. DiFilippo

3

Positron Annihilation and Tomography

Positron emission tomography (PET) is a noninvasive modality that produces tomo-
graphic images of the distribution of a radionuclide-labeled tracer injected in the 
body.1 As the name suggests, PET imaging is based on radionuclides that decay by 
positron emission (Figure 1.1A. For example, fl uorine-18 (18F)decays to oxygen-18 
(18O), emitting a positron (β+) and a neutrino (νe):

18F → 18O + β+ + νe (1)

(The neutrino does not affect PET imaging and may be ignored in this discussion.) 
A positron is an elementary particle classifi ed as antimatter and is analogous to an 
electron, having identical mass but opposite electrical charge. The positron is ejected 
from the nucleus and rapidly loses its kinetic energy through collisions with numerous 
nearby electrons. Since antimatter and matter are mutually unstable, the positron and 
an electron then undergo a process known as positron annihilation and are converted 
into a pair of gamma-ray photons. Because total energy is conserved, each gamma 
ray has energy of 511 keV, which is equivalent to the mass of the positron and of the 
electron according to the well-known relationship E = mc2. Because total momentum 
is conserved, the two gamma rays travel in opposite directions with a relative angle 
very close to 180 degrees.

Thus, if a coincident pair of 511 keV gamma rays is detected, the line of coincidence
connecting the two detected coordinates passes near the point in space where the 
annihilation event occurred and also where the positron decay occurred. When many 
such event pairs are detected, the activity distribution of the positron-emitting radio-
nuclide within the volume of interest may be reconstructed. This process is the basis 
of PET imaging. Unlike single photon emission computed tomography (SPECT) 
imaging, which uses a collimator to defi ne the angle of incidence of detected gamma 
rays, no extrinsic collimator is necessary for PET imaging, and higher count sensitivity 
is obtained. A typical detection effi ciency for a collimated SPECT detector is on the 
order of 0.01%, whereas many modern three-dimensional (3D) PET scanners have 
detection effi ciencies around 0.5% or higher.

Furthermore, since there is no loss of resolution from collimator blur in PET, its 
spatial resolution (4 to 8 mm) is superior to that of SPECT. The fundamental limit of 
PET spatial resolution depends on the average range of travel of the positron prior to 
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annihilation (0.5 mm in the case of 18F decay) and the noncollinearity of the gamma-ray 
pairs (approximately ±0.25º).2,3 These effects most often are negligible compared to 
the spatial resolution of commercial PET detectors. However, for radionuclides that 
emit energetic positrons (such as rubidium-82 [82Rb], whose effective positron range is 
approximately 5 mm), the loss of spatial resolution and image quality is noticeable.

PET Detectors

Detectors used in PET scanners4,5 are designed for optimal detection of 511 keV coin-
cident gamma rays under clinical imaging conditions. A schematic of a typical PET 
scintillation detector is shown in Figure 1.1B; it consists of several elements. First, the 

γ (511 keV)

γ (511 keV)

e–

18O
18F

β+

FIGURE 1.1. Overview of PET event detection. (A) Annihilation radiation (pair of 511 keV 
gamma rays) results from the interaction of an electron e− and positron β+ emitted by a PET 
radionuclide (18F in this example, which decays to 18O). The positron rapidly slows down due 
to numerous collisions with electrons along its path, traveling only a short distance prior to 
annihilation. (B) Schematic of a PET scintillation detector and associated event processing (in 
conjunction with a coincident event recorded in an opposing detector).
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incident gamma ray is absorbed in a scintillation crystal and produces energetic elec-
trons, which in turn produce a cascade of visible photons. This fl ash of visible light 
exits the crystal and is shaped by a light guide before reaching an array (often a 2 ×
2 block) of photomultiplier tubes (PMTs). The PMTs convert the fl ash of light into 
electronic pulse signals that are processed by front-end amplifi ers and other electron-
ics. The integrated signal from the group of PMTs is measured and is proportional to 
the total energy deposited in the crystal. The scintillation event is rejected if the 
detected energy is outside the allowed range for 511 keV gamma rays, set by the lower-
level discriminator (LLD) and upper-level discriminator (ULD) values (approxi-
mately 400 keV and 650 keV, respectively). By restricting the acceptable energy range, 
the number of scattered events (those interacting within the body before being 
detected) is minimized because the scattered gamma rays have energies lower than 
511 keV. In addition, a position-weighted signal is processed in order to determine the 
crystal of interaction, which specifi es the detected location of the event. The spatial 
resolution of the detector is limited largely by the physical size of the individual scin-
tillation crystals.

After being processed by the front-end electronics, the electronic signals associated 
with the scintillation events are then processed by coincidence electronics. The coin-
cidence electronics sample all detectors and accurately determine the time of each 
detected event, within time resolution τ. The timing pulses from all electronics banks 
then are compared. If two time pulses overlap, the two associated events are consid-
ered to be simultaneous and are designated as a coincidence pair. The defi nition of 
simultaneity is limited by the coincidence timing window 2τ, which is in the range of 
4 to 16 ns on clinical PET scanners. The coincidence timing window is set to be as 
small as possible so that nearly all true coincidence events are detected and as many 
“random” coincidence events as possible are rejected.

Random coincidences arise when two 511 keV gamma rays originating from differ-
ent positron decay events are detected by chance within the coincidence timing 
window. For a pair of detectors having “singles” count rates of S1 and S2 for individual 
511 keV gamma rays, the random coincidence rate R for the pair of detectors depends 
linearly on the coincidence timing window and is given by:

 R = 2τ S1 S2 (2)

The random coincidence rate is proportional to the square of the source activity, 
whereas the true coincidence rate is linear with respect to the source activity. 
Thus, the relative contribution of random coincidences rises for increasing injected 
dose. Both random and scatter events lead to erroneous backprojection (see 
Figure 1.2) and should be minimized through appropriate detector design and 
confi guration.

An important consideration in PET detector design is the scintillation crystal mate-
rial, whose characteristics directly affect PET imaging performance. The crystal’s 
mass density, elemental composition, and thickness together determine its ability to 
fully absorb 511 keV gamma rays. Since a pair of gamma rays must be detected to 
produce a coincident event, the PET coincidence sensitivity depends on the square 
of the detector sensitivity, and thus the crystal’s “stopping power” (attenuation 
coeffi cient at 511 keV) is a signifi cant property. The scintillation light output of the 
crystal affects the accuracy in determining the gamma-ray energy and crystal of inter-
action and thereby affects the scatter rejection and intrinsic spatial resolution. In 
addition, the scintillation decay time of the crystal specifi es the duration of the light 
pulse, which impacts both the dead time and timing resolution per event. A crystal 
with a shorter scintillation decay time is able to sustain higher count rates without 
saturating the detector and allows for improved rejection of random events through 
a more precise coincidence window. Thus, scintillation crystals with high attenuation 
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coeffi cient at 511 keV, high light output, and short decay time are most appropriate 
for PET detectors. Modern commercial PET scanners utilize crystals of bismuth ger-
manate (BGO), lutetium oxyorthosilicate (LSO), or gadolinium oxyorthosilicate 
(GSO).6

PET Scanner Design

Modern PET scanners consist of a large number of crystals (4000 to 24,000) in a 
cylindrical arrangement of discrete rings (Figure 1.2), with typical ring diameter of 
85 cm and axial fi eld of view of 16 cm. The N crystal rings defi ne a total of 2N–1 slices 
(at the ring centers and at the midpoints between the rings). The detector geometries 
of PET scanners vary: Some designs use compact block detector modules and others 
use fewer but larger fl at-panel detector components. Most PET scanners are of full-
ring design; however, some models employ partial rings of detectors with a rapidly 
rotating gantry in order to reduce cost, at the expense of reduced count sensitivity. 
The physical size of each crystal is typically 4 to 8 mm in cross section and 20 to 30 mm 
in thickness. The crystal arrays are backed by PMTs and front-end electronics, which 
connect to the remaining coincidence electronics within the temperature-stabilized 
gantry.

Because imaging is based on electronic collimation, the spatial resolution of the 
PET scanner is limited mainly by the intrinsic spatial resolution of the detectors. Since 
an event location is resolved to a specifi c crystal, the spatial resolution is approxi-

FIGURE 1.2. Detector confi guration in PET scanners. (A) Front view showing a circular 
arrangement of block detectors around a patient cross section. Examples of true (T), random 
(R), and scatter (S) coincidence events are shown. For true events, the line of coincidence 
connecting the two points of detection passes near the point where the positron decay occurred. 
The random and scatter events result in erroneous lines of coincidence (dashed lines) and 
contribute to background counts. (B) Side view cross section (expanded view) illustrating the 
individual N rings and the (2N–1) slices defi ned by the ring geometry. Solid lines denote central 
slices; dashed lines denote in-between slices.
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mately that of the cross-sectional size of the crystal (4 to 8 mm). While this is true 
near the center of the transaxial fi eld of view, the spatial resolution does worsen 
slightly with increasing radius due to the unknown depth of interaction of the events 
within the thick crystals, typically increasing by 1 mm at a radius of 10 cm and by more 
at larger radii.

Many PET scanners employ axial septa to restrict the axial angle of incidence to a 
smaller range (Figure 1.3). The septa are tungsten or lead annuli located along the 
ring boundaries of the crystal array. The septa absorb most axially oblique gamma 
rays and provide some degree of collimation in the axial direction only. However, the 
septa are not true collimators in that electronic collimation still specifi es the axial and 
transaxial angles of the coincident event pairs. In several scanner models, the septa 
can be in the extended position (for two-dimensional (2D)-imaging mode) or in the 
retracted position (for 3D-imaging mode).7 Other scanner models operate exclusively 
either with fi xed septa in 2D mode or without septa in 3D mode, with the latter situ-
ation being common for newer PET/CT scanners.

There are advantages and disadvantages associated with PET imaging in 2D with 
septa as opposed to imaging in 3D without septa. Imaging with septa means that 
simpler 2D image reconstruction algorithms may be used since most axially oblique 
events are not recorded. This is done at the expense of greatly reduced count sensitiv-
ity, however. In 3D mode, a typical fourfold increase in count sensitivity is attained 
by recording the axially oblique events, allowing for shorter imaging times with 
reduced injected dose. An unwanted side effect of imaging in 3D mode is that many 
random and scatter coincident events arising from outside the axial fi eld of view, which 
would have been absorbed by the septa, instead are detected and recorded (Figure 
1.3). Thus, use of axial septa may be warranted in imaging situations where the high 
background event rate would impact image quality or quantitative accuracy.

“2D” mode
(with septa)

“3D” mode
(no septa)

Random event
from outside FOV

A B C D

Scatter event
from outside FOV

FIGURE 1.3. Imaging with and without axial septa. In 2D mode (A), the septa prevent most 
oblique events from being detected, and only coincidence events within the same ring or 
between adjacent rings are recorded. In 3D mode (B), the septa are removed and a much larger 
number of lines of coincidence are detected, greatly increasing the sensitivity of the scanner. 
However, the removal of septa in 3D mode allows random events (C) and scatter events (D) 
arising from activity outside the axial fi eld of view (FOV) also to be recorded, thereby increas-
ing background counts.
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Image quality is often characterized by noise equivalent counts (NECs) acquired.8

NEC is defi ned as:

NEC
T

T S kR
=

+ +( )
2

(3)

where T, S, and R represent true counts, scatter counts, and random counts, respec-
tively. The factor k depends on the method of randoms correction applied and is equal 
to 2 for the most common case (using the delayed coincidence method and with the 
object being imaged occupying most of the scanner fi eld of view). As can be seen in 
this equation for NEC, true counts add benefi cially to image quality, whereas random 
and scatter counts detract from image quality.

An important characteristic of PET scanner design is the count-rate capacity of the 
detectors. At low activity levels, the true coincidence rate is proportional to the activ-
ity. However, each event requires a processing time that depends on the crystal’s 
scintillation decay time and the design of the front-end electronics. At higher event 
rates, an increasing fraction of events overlap in time to produce erroneous effects 
known as pulse pileup. Detector saturation from pulse pileup contributes to dead-time 
loss, thereby reducing the total counts recorded. As a result, the count rate depends 
nonlinearly on activity as the degree of pulse pileup increases, eventually reaching a 
point above which the count rate begins to decrease (Figure 1.4). Optimal imaging 
generally is attained when the injected dose is such that the scanner operates on the 
upward slope and near the peak of the NEC curve. NEC and imaging time are 
affected by many factors such as injected dose, body habitus, activity outside the 
region of interest, whether septa are used, and detector dead-time characteristics. 
Therefore, optimal scan protocols can vary substantially among patients, studies, and 
scanners. Performance tests using standard phantoms are performed to assess differ-
ences in scanner characteristics.9,10

Data Corrections

In addition to excellent image quality, a goal of PET imaging is to achieve a high 
degree of quantitative accuracy. This goal is particularly important in cardiac 
imaging since relative or absolute perfusion or viability, or both, are being assessed 
in all regions of the myocardium. PET imaging achieves quantitative accuracy 

Randoms

Trues

Scatters

NEC

Activity concentration

C
ou

nt
 r

at
e

FIGURE 1.4. PET count-rate curve example. True, random, and scatter count rates are dis-
played, along with the resultant noise equivalent count (NEC) rate. Note the increasing 
randoms fraction and detector dead-time loss at higher activities.
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through applying corrections for many factors: detector normalization, dead-time 
loss, random events, body attenuation, and scatter events. Figure 1.5 shows a sche-
matic of PET data processing and illustrates the steps where these corrections are 
implemented.

Detector Corrections

Detector normalization and dead-time loss corrections are based on scanner-specifi c 
calibrations done prior to imaging. Normalization data refl ect the relative sensitivity 
of each scintillation crystal element in the scanner, which can differ substantially 
among crystal elements. A normalization calibration scan using a uniform source of 
known activity is performed at regular intervals and after tuning or servicing the 
detectors. On a daily basis, a quality assurance scan is performed and checked against 
the previous system normalization data to ensure that signifi cant drift in the detector 
electronics has not occurred. Detector dead-time loss is the fraction of counts lost to 
pulse pileup and is refl ected in the count-rate characteristics of the scanner (see Figure 
1.4). The dead-time loss of a detector block commonly is estimated as a function of 
the measured singles event rate, based on prior calibration tests of the detector count-
rate curve.

To achieve quantitative accuracy, the raw data must be rescaled by the appropriate 
normalization and dead-time loss correction factors. Applying the normalization 
factors ensures uniform detector sensitivity and allows the reconstructed images to 
be expressed in terms of activity concentration or in terms of standardized uptake 
values (SUV),11,12 if data are normalized to injected dose and body weight or lean 
body mass. Applying the dead-time loss factors ensures a linear relationship between 
the actual count rate and the absolute activity in the fi eld of view. These corrections 
serve to accurately refl ect the true fl ux of gamma rays impinging on the crystal ele-
ments and are necessary for quantitative image reconstruction.

Emission Data

Prompts

Delayed
(randoms)
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Calibration Data

Transmission Data
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FIGURE 1.5. Flowchart of PET data processing and image reconstruction.
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Randoms Correction

PET scanners record all “prompt” coincident events that occur simultaneously within 
the timing resolution of the detector electronics. The prompt events (P) consist of true 
(T), random (R), and scatter (S) coincident events:

 P = T + R + S (4)

Since the recorded prompt events contain background events (random and scatter), 
they do not represent the true activity distribution. Corrections for the background 
events must be applied to ensure the quantitative accuracy of reconstructed images.

Correction for random events often is achieved by direct measurement using the 
delayed coincidence technique, which is based on the principle that events occurring 
at time intervals much longer than the detector response time are uncorrelated. A 
separate coincidence processor is confi gured to detect pairs of events occurring at a 
relatively large time difference compared to the event processing time. Unlike event 
pairs recorded by the prompt coincidence processor, those recorded by the delayed 
coincidence processor are due solely to random coincidences. For each line of coinci-
dence (LOC), the number of delayed events (D) is subtracted from the number of 
prompt events, thus canceling the random events (on average):

 (P − D)avg = (T + S)avg (5)

It is important to note that this does not exactly cancel out the random events on a 
specifi c LOC because of count fl uctuations (Poisson noise). During image reconstruc-
tion, there is an averaging effect over many LOCs, and the delayed subtraction method 
for randoms correction becomes quantitatively accurate in the resultant image. 
However, the direct subtraction of delayed coincidence counts increases the relative 
noise level in the images because the count fl uctuations in the prompt and delayed 
data are additive. The noise introduced by this method can be mitigated by fi ltering 
the delayed coincidence data prior to subtraction.

Attenuation Correction

A positron decay event is detected only if both 511 keV gamma rays reach the 
detectors and are fully absorbed by the scintillation crystals. If either of the gamma 
rays is scattered or absorbed by the body, then a true coincidence event is not recorded. 
Such count losses from body attenuation depend on the body habitus and can be 
surprisingly large. For example, if the total path length of the LOC through the 
body is 20 cm and assuming uniform attenuation equal to that of water, only 15% 
of 511 keV gamma-ray pairs along this LOC escape the body without absorption or 
scatter. If the total path length is 40 cm (as in many heavier patients), the fraction of 
nonattenuated gamma-ray pairs is only 2%. Because of body attenuation, regions near 
the edge of the body would appear much more intense in images, since the average 
degree of attenuation over all LOCs there is less than in the central regions of 
the body.

Fortunately, the body attenuation can be measured and corrected in a straightfor-
ward fashion (Figure 1.6). An interesting property of PET imaging is that the fraction 
of attenuated events along a specifi c LOC is constant, no matter where along this line 
the positron decay occurred (even from within a source placed outside the body). An 
external gamma-ray source produces a transmission shadow profi le of the body, and 
by measuring the position-dependent transmission data, the attenuation factors along 
each LOC are measured. By rotating the transmission source around the body, tomo-
graphic attenuation data are acquired. By weighting the PET emission data according 
to the attenuation data during image reconstruction, the resultant images then are 
corrected for attenuation (see Figure 1.7).
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No Attenuation CorrectionA

With Attenuation CorrectionD Patinet Motion (Simulated)E

Attenuation MapB Segmented Attenuation MapC

FIGURE 1.7. Transaxial slice images from an 82Rb cardiac PET study reconstructed (A) without 
attenuation correction. Note the abnormal myocardial distribution with higher apparent radio-
nuclide concentration at the apex. The corresponding transmission attenuation map (B) clearly 
shows the lung and tissue regions. Segmentation algorithms are often used to produce a trans-
mission map with reduced noise (C) in order to improve the study image quality. After the 
application of attenuation correction, the resultant image (D) shows a much more uniform 
myocardial distribution. It is important to note that the emission and transmission scans are 
performed sequentially, and the possibility exists for misregistration due to patient motion. 
The potential effect of patient motion is illustrated in image (E), for which the transmission 
image had been manually offset by 2 cm toward the left (patient’s right side) prior to attenua-
tion correction. In this situation, the lateral wall of the myocardium is incorrectly located 
within the lung region of the misregistered transmission data and is severely undercorrected 
for attenuation.

FIGURE 1.6. PET attenuation and transmis-
sion attenuation correction. Both 511 keV 
gamma rays arising from positron decay must 
pass through the body without attenuation in 
order for the coincidence event to be recorded. 
In the fi gure, one of the gamma rays is shown 
to be absorbed before exiting the body. For a 
line of coincidence through a uniform object, 
the probability that neither of the rays is 
attenuated is independent of the point along 
the line of coincidence where the event 
occurred and is equal to e-µ*D, where D is 
equal to the total distance (D1 + D2). The 
attenuation probability factors may be mea-
sured based on transmission data from a point 
or rod source outside the body. The transmis-
sion source (shown in red) rotates around the 
body to measure attenuation factors at all 
angles of incidence in order to reconstruct an 
attenuation map.
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Transmission sources are present in virtually all dedicated PET scanners. Many 
models use germanium-68 (68Ge) rod sources that emit 511 keV gamma-ray pairs from 
positron decay of gallium-68 (68Ga, the daughter radionuclide of 68Ge). The transmis-
sion data are distinguished from the emission data by knowledge of the rod source 
location. Other PET scanners use cesium-137 (137Cs) point sources instead, which emit 
(noncoincident) 662 keV gamma rays. During the transmission scan, the detectors 
operate in singles mode instead of coincidence mode, and the higher-energy 137Cs 
transmission gamma rays are distinguished from the 511 keV annihilation gamma rays 
by energy windowing. New hybrid PET/CT scanners often do not have radionuclide 
transmission sources and instead use the x-ray CT scanner to generate transmis-
sion data.

Count statistics in transmission scans must be considered, since noise in the trans-
mission data propagates through image reconstruction and may affect the resultant 
image quality. Suffi cient transmission counts must be acquired to produce an attenu-
ation map of suffi cient quality, and the transmission acquisition time should account 
for patient body habitus and for transmission source activity as the sources decay. 
Depending on scanner design, the transmission acquisition time may range from 1 to 
15 minutes. To further reduce noise, segmentation image processing is often per-
formed. The segmentation algorithm fi rst distinguishes regions in the attenuation map 
as body tissue, lung tissue, air, or the patient table. The algorithm then assigns adjusted 
values to these regions based on the corresponding known or typical attenuation coef-
fi cients and produces a new and less noisy attenuation map (Figure 1.7).

Scatter Correction

After the delayed coincidences are subtracted, the resultant data contain both true 
and scatter events. Thus scatter correction is needed for quantitative imaging, and 
several methods and algorithms for scatter correction have been proposed and imple-
mented.13,14 A common implementation is to model the contribution of scattered 
counts based on the theory underlying Compton scatter of gamma rays. Using the 
transmission attenuation map and an initial estimate of the reconstructed emission 
images, the corresponding scatter distribution is computed. Certain approximations 
are made in the scatter model algorithm to accelerate computation for practical clini-
cal use. The distribution of background counts outside the body is useful for normal-
izing the computed distribution with respect to the actual emission data. After 
subtracting the scatter contribution, the data are reconstructed once again to yield 
the scatter-corrected images.

The accuracy of scatter correction of course depends on the specifi c algorithm used 
and its ability to accurately model the actual scatter processes in the body. Usually 
better results are obtained with increasing sophistication of the scatter model in the 
algorithm. The absolute accuracy also depends on the scatter fraction (SF), that is, 
the relative contribution of scatter in the reconstructed image:

SF
S

T S
=

+  (6)

A high scatter fraction has the effect of amplifying errors from scatter correction, 
because a larger fraction of the data must be subtracted. The scatter fraction of a 
particular data set depends on several factors, including the energy window (LLD and 
ULD values, which are set according to the energy resolution of the detectors at 
511 keV), the region of the body scanned, and body habitus. In many cases, a major 
factor is whether axial septa are used and also the degree of side shielding of the 
detectors, since the septa and shielding are very effective in blocking axially oblique 
scatter events (Figure 1.3). For example, a standard 20 cm cylindrical phantom may 
exhibit a scatter fraction of 20% in 2D mode and 45% in 3D mode, and the scatter 
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fraction in patients may be considerably higher. Furthermore, scatter in 3D mode is 
signifi cantly more complex and more diffi cult to model because of cross-plane events 
and events arising from outside the axial fi eld of view. In situations in which a high 
degree of quantitative accuracy is required, imaging may be better performed in 2D 
mode, for which scatter correction generally is more accurate.

Data Processing and Image Reconstruction

Sinogram Representations

As the PET coincidence events are acquired, they are binned into data arrays 
according to their detected coordinates in space. First, consider the simpler 2D case 
of a single slice and imaging with axial septa, in which a slice is defi ned by events 
occurring within the same crystal ring or adjacent crystal rings (Figure 1.2). Each 
line of coincidence connecting two crystal elements within the slice is described 
in terms of coordinates (R, θ), which are the distance from the center and the trans-
axial angle. The histogram of all events binned in (R, θ) space is called a sinogram
(Figure 1.8). Since the raw data from each slice produces a sinogram, a multiring PET 
scanner with axial septa produces a stack of 2D sinograms indexed by the slice axial 
coordinate z. Each sinogram is reconstructed separately, resulting in a stack of 2D 
tomographic images that may be displayed as a volume image. (Although the end 
result is a 3D volume, this mode of acquisition and reconstruction is commonly 
referred to as “2D imaging,” since each slice is independently acquired and 
reconstructed.)

For a multiring PET scanner operating without axial septa, coincident events arising 
from detected gamma rays on nonadjacent crystal rings also are recorded. In addition 
to the sinogram and slice coordinates (R, θ, z), the axial angle ϕ (or alternatively the 

“2D Imaging” with axial septaA B “3D Imaging” without axial septa
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FIGURE 1.8. Binning of raw PET data into sinograms. Lines of coincidences within a trans-
axial slice are represented by their distance from the origin (R) and relative angle (θ). Each 
coincidence event defi ned by the detected locations P1 and P2 is binned accordingly into a 2D 
histogram as a function of (R, θ), which is known as a sinogram. In the case of 2D imaging 
(A), the slices defi ned by the PET ring geometry are treated separately, resulting in a stack of 
2D sinograms as a function of the axial coordinate z. In the case of 3D imaging (B), the rela-
tive axial angle ϕ presents an additional variable, which leads to multiple stacks of sinograms. 
Further processing (using algorithms such as Fourier rebinning) compresses the raw data into 
an approximate single stack of 2D sinograms, which greatly speeds image reconstruction.
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ring difference) is another coordinate that must be specifi ed, thus adding a fourth 
dimension to the complete description of the sinogram data (Figure 1.8B). As dis-
cussed earlier, the benefi t of including multiring events is that the sensitivity of the 
PET scanner is greatly increased; however, the requirements for data storage and the 
complexity of image reconstruction also are increased. Techniques for “fully 3D 
reconstruction” have been well researched,7 but many algorithms are too computa-
tionally intensive for routine clinical imaging.

Instead, rebinning methods often are used to transform the complete four-
dimensional sinogram representation into an approximate stack of 2D sinograms. The 
commonly used Fourier rebinning algorithm has been shown to preserve the fully 3D 
nature of the data over a wide range of axial angles.15 After rebinning is performed, 
each slice may be reconstructed independently, allowing for the use of 2D image 
reconstruction algorithms that are computationally much faster and more practical 
than fully 3D reconstruction algorithms.

Reconstruction

The typical steps involved with image reconstruction and processing are summarized 
in Figure 1.5. Sinogram data for the emission and transmission scans are acquired 
separately. Randoms correction is applied by subtracting delayed coincidence data 
from the prompt coincidence data. Calibration data from a prior normalization scan 
and dead-time loss factors are applied, as well as a decay correction factor based on 
the radionuclide half-life of the injected tracer. The transmission data are recon-
structed fi rst to produce attenuation correction factors, which are then applied during 
subsequent reconstruction of the emission data. Scatter correction is applied using 
both the emission and transmission images to compute and subtract the estimated 
scatter component. Afterward, a smoothing fi lter is applied to reduce high-frequency 
noise and produce optimal image quality.

Image reconstruction often is done using the conventional fi ltered backprojection 
(FBP) algorithm,16 in which an apodizing fi lter is applied in the frequency domain to 
the sinogram data, followed by backprojection into image space. Since the FBP algo-
rithm involves a single backprojection step, it is exact and requires little computational 
time. However, in situations with low count density or with wide variations in activity 
concentration, FBP is prone to artifacts and may not produce the best-quality 
images.

Iterative reconstruction algorithms differ from FBP in that multiple projection and 
backprojection steps are performed with the goal of converging toward an optimal 
image estimate. A common iterative algorithm is the maximum-likelihood expecta-
tion-maximization (ML-EM) method,17 in which an image estimate fi rst is projected 
and compared to the actual sinogram data, and appropriate scaling factors are com-
puted and backprojected to produce a new and more accurate image estimate. The 
process is repeated for a number of iterations until a fi nal image estimate is obtained. 
However, image noise is amplifi ed with increasing number of iterations, and thus 
stopping criteria, regularization methods, or postfi ltering, or some combination of the 
three, is implemented to prevent excessive noise in the fi nal image. ML-EM assumes 
a Poisson statistical model and performs relatively well for low-count sinogram data. 
Since there are multiple projection and backprojection steps, the algorithm is more 
local in nature compared to FBP and is less prone to streaking and spillover artifacts. 
To accelerate the convergence of iterative reconstruction and to reduce computation 
time, the ordered-subsets expectation-maximization (OS-EM) algorithm (a modifi ed 
version of ML-EM) uses ordered subsets of sinograms, such that only a fraction of 
the data must be processed before updating the image estimate per iteration.18 In 
recent years, OS-EM iterative reconstruction has become computationally practical 
in clinical settings and has become the most common reconstruction algorithm used 
in PET oncology studies.
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From the point of view of cardiac PET, the reconstruction parameters may signifi -
cantly impact the quality of resultant images. Perhaps the most critical setting is the 
fi lter applied during FBP or after iterative reconstruction. The goal of proper fi lter 
selection is to minimize image noise while retaining anatomic structure.19 Filter selec-
tion for cardiac protocols requires an understanding of the resolution performance of 
the PET scanner as well as consideration of the count density of the study data. FBP 
often performs well for cardiac PET since myocardial count density is suffi ciently high 
in most study protocols. If OS-EM iterative reconstruction is available (as is the case 
on most modern PET scanners), it may be a better choice in situations in which extra-
cardiac activity is present or in which count density is low. For dynamic PET imaging 
using kinetic modeling to estimate absolute perfusion values, FBP is usually consid-
ered to be the better choice because of its exact nature, even though image quality 
often is poorer than with OS-EM. In summary, careful selection of algorithm and 
associated parameters should be made based on the scanner characteristics and the 
imaging protocol used.

Cardiac PET—Practical Considerations

Cardiac PET is well established in clinical practice for myocardial perfusion 
imaging using 82RbCl or 13NH3 and for myocardial metabolic imaging using 18F-fl uoro-
2-deoxyglucose (FDG). General guidelines exist for patient preparation and image 
acquisition of cardiac PET studies.20 However, one must keep in mind that since the 
designs of commercial PET scanners differ, the optimal imaging parameters may vary 
among scanners. A good working knowledge of the underlying physics of PET imaging 
is essential in establishing the cardiac PET protocol for a specifi c scanner. Practical 
considerations for cardiac PET imaging are discussed in the following sections.

Misregistration

One of the main advantages of cardiac PET over cardiac SPECT is the ability to 
perform accurate attenuation correction. It is important to consider, though, that the 
transmission data and emission data are acquired sequentially and not simultaneously. 
It is possible then that the two data sets may not be exactly coregistered if there is 
relative motion between the two acquisitions. This may occur if the patient shifts 
position on the table or if the heart is in a different position during stress perfusion 
imaging (a situation often referred to as cardiac creep). If motion has occurred, 
improper attenuation factors will be applied during image reconstruction, and the 
resultant images will not be quantitatively accurate. This is particularly important in 
cardiac PET near the lung-tissue interface, where the attenuation coeffi cients differ 
substantially (see Figure 1.7). When cardiac PET images are read, fusion images of 
the reconstructed emission data and the attenuation map should be viewed together 
routinely to assess whether relative motion has occurred.

Extracardiac Activity

Activity located nearby the heart may affect the quality of myocardial PET studies. 
Intense extracardiac uptake, for instance, in the bowel, may cause an artifi cial reduc-
tion in reconstructed activity in nearby regions. This effect is often known as ramp 
fi lter artifact and originates from backprojection of negative values due to the fi ltering 
step in the FBP algorithm. Conversely, spillover and streak artifacts from FBP may 
artifi cially increase the apparent uptake in nearby regions. Iterative reconstruction is 
affected less near regions of intense uptake and may be better suited in such cases 
than FBP. Extracardiac activity also may affect cardiac PET imaging by contributing 
scatter and random events to the myocardial regions. For example, in 82Rb perfusion 
PET, there is signifi cant renal uptake that may affect imaging, even though the kidneys 
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most often are located entirely outside the axial fi eld of view. The renal activity is 
effectively shielded if axial septa are used; however, if 3D imaging without septa is 
performed, the added scatter and random counts may degrade image quality.

Optimal Injected Activity

In addition to the typical considerations of radiation dose to the patient and the 
anticipated scan time, the injected dose also should account for the performance 
characteristics of the specifi c scanner. With higher activity comes a higher fraction of 
random events and greater dead-time losses from pulse pileup (see Figure 1.4). The 
optimal injected dose should be chosen with the goal of maximizing the NEC rate 
and the resultant image quality. The performance of the PET detectors may therefore 
limit the acceptable injected dose. An example is the case of 82Rb imaging, in which 
a 60 mCi dose is commonly infused in 2D mode but would saturate most PET detec-
tors in 3D mode. With the wide differences in detector designs and scintillation crystal 
properties, the scanner characteristics must be taken under consideration in the choice 
of injected dose for a cardiac PET scan.

2D versus 3D Imaging

Given the above discussions on extracardiac activity and injected dose, whether 
to use septa is an important consideration. Using septa in 2D mode will greatly 
reduce the contribution of random and scatter events and will reduce dead-time losses 
at a given injected dose, but at the expense of greatly reduced count sensitivity. 
Imaging in 3D mode without septa may be advantageous in situations with low 
injected dose, at the expense of increased background counts and with higher reliance 
on scatter correction accuracy. Comparisons of 2D and 3D cardiac PET have begun 
to appear in the literature. On modern PET scanners, 3D mode has been shown to 
be acceptable in comparison to 2D mode for FDG metabolic imaging of the heart.21,22

For 82Rb perfusion imaging, opinions on this topic differ depending on the PET 
detector hardware used in the scanner.23,24 Research in 2D versus 3D imaging is also 
of interest because many PET/CT scanners in widespread use operate only in 
3D mode.

Gated Imaging

Cardiac PET data acquisition may be gated using the patient’s electrocardiogram 
signal to produce multiframe cine images. The data are acquired in multiple sino-
grams (typically 8), and each sinogram is reconstructed separately. (The correspond-
ing static images are reconstructed from the total sinogram summed over the multiple 
gated sinograms.) The resultant gated images are displayed in a continuous loop, 
allowing a physician to assess wall motion and thickening in addition to regional per-
fusion or viability or both. Several commercial software packages allow easy display, 
manipulation, and segmentation of gated PET images and provide calculations of 
volume parameters and ejection fraction.

From a physics standpoint, the gated images are merely a set of independent images. 
However, the effective acquisition time per image is reduced by a factor equal to the 
number of frames, and thus the count density is very low. Beat rejection further 
reduces the acquired count density in cases with irregular heartbeat. To produce gated 
images of suffi cient quality, more total counts must be acquired to compensate for the 
division of counts over multiple frames. One approach is to use a larger injected dose, 
provided that the PET scanner does not exhibit excessive dead-time losses and that 
the randoms fraction is still acceptable. More often the total scan time is lengthened 
to allow more counts to be acquired per frame. Longer scans can be easily done for 
18F-FDG PET, since its physical half-life is relatively long (110 minutes). The same 
holds true to some extent for 13NH3 PET, though its half-life is considerably shorter 
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(10 minutes). Gated imaging for 82Rb PET is considerably more challenging, however. 
The half-life of 82Rb is very short (76 seconds), effectively limiting the total scan time 
to about 5 minutes and thereby limiting the counts available for gated imaging. In all 
cases, the scanner performance characteristics affect the quality and feasibility of 
gated PET.

Summary Points

• PET imaging is based on positron annihilation and coincidence detection of paired 
511 keV gamma rays.

• Electronic collimation in PET allows for higher resolution and count sensitivity 
compared to SPECT imaging.

• In addition to true coincidence events, background coincidence events (random, 
scatter) also are recorded.

• The steps of data processing and image reconstruction include corrections for 
attenuation, scatter, randoms, and detector normalization, resulting in quantita-
tively accurate PET images.

• External transmission sources are used to produce attenuation data.
• PET scanners may operate in 3D mode (without axial septa) or 2D mode (with 

axial septa), with a main difference being count sensitivity versus shielding of back-
ground counts.

• Scanner design and performance characteristics infl uence protocol selection in 
cardiac PET.
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The words computed tomography (CT) refer to a method of tomographic imaging in 
which a “tomographic,” or cross-sectional, slice is imaged with the aid of computer 
processing to obtain an exact representation of the slice. Tomographic imaging is 
important since in conventional projection imaging, such as plane-fi lm x-ray imaging, 
a small feature may be diffi cult to visualize because of the confusing superposition of 
many overlying layers of different structures. X-ray tomographic imaging was devel-
oped more than 50 years ago as an approach to cross-section slice imaging. One of 
the most successful commercial devices was the axial tomograph developed by Taka-
hashi,1 which in some ways is the precursor to modern CT scanners. The x-ray tube 
and a plane fi lm positioned at a nearly perpendicular angle rotated around the body, 
exposing a single cross-section slice. The x-ray projections at each angle were recorded 
as crossing the fi lm, and were accumulated. Today we call this a simple backprojection 
image. Although these images were useful, they were somewhat blurred because 
simple backprojection is only a fi rst-order solution to the problem of reconstructing 
a cross-section image from rotational projections. This is where the computer part of 
the name computed tomography becomes critical: to provide digital processing to 
remove the tomographic blur. The projection data are gathered and backprojected 
using digital data rather than fi lm. The resulting backprojection image is then 
“deblurred,” or reconstructed, by applying a simple sharpening fi lter, which is some-
times referred to as a convolution kernel. You can think of this process as a kind of 
edge-enhancement process, and it is sometimes referred to as fi ltered backprojection. 
In the end, the marriage of computer fi ltering and axial tomography resulted in the 
new fi eld of computed tomography.

Computed tomographic methods may be applied to many kinds of medical imaging, 
including x-ray CT, positron emission tomography (PET), single photon emission 
computed tomography (SPECT), a new kind of ultrasound imaging, ultrasound CT, 
and even certain forms of magnetic resonance imaging (MRI). Thus CT has revolu-
tionized imaging by opening up the possibility of true accurate cross-section imaging 
and, as a side benefi t, providing accurate CT numbers within each picture element of 
the image, thus enabling a new era of tissue characterization. As the technology con-
tinues to evolve with all the modalities, the ability to image small and subtle features 
deep inside the body has advanced remarkably, especially with the advent of three-
dimensional (3D) volume rendering.

In this chapter we discuss the technology used in x-ray CT, including the scanner 
technology and applications, and a bit about the current status in the evolution of CT 
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capabilities. Although x-ray imaging has a history of more than a century of develop-
ment, x-ray CT, with only 30 years of development, is still far from its ultimate poten-
tial. Although CT is superb for soft-tissue imaging, it does not yet match conventional 
x-ray imaging in resolution, exposure speed, or low cost. As CT gets closer to the 
performance of conventional x-ray in those three categories, it will continue to replace 
x-ray procedures, until someday in the future, nearly all x-ray imaging will be per-
formed by CT.

CT Development up to 1988

In 1963 and 1964 Cormack,2,3 a physicist at Cape Town, South Africa, was working 
on improving the dose calculations used in radiation therapy treatment planning. 
Knowledge of the cross-section density distribution was required, which led him to 
develop the concept of reconstruction from projections. The mathematic formulas for 
reconstruction were then tested by Cormack on aluminum and with disks and irregu-
larly shaped phantoms. This research was published in the Journal of Applied Physics
and was not recognized at the time as an important solution for imaging. Many other 
investigators developed image reconstruction formulas for cross-sectional imaging, 
including solutions depending on iterative techniques. Oldendorf experimented with 
a rotary method for radiographic cross-sectional depiction of the brain and published 
his preliminary results in 1961.4 Kuhl and Edwards reconstructed cross-sectional 
images from radionuclide scans.5 Their techniques, published in 1963, constituted the 
basic approach that was later used in PET scanning.

Modern computed tomography (CT), however, was developed by Hounsfi eld 
working for Electronic and Musical Industries Ltd (EMI) in England.6 His original 
work, with a gamma-ray source and using Perspex, produced images; however, it took 
more than 9 days to complete the acquisition of data. A prototype scanner using an 
x-ray tube was developed in 1969 and 1970, and a clinically applicable machine was 
installed at the Atkinson-Morely Hospital in the suburbs of London. The fi rst clinical 
results were presented by Ambrose and Hounsfi eld in 1972 at the Congress of the 
British Institute of Radiology.7 The further obvious success of the approach was due, 
however, to the rapid advances in small computers, making it possible to develop 
clinical CT scanners. Since interest for cross-sectional imaging was very intense 
throughout the United States, Europe, and Japan, it became apparent that such scan-
ners had to be acquired by clinical centers and their uses further developed. The early 
recognition of the value of this approach was shown by the award of the Lasker Foun-
dation in 1975 to Hounsfi eld, Kuhl, and Oldendorf. The Nobel Prize in Physiology 
and Medicine for 1979 was awarded to Cormack and Hounsfi eld for their discovery 
of computed tomography.8

The original EMI head scanner required long scanning time, 5 minutes, but newer 
machines were rapidly introduced. Working independently of Hounsfi eld, in 1971 
Boyd and Goitein introduced the concept of a pure rotary scanner using a position-
sensitive Xenon detector, a technique that later became the standard.9 The fi rst recon-
struction of a phantom with this device required 16 hours at the UCB computer center 
using an iterative solution. But the fi rst commercial whole-body scanners were des-
tined to use a variant of Hounsfi eld’s original translate-rotate technique and achieved 
scan speeds of around 20 seconds. This variation used a translating fan rather than a 
translating pencil beam to speed the acquisition of data. The fi rst of these scanners 
was introduced by EMI in 1976 and later that year by Techniscan, followed by up to 
16 other distinct manufacturers.

But it was the fi rst rotary scanners, commercially introduced by Artronix, Varian, 
and later GE, that achieved the goal of 6 seconds or faster scanning,10 to accommodate 
breath holding. All scanners used a full-length, position-sensitive Xenon detector to 
eliminate the need for translation and thereby acquire data at much faster speeds.11
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Rotary Xenon scanners, sometimes referred to as third-generation CT, became the 
industry standard for more than the next 20 years, until Xenon was replaced with 
scintillator-photodiode arrays.

Another type of rotary scanner was developed under a grant by the National Insti-
tutes of Health. Known as the fourth generation, this instrument used a ring of sta-
tionary detectors with only the x-ray tube rotating. This approach was used by several 
manufacturers during the 1980s but ultimately was not competitive with rotary xenon 
scanners due to the added cost of a full ring of detectors. However, it was the intro-
duction of intravenously administered iodine-containing contrast media, ionic and 
later nonionic, and orally administered contrast media, with rapidly improving spatial 
resolution, that has made abdominal computed tomography one of the preferred clini-
cal imaging approaches.

Image Reconstruction in CT

Image reconstruction is the process that converts detector readings from hundreds of 
thousands of data samples into an electronic picture that represents the scanned 
section. The picture is composed of a matrix of picture elements (pixels), each of 
which has a density value represented by its CT number. Using the Hounsfi eld scale 
of CT numbers, water is 0, air is –1000, and bone is +1000. Each CT number represents 
a 0.1% density difference. The process of image reconstruction requires more than a 
billion multiplication steps to reconstruct a 512 × 512 image matrix. Since the hard-
ware involved consists of sophisticated array processors and custom backprojection 
processors, the cost of the reconstruction system is signifi cant and increases linearly 
with speed. Reconstruction speed can often become a limiting factor in patient 
throughput.

For the original scanners, iterative reconstruction methods were used. In this 
method the projection data are fi rst backprojected onto the image matrix as a fi rst-
iteration image. Backprojection involves incrementing the pixels intersected by a ray 
with the projection value for that ray. Then projection measurements of this image 
are compared with the actual projection data, and the pixels are adjusted by a correc-
tion increment. This process is repeated through several iterations until the fi nal image 
is obtained. Iterative reconstruction is still used today in certain situations, in which 
data are missing or inaccurate, to improve the image quality. For example, where there 
is an opaque object such as a metal prosthesis, iterative reconstruction could be used 
to reduce streaking. In another example, bone in the head may cause beam-hardening 
artifact. An iterative reconstruction can be used to fi rst estimate the amount of bone 
in each projection ray and then correct for it.

Today the most popular form of image reconstruction is based on a method fi rst 
described by mathematicians Ramachandran and Lakshminarayanan known as fi l-
tered backprojection.12 This method is based on equations that describe an exact solu-
tion for reconstruction in which the projection data are fi rst fi ltered using a convolution 
fi lter or kernel and then backprojected. The kernel is adjusted so that the fi nal image 
is an exact representation of the scanned object. Using the Fast Fourier Transform, the 
number of computations required for the convolution step can be reduced from n2 to 
nlogn by performing the convolution in Fourier space. The backprojection step can be 
speeded up by reordering and rebinning the fan projection rays into sets of parallel 
rays.13 Then the backprojection process becomes a series of step-add operations. With 
these methods, fi ltered backprojection reconstruction is an order of magnitude faster 
than iterative reconstruction, and reconstruction speeds in the milliseconds are obtained 
using custom application-specifi c intergrated circuit (ASIC) chips that are programmed 
to perform the required repetitive multiplication and summing operations.

Other available reconstruction methods have been less widely used. The 
direct Fourier method requires fewer computations than even parallel-ray fi ltered 
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backprojection. In this method the transformed projection data are placed into two-
dimensional (2D) Fourier space, interpolated using a technique known as gridding,14

and then two-dimensionally transformed back into the reconstructed image. This 
faster method has been used in electron beam CT (EBCT) and in baggage CT 
scanners.

Patient and Image Handling

The patient-handling table is usually motorized, with horizontal (axial) and vertical 
drives. The couch is automatically indexed in the horizontal direction under computer 
control to position a series of adjacent tomographic sections. Laser-produced light 
beams are used to localize the patient within the gantry. Selection of the scanning 
volume is usually based on the use of a line-scanned projection image obtained by 
sweeping the patient horizontally through the stationary x-ray fan beam.

Automation of the couch and integration into the scanning software enable scan 
planes, angles, and spacing to be selected from this image using a trackball-guided 
cursor at the operator’s console. The scanning gantry is usually able to tilt ±20 
degrees, and in some cases the couch can be tilted or angulated in the horizontal 
plane.

CT scanners usually come equipped with one or two display consoles. One is for 
the technologist’s use in controlling the scanner, immediate review of images, and 
multiformat hardcopy production. A second console is reserved for the radiologist to 
read images and perform the several types of image analyses that are available. Since 
CT images contain quantitative information in terms of density values and contours 
of organs, quantitation of volumes, areas, and masses is possible. This is accomplished 
with region-of-interest methods, which involve the electronic outlining of the selected 
region of the television display monitor with a trackball-controlled cursor. In addition, 
various image-processing options, such as edge enhancement (for viewing fi ne details 
of edges) and smoothing fi lters (for enhancing the detectability of low-contrast lesions) 
are useful tools.

Other useful options available at the console include various software programs for 
off-axis reformation of images and for 3D reconstructions of surfaces. These display 
programs offer a great deal of fl exibility in exploiting the 3D character of CT data 
and often enhance the interpretation of complex shapes. Recently introduced hard-
ware options have resulted in computational speed improvements that enable many 
3D display manipulations to be accomplished virtually in real time.

For many years CT images were usually photographed with multiformat cameras 
to produce a standard 14-in × 17-in fi lm with 16 or 20 images on a fi lm. Today that 
method is no longer practical because slices are thinner and scanning volumes larger. 
A CT study today may involve 1000 to 2000 slices. The solution has been to store and 
display CT images using a picture archiving and communications (PACS) network. 
The images are stored on a network server and viewed on a network workstation. The 
workstation is equipped with viewing software that enables the operator to scroll 
through large sets of images in seconds with a mouse, and to reconstruct various types 
of volume-rendered images in real time.

Ultrafast, Multilevel CT Using Scanning Electron Beams

During the late 1970s it seemed clear that rotary mechanical gantry systems would 
not become fast enough to freeze cardiac motion as required for cardiac CT, and 
almost every development group looked for alternative solutions. In 1978 an alterna-
tive approach to CT using a scanning electron beam tube was proposed.15 This 
approach had an advantage for high-speed, multislice imaging since no mechanical 
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motion was required. The rotating x-ray fan is produced by scanning an electron beam 
on semicircular tungsten rings (actually 210º arcs) below the patient. Since these large 
rings can be directly water cooled, the beam power can be much higher than that used 
in conventional x-ray tubes. Thus in the scanning electron beam system, speed is not 
restricted by either mechanical considerations or heat-capacity restrictions.

The principle of operation of the scanning electron beam system is illustrated in 
Figure 2.1. An electron gun (1) is used to produce a beam of electrons at 130 kV and 
800 mA (2). After exiting the gun, the beam expands because of space-charge repul-
sive forces and is refocused with a series of magnetic lenses (3). Final focusing occurs 
near the target and is due to the self-focusing properties of an intense neutralized 
beam. The beam is neutralized by allowing positive ions of nitrogen gas to be captured 
in the beam. The beam is bent through an angle of 33 to 37 degrees by a pair of 
orthogonal dipole electromagnets (4). The plane of bend is rotated by applying 
currents to these magnets that are approximately sinusoidal and 90 degrees out 
of phase.

Thus, the defl ected beam is caused to sweep along the circular tungsten target rings 
at the focus (5). Since the scanner is intended to image multiple slices, 4 target rings 
are provided and can be selected in sequence by varying the bend angle. An x-ray-
opaque housing (collimator) defi nes the x-ray beam to a fan shape (6) that rotates 
with the motion of the electron beam spot on the water-cooled target rings. Under 
computer control, the focal spot is precisely steered through 210 degrees in either 50 
or 100 milliseconds. The collimated x-ray beam penetrates the body and is recorded 
by an adjacent pair of ring-shaped detector arrays above the body (7). When installed 
in the hospital, this scanner looks like a conventional scanner (although the gantry 
aperture is larger) and requires approximately the same amount of space. Since this 
scanner operates completely under computer control, a wide variety of scanning 
sequences and operational modes are available. For dynamic studies, 2 adjacent slices 
are simultaneously imaged at rates of up to 17 frames per second.

Electron beam CT was fi rst introduced commercially in 1984 as a cardiac CT 
scanner and was updated in 1988 as a general-purpose cardiac and radiological CT.16

A new-model EBCT introduced in 2003 offered dual 1.5-mm slices, scan speeds as 
fast as 33 milliseconds, beam power of 140 kV at 1000 mA, and spatial resolution in 
the 14 line pairs per centimeter (lp/cm) range.
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FIGURE 2.1. Artist’s illustration of an electron beam ct scanner. These scanners have scan 
speeds as low as 33 milliseconds and, using a dual-row detector in combination with 4 target 
rings, can obtain 8 slices nearly simultaneously. See text for the description of the key 
numbered components.
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Although approximately 300 EBCT systems were installed throughout the world, 
this amounted to only 1% to 2% of the entire CT market, which by 2004 became 
dominated by the newest version of multislice CT scanners, described below. EBCT 
technology at this time was more expensive to build and to develop than the compet-
ing mechanical scanners, and many of its key advantages in volume data acquisition 
were whittled away by continuous developments of multislice scanners. However, 
EBCT remains the champion in exposure speed and is still the only viable technology 
that has the potential to reach an exposure speed of 10 milliseconds as would be 
required to be fully competitive with coronary angiography (Figure 2.2).

Modern Multislice Cone-Spiral CT

Starting in the late 1980s, the concept of continuous spiral scanning was introduced 
in CT. This concept required the use of slip rings to transfer power and signals to and 
from the continuously rotating gantry. Previous to that time, scanners used long cables 
with a windup mechanism that limited rotation to only 360 degrees or a bit more. 
Some of the initial attempts with slip rings attempted to transfer high voltage (±70 kV) 
for the x-ray tube and thus required extensive insulation and high-voltage standoff 
provisions. But soon, smaller high-frequency power supplies were developed that 
could be placed directly on the rotating gantry. With this development, only main 
power of 240 volts was needed.

One of the earliest continuous-rotate CT scanners was developed under a contract 
with the US Army and was intended for portable use at army fi eld hospitals. This 
scanner, known as the Imatron FMS5000, was presented at the Radiological Society 
of North America exhibition in Chicago in 1988 (Figures 2.3 and 2.4). The FMS5000 

FIGURE 2.2. A volume-rendered frame from a cine sequence of the heart using ebct. This 
frame is at 39% of the r-r interval. In this multiphase study, 8 phases were obtained covering 
the fi rst 460 milliseconds following the r-wave. The right coronary artery is shown to the left 
along with two of its ventricular branches. On the right side is the left anterior descending 
coronary artery with a proximal stenosis (arrow). Technical parameters are 50-millisecond 
scan speed, 140 kv, 100 0ma, 1.5-Mm slice thickness, and intravenous contrast media at 
4 ml/s.
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components are shown in Figure 2.4. Visible are the x-ray tube (1), the compact high-
voltage power supply (2, 3), the solid-state detector array (4), and the data-acquisition 
system (5). Later a modifi ed version of this scanner was used to demonstrate the 
ability to detect explosives in airport-checked luggage (Invision CTX5000). By 2004 
thousands of scanners of this type were installed at airports throughout the world.

In 2000, Willi Kalendar, using a slip-ring scanner, demonstrated the power of spiral 
CT.17 In spiral CT the patient table is advanced continuously during continuous gantry 
rotation. Although the projection data are acquired at various z positions during the 
scan process (sometimes referred to as helical data), the data can be linearly interpo-
lated back to a fi xed plane by using two adjacent scans in sequence. Spiral scanning 
eliminated the interscan delay associated with the older step-scan methods and facili-
tated acquisitions of a large number of thin slices in a short interval.

FIGURE 2.3. The Imatron FMS5000 was one of the fi rst continuous-rotation CT scanners 
using low-voltage slip rings. This compact design introduced in 1998 was intended for use in 
army fi eld hospitals.

FIGURE 2.4. This photograph inside the shrouds of the Imatron FMS5000 illustrates the 
typical components found inside modern spiral and multislice spiral scanners. In 1998 the scan 
speed was 1 second. By 2005 bearings and slip rings had been improved to enable a rotation 
speed as fast as 350 milliseconds, and x-ray tubes increased several-fold in size and power 
capability. The numbered components are described in the text.
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By 1999, the fi rst multislice-spiral scanners were introduced. The fi rst of these were 
called 4-slice scanners and had 4 parallel detector arrays.18 With the acquisition of 
data for 4 slices simultaneously, the rate of scanning could be increased by a factor 
of 4, thus allowing the acquisition of volume data at a higher rate and with less tube 
loading. For the fi rst time, mechanical CT could compete with many applications 
previously available only to electron-beam-based systems. For example, using pitch =
1 spiral scanning (advancing the table by 4 slices per revolution), a volume of 40 cm 
could be covered with 200 2-mm slices in only 25 seconds. Previously, this would have 
required 100 seconds, which is outside the x-ray-tube limitations and the limitations 
of patient breath holding. Slices of 2 mm are thin enough for volume rendering and 
maximum-intensity projection (MIP) visualization techniques to be used, especially 
for imaging of blood vessels, or CT angiography (CTA). These 4-slice scanners were 
an immediate commercial success.

Within a few years, 8-slice and then 16-slice scanners were introduced. With 16 
slices, a slice thickness of 0.8 mm could be used, which enabled the concept of “iso-
tropic resolution.” This means that the resolution in the z dimension became similar 
to the in-plane (x,y) resolution, a useful requirement for 3D image processing. Espe-
cially with the 16-slice models, for the fi rst time cardiac imaging became accessible 
with a mechanical scanner. Although the scan speed remained at 300 milliseconds 
for a partial scan or 500 milliseconds for a complete scan, software developers found 
ways to improve the performance of cardiac gating by utilizing the increased density 
of images. Cardiac gating with single slices had been tried and failed as early as the 
late 1970s, had a minor resurgence with 4-slice scanners, but became more or less 
viable with 16-slice scanners. Gating could be used to reduce scan speed either by a 
factor of 2 (from 300 milliseconds to 150 milliseconds), or by a factor of 4 (from 300 
milliseconds to 75 milliseconds) by combining data from 2 or 4 heartbeats. This 
worked best for hearts with a consistent rate that was close to a multiple of the scan-
ning rate. In most cases, the patient received intravenous β-blockers to slow and 
control the heart rate. A further advantage of the 16-slice scanners was that the slice 
thickness was less, and it was found that this enhanced the imaging of small-branch 
coronary artery vessels. For the fi rst time cardiologists began to obtain CT scanners 
for the purpose of CTA of coronary arteries.

In 2005, 64-slice CT scanners became available in large numbers. The increase 
from 16 to 64 slices was used to reduce slice thickness an additional factor of 2, to 
approximately 0.5 mm, and also to increase the width of the fan from 2 cm to 4 cm, 
thus affording wider and faster coverage. With a 64-slice scanner it became feasible 
to scan a volume such as the heart or the entire chest in only a few seconds—using 
0.5-mm slices. A volume of 40-cm length would now be covered with 800 slices in less 
than 10 seconds. At this speed, only about 40 mL of contrast media needed to be 
injected at 4 mL/s, a major reduction in contrast requirement. This is both a cost 
reduction and a benefi t to the patient, who has less contrast burden on the renal 
system.

Although the 64-slice scanners incrementally improved the possibility of cardiac 
imaging with mechanical scanning, they still fall short of the speed obtainable by 
EBCT, and by the ideal requirement to freeze cardiac motion in the 10-millisecond 
range. This leaves lots of room for future development.

3D Visualization Techniques

The sheer number of slices generated by modern multislice scanners can overwhelm 
the viewer. Today anywhere from 1000 to 2000 slice images are routinely acquired in 
a study. These can be viewed with a computer-based viewer by rapid scrolling through 
the images using the trackball or mouse. But, increasingly, volume imaging methods 
are employed to visualize the scanned volume in 3D.
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To start, the image slices are stacked into a 3D matrix and interpolated (if neces-
sary) to cubic voxels (volume elements). Due to the problem of overlapping structures, 
processing will be necessary to see inside this cube of data. There are two fundamen-
tal approaches. One is to render the voxels as semitransparent, so the observer can 
look through overlying structures. The other method is to either cut away the overly-
ing voxels or extract a slice or subvolume of voxels from within the cube. This is 
analogous to the procedure of exploratory surgery, where the surgeon cuts away inter-
vening tissues to reveal what is below. Modern 3D workstations use a combination of 
semitransparency and cutting techniques.

One major use of volume rendering is to screen patients for colon cancer by “fl ying 
through” the air or the CO2-infl ated colon. This method is referred to as CT colonog-
raphy and is rapidly replacing the more invasive method of colonoscopy using a long 
endoscope.

The visualization is performed by rendering the air transparent and the walls of the 
colon (CT values of approximately 50) semitransparent. A view is projected on the 
workstation screen that simulates the view from a small camera fl ying along a central 
path through the colon. The fi eld of view of the camera is limited to just the forward 
direction, and the ray tracing stops a few centimeters past the wall of the colon. Thus, 
only a small subset of the cubic data are sampled for each image and the processing 
can proceed in real time. In Figure 2.5, the image is rendered as a stereo image using 
the Accuimage VRT program and can be viewed using blue and red stereo glasses in 
3D. The stereo image is created by using 2 side-by-side stereo cameras for the blue-red 
images. The EBCT image shown in Figure 2.2 is also a volume-rendered image, but 
here parallel projection is used and the chest wall has been cut away to reveal only 
the surface of the heart.

For imaging of blood vessels, the MIP method usually gives the best images. In 
MIP imaging, the brightest pixel in a slab region of interest is projected. This will 
usually be a pixel within the lumen or the blood vessel. The MIP plane may be thick, 
thin, oblique, or even curved. For long blood vessels such as a coronary artery, it is 
often best to use curved reformatting by selecting points along the vessel and fi tting 

FIGURE 2.5. A volume-rendered endoscopic view inside the colon demonstrating a 4-mm 
polyp. Virtual colonoscopy is becoming a major application for multislice ct. This frame from 
the fl y-through movie was rendered in stereo, and the 3d effect becomes visible when viewed 
with red-blue glasses.
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a curved plane to those points. This then provides an image of the entire artery in a 
single planar image, as though the artery was straightened, and usually more closely 
resembles the kind of images seen in conventional angiography.

Principles of Scan Protocol Design Using Multislice CT

With the evolution of CT, the number of adjustable parameters has multiplied, causing 
great complexity in the design of CT protocols. Although the manufacturers provide 
detailed protocol books with each scanner model, these are only guidelines, intended 
for average clinical use. The expert radiographer can use his or her knowledge of 
protocol design principles to achieve superior images or less risk of radiation dose and 
contrast for specifi c problem solving. Protocol design involves a complex interplay of 
the parameters of slice width, scan speed, radiation dose, x-ray power, couch speed 
(pitch), and contrast injection technique. With multislice CT, an added complexity is 
that the reconstructed slice thickness may no longer correspond to the slice collima-
tion. Thick slices can be reconstructed using multiple thin slices using the latest cone-
spiral reconstruction algorithms.

In planning the protocol, the starting point is to determine the slice thickness to be 
used. Thick slices (4–8 mm) are preferred when low image noise is required, when 
dose must be minimized, for example, in screening examinations, or both. The image 
noise is fundamentally determined by the number of x-ray photons detected for that 
slice. With other parameters fi xed, a 1-mm slice will acquire one eighth as many 
photons as an 8-mm slice. The noise in the 1-mm slice will be the square root of 8 
higher than the noise of the thick slice, according to the laws of Poisson statistics. 
Thus, thinner slices will almost always require higher dose scanning and will be 
noisier than the thicker-slice alternatives. Today, slice thickness as low as 0.35 mm is 
available, which is 23 times less than 8 mm. In screening studies such as cardiac screen-
ing, lung screening, or virtual colonography, thicker slices are preferred to minimize 
radiation exposure to a healthy patient.

For diagnostic studies, the patient will normally have disease symptoms, which will 
justify a higher dose protocol to maximize the risk/benefi t ratio. Further, in diagnostic 
studies, subtle distinctions of small structures or vessels or subtle contrast differences 
may enable an important differential determination of disease type. Therefore, these 
studies will generally involve higher x-ray exposure and thinner slice thickness. An 
exception would be for pediatric patients, who generally require lower exposure due 
to increased risk, and the fact that the thinner child’s body may transmit 3–10 times 
more x-ray fl ux than an adult body. The attenuation distance for typical CT x-rays is 
approximately 5 cm, so for each additional 5 cm of body thickness, detected x-rays will 
be attenuated by 2.73. Thus, in contradistinction to the pediatric case, when a very 
obese patient is encountered, x-ray exposure must be increased greatly, and thicker 
slices should be considered.

To achieve optimal diagnostic quality image, consideration must be given to the 
signal-to-noise ratio (SNR). In the preceding paragraphs we discussed the noise part 
of SNR, which depends mainly on slice thickness and x-ray power and exposure time, 
as expressed by milliampere-seconds (mAs). But equally important is the determina-
tion of the signal. In CT the signal is represented as the contrast between adjacent 
tissues or structures to be imaged. CT tissue contrast varies from approximately 1000 
Hounsfi eld units (HU) to less than 10 HU, a range of 100:1. Some typical CT contrast 
ranges are listed in Table 2.1.

Thus, bone and lung imaging involve a high signal, so a good SNR can be obtained 
with lower radiation exposure or thinner slices. On the other extreme, brain imaging 
requires high radiation exposure and thicker slices.

With the older single-slice spiral scanners, an important protocol design consider-
ation involved selecting the scanning range or coverage. There were several factors 
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that restricted the selection of coverage including patient breath-holding interval, 
contrast injection rate and maximum contrast load, slice thickness and table speed, 
pitch, and so on. With 16- to 64-slice scanners, the coverage issue has become less 
important. Tube loading is no longer a major problem and with 16 to 64 fewer revolu-
tions required, scan times are reduced to the 5-second range for many studies. With 
5-second coverage of the chest, only approximately 20 mL of contrast is needed to 
obtain 350 HU of enhancement using 4 mL/s of typical nonionic contrast media. This 
is much less than the 120 to 200 mL used by single-slice spiral scanners a few years 
ago. As a result, protocols involving greater coverage and thinner slices are now rou-
tinely available with modern multislice scanners.

Acquisition Versus Reconstruction Parameters

Although coverage issues are simplifi ed, a new complication introduced by multislice 
CT is that the reconstruction and acquisition parameters can differ. In fact, the same 
scan data can be reconstructed into 2 or more reconstruction sets, for example, with 
thick- and thin-slice thicknesses. The thick-slice data set would be used for normal 
viewing and the thin slices for volume rendering. To discuss this more precisely 
requires the defi nition of certain scan parameters, as follows.

Slice Collimation

Slice collimation (SC) is the actual acquisition slice thickness. In multislice CT, the 
slice thickness is set by the width of adjacent detectors. Slice collimation is adjusted 
by summing the signals of adjacent detector channels. For example, if the minimum 
slice thickness is 0.5 mm, then slice collimation of 1, 1.5, and 2.0 can be obtained by 
summing 2, 3, or 4 adjacent channels.

Table Feed per Revolution

Table feed (TF) per revolution is the distance the table travels per 360 degrees revolu-
tion of the gantry. This defi nes the table speed and is an important parameter in cal-
culating pitch.

Pitch

In single-slice spiral CT, pitch was defi ned as P = SC/TF by analogy to the pitch of a 
screw. For multislice CT, pitch is now defi ned as P = TF / (N × SC), where N is the 
number of rows of multislice detectors that are active. A multislice pitch of 1 means 
that the table advances by the width of the active detector elements for each revolu-
tion. This defi nition is preferred by most physicists and adopted as an international 
(IEC) standard but is not uniformly adopted by manufacturers. Some manufacturers 
still use the older single-slice defi nition of pitch, which gives values that are N times 
larger than the convention. Pitches of up to 2 are generally useful. A pitch of less than 
1 involves slice overlap and exposure would be higher depending on the amount of 
overlap.

Table 2.1. Typical CT Contrast Ranges (Hounsfi eld units)

Lung tissue or vessels surrounded by air 1070 HU
Bone surrounded by soft tissue  500–3000 HU
Contrast-enhanced blood vessels  200–400 HU
Muscle and organ tissue surrounded by fat  150–170 HU
Water surrounded by soft tissue  60–70 HU
Gray matter vs white matter in brain   5–10 HU
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Slice Width

Slice width (SW) is the actual reconstructed slice thickness, which must be equal to 
or larger than the slice collimation (SC).

Reconstruction Increment

Reconstruction increment (RI) is the reconstructed slice spacing. As in spiral CT, it 
is often advantageous to reconstruct with RI = ½SW. This gives slice overlap and is 
useful in determining the exact z-axis size of a lesion and can improve volume-
rendered images. If the total number of slices is to be minimized, then RI = SW would 
be a more conventional selection.

Prospective and Restrospective Cardiac Gating

As discussed previously, gating is used to improve cardiac imaging. In the technique 
of prospective gating, the scan is triggered to begin at a specifi c delay following the 
R-wave (Figure 2.6). The table then moves by N slice thicknesses, and a new triggered 
scan is performed. This method does not actually reduce effective scan speed, but 
rather is used to minimize radiation exposure in coronary calcium screening studies. 
The prospective triggering ensures that all the slices are registered at the same cardiac 
interval.

In retrospective gating, a continuous multislice spiral scan with pitch of either 1 (2-
way binning) or 0.5 (4-way binning) is performed and the electrocardiogram (ECG) 
data are recorded (Figure 2.7). This assumes an ungated pitch of 2; higher quality 
would be obtained with lesser pitch. Prior to reconstruction, the data are sorted into 
time bins representing one half or one quarter of the actual 180-degree acquisition 
time. For a gantry rotation of 0.4 seconds, the 180-degree acquisition time is 0.2 
seconds. Under certain conditions, an effective exposure time of 0.05 seconds for 4-
way binning or 0.1 seconds for 2-way binning can be achieved. The special conditions 
are that the heart rate must be constant and the gantry rotation speed must be adjusted 
so that an adjacent slice will cover the region of the prior slice with a 45-degree or 
90-degree phase lag. If this condition is approximately met, then a fairly reliable gated 
reconstruction will be obtained. Now 64-slice scanners with gantry rotation speed of 
0.35 seconds are challenging EBCT in coronary artery imaging, especially if β-block-
ers are used to slow the heart rate.

R wave

Delay Scan Table feed Delay Scan Table feed

R-R interval

FIGURE 2.6. This fi gure illustrates the method of prospective gating as used for coronary 
calcium screening studies. As the gantry rotates continuously and the couch is stationary, a 
scan is triggered at a scan delay such that most of the scan occurs during the diastolic phase 
of the cardiac cycle. The scan uses approximately 210 degrees of gantry rotation or about 0.25 
Second for modern multislice scanners. During the next heartbeat, the table is advanced by N 
× SC and a new scan initiated at the same delay on the third beat. Sixteen-slice scanners have 
a coverage of 2 cm per scan; 64-slice scanners cover 4 cm. The region of the coronary arteries 
covers about 10 cm and can be covered in 3 to 5 scans (6–10 heartbeats). SC, slice collimation; 
N, number of rows of detectors. (Diagram adapted with permission of Drs. S Edyvean and 
N Keat, www.impactscan.org, St George’s Hospital, Tooting, London, UK.)
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Summary Points

• Simultaneous with the development of spiral CT there have been a number of rotary 
scanners developed that use area detectors such as image intensifi ers. These typi-
cally have from 512 to 1024 parallel slices. Image intensifi ers and various fl at-plate 
area detectors proposed for CT do not yet have the dynamic range and low-noise 
characteristics of the scintillator photodiode arrays used in multislice CT. In addi-
tion, fl at-panel area detectors are not yet large enough for full-body scanning. 
However, they are becoming widely used for small-animal scanning and in 
dental CT.

• As fl at-panel detector technology evolves, there is a trend for the area arrays to 
grow larger and to be modular. A tileable area detector would consist of a tiled 
array of detector modules stacked not only side by side as 64-slice scanners but also 
stacked in the z dimension, providing up to 1024 rows. It seems inevitable that 
multislice CT will continue to evolve in this way until coverage becomes suffi cient 
to eliminate the need for couch translation for many studies.

• As the resolution and coverage of volume CT expands, the last remaining specifi ca-
tion that can be improved is temporal resolution. Temporal resolution is particularly 
important in imaging the beating heart and especially for good-quality imaging of 
the coronary arteries following intravenous contrast administration.

• In 2006, the fastest commercial rotation speeds are 350 milliseconds for 360 degrees 
(approximately 2.5 revolutions/s). This gives the fastest possible exposure speed of 
about 200 milliseconds. With cardiac gating, a technique that combines data from 
a small number of heart cycles, the effective exposure speed can be lowered 2 to 4 
times less than this in certain situations.

• As speed is increased, the x-ray intensity must be increased as well. During the fi rst 
several years of spiral development, the x-ray sources grew in size and weight to 
accommodate higher power and higher heat capacity. Some tubes grew to a weight 
of more than 500 pounds, which added to the complexity of a rapidly rotating 
gantry. Heat capacity is important since conventional rotating anode tubes do not 
have a way to directly conduct heat from the anode.

• In 1993, Rand, Boyd, and Peschmann described a new concept tube in which the 
electron beam in the tube is fi xed and the entire tube housing rotates in front of 
the beam.19,20 This inverted geometry provides for direct water or oil cooling of the 
anode and eliminates the need for a heavy heat absorber attached to the anode. 
Further, the previous vacuum bearings, which were a common failure mechanism, 
are no longer needed.

Continuous Scanning and Table feed

Data from 4 detectors combined to form composite scans

1 2 3 4

FIGURE 2.7. In retrospective gating, data are acquired continuously in spiral mode with simul-
taneous recording of the ECG trace. The data are sorted retrospectively into time bins repre-
senting either one half or one quarter of the scan speed. If the rotation speed is adjusted 
appropriately relative to the heart rate, then nearly complete data will be accumulated in each 
time bin. Reconstruction then provides a reduced effective scan time. (Diagram adapted with 
permission of Drs. S Edyvean and N Keat, www.impactscan.org, St George’s Hospital, Tooting, 
London, UK.)
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• A similar tube known as the “Straton Tube” was introduced onto commercial multi-
slice scanners in 2004; it uses a “fl ying spot” or “wiggler” mechanism to increase 
sampling in the z dimension.21

• The drive to faster scan speeds with cone-spiral scanners will inevitably lead to 
proposals for gantries with multiple x-ray tubes, resurrecting an idea fi rst demon-
strated by the Mayo Clinic’s Dynamic Spatial Reconstructor (DSR) in 1977.22 The 
DSR system was equipped with 14 x-ray sources and 14 corresponding area detec-
tors, which in that case were image-intensifi er systems. In principle, with such a 
system mechanical rotation is reduced by a factor of 14 to gather complete CT data. 
Using modern x-ray tubes and fl at-panel detectors, it should be feasible to reach a 
scan speed of 30 milliseconds using approximately 6 rotating x-ray sources at 30-
degree intervals.

• In a recent announcement, a 2-source, multislice CT scanner was demonstrated at 
the Radiological Society of North America (RSNA) in 2005; this may become the 
fi rst in a series of future multisource, multislice CT scanners that will ultimately 
reach the full requirement for cardiac CT and compete with potential future mul-
tislice EBCT systems.21
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The recent development of combined positron emission tomography/computed tomog-
raphy (PET/CT) instrumentation is an important evolution in imaging technology. 
Since the introduction of the fi rst prototype CT scanner in the early 1970s, tomo-
graphic imaging has made signifi cant contributions to the diagnosis and staging of 
disease. Rapid commercial development followed the introduction of the fi rst CT 
scanner in 1972, and within 3 years of its appearance more than 12 companies were 
marketing, or intending to market, CT scanners; about half that number actually 
market CT scanners today. With the introduction of magnetic resonance imaging 
(MRI) in the early 1980s, CT was, at that time, predicted to last another 5 years at 
most before being replaced by MRI for anatomical imaging. Obviously, this did not 
happen, and today, with multislice detectors, spiral acquisition, and subsecond rota-
tion times, CT continues to develop and to play a major role in clinical imaging, in 
particular for the assessment of cardiovascular disease. Indeed, one of the main 
driving forces for the current development in CT is for applications in cardiology.

Functional imaging, as a complement to anatomical imaging, has been the domain 
of nuclear medicine since the early 1950s. Planar imaging with the scintillation 
(gamma) camera, invented by Anger in 1958, was initially, and still is, the mainstay 
of nuclear medicine. In modern nuclear medicine, planar scintigraphy has been sup-
plemented by tomography through the development of single photon emission com-
puted tomography (SPECT), which can be helpful for certain clinical applications. 
Although early SPECT systems actually predated CT, the real growth in SPECT did 
not occur until after the appearance of CT, when similar reconstruction algorithms 
were applied to the reconstruction of parallel projections from SPECT data acquired 
with a rotating gamma camera.

Functional imaging with positron-emitting isotopes was fi rst proposed in the early 
1950s as an imaging technique that could offer greater sensitivity than conventional 
nuclear medicine techniques with single photon–emitting isotopes. The SPECT col-
limator is eliminated and replaced by electronic collimation—the coincident detection 
of 2 photons from positron annihilation—which greatly increases the sensitivity of the 
imaging system. However, other than some early prototypes in the 1960s, instrumenta-
tion to image positron emitters did not emerge seriously until the 1970s, and the fi rst 
commercial PET scanners date from around 1980, about the time MRI also became 
commercially available. PET was initially perceived as a complex and expensive tech-
nology requiring both a cyclotron to produce the short-lived PET radioisotopes and 
a PET scanner to image the tracer distribution in the patient. Consequently, during 
the 1970s, PET did not experience the explosive growth of CT, or, during the 1980s, 
the comparable growth of MRI. However, in early 1995, the PET cardiac perfusion 
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agent rubidium-82 (82Rb), obtained from a strontium-82 (82Sr)/82Rb generator, was 
the fi rst PET tracer to be approved by Medicare for reimbursement. Despite this, the 
high cost of the generator has limited the appeal of PET perfusion studies with 82Rb
compared to less-expensive SPECT perfusion agents.

Since the early 1970s, CT and PET have followed separate and distinct develop-
mental paths. Both modalities have their strengths; CT scanners image anatomy with 
high spatial resolution, while PET can identify a functional abnormality in, for 
example, myocardial perfusion and metabolism. To initiate the evolution in imaging 
technology that was required to physically integrate CT and PET1 in a single device, 
the design and development of a research prototype PET/CT scanner was undertaken 
with NIH support. The fi rst combined PET/CT prototype scanner was completed in 
1998,2 and clinical evaluation began in June of that year; initial studies with the pro-
totype focused primarily on cancer.3–6

While it may seem that, in many cases, it would be equally effective to view sepa-
rately acquired CT and PET images for a given patient on adjacent computer displays, 
with7 or without software registration, experience in the past 5 years with commercial 
PET/CT scanners has highlighted numerous unique advantages of the new technol-
ogy. This new technology has moved to the forefront in helping physicians manage 
patients with cancer and, increasingly, with cardiovascular disease. However, all new 
ideas invite discussion and debate, and PET/CT has been called redundant and even 
disruptive. Debate will doubtless continue as to the role of dual-modality imaging in 
patient care. PET/CT is undergoing rapid evolution, and the combination of high-
performance CT with high-performance PET is a powerful imaging platform that will 
play a major role in helping physicians manage patients with cardiovascular disease.

Cardiovascular disease claims more lives than the next leading causes of death 
combined, with 960,000 cardiovascular deaths annually. It kills 2600 Americans every 
day, and more than 58 million Americans suffer from at least one type of cardiovas-
cular disease. It is the number one killer of women and results in the death of more 
women than the next 16 causes combined; myocardial infarctions kill 5.4 times more 
women than breast cancer does. The annual cost of diagnosing and treating patients 
with cardiovascular disease has been estimated at $274.2 billion. With an aging popu-
lation, these fi gures can only increase. A cardiovascular specialist sees a wide range 
of pathology daily, pathologies that may have been present at birth or may have been 
brought on by lifestyle factors or by environmental toxins. However, irrespective of 
the clinical conditions under treatment, they all manifest anatomical, functional, or 
biochemical abnormalities, and it may often be extremely diffi cult to separate cause 
and effect. A single device that provides rapid anatomical and biochemical informa-
tion in patients is obviously needed; the combined PET/CT scanner is just such a 
device.

The purpose of this chapter is to review the design objectives of this emerging 
technology and present the status of current instrumentation, including the principles 
and practicalities of CT-based attenuation correction. Some general protocol defi ni-
tions and specifi c refi nements for cardiac imaging are also discussed.

Initial Design Objectives

The development of the fi rst PET/CT prototype was initiated in 1992 with the objec-
tives to integrate CT and PET within the same device, to use the CT images for the 
attenuation and scatter correction of the PET emission data, and to explore the use 
of anatomical images to defi ne tissue boundaries for PET reconstruction. Thus, the 
goal was to construct a device with both clinical CT and clinical PET capability so 
that a full anatomical and functional scan could be acquired in a single session, obvi-
ating the need for the patient to undergo an additional clinical CT scan. The original 
prototype2 combined a single-slice spiral CT (Somatom AR.SP; Siemens Medical 



36 Part I Instrumentation and Principles of Imaging

Solutions, Chicago, IL) with a rotating PET scanner (ECAT ART CPS Innovations, 
Knoxville, TN). The components for both imaging modalities were mounted on the 
same mechanical support and rotated together at 30 rpm. However, by the time the 
prototype became operational in 1998, neither the CT nor the PET components were 
state of the art. Nevertheless, the work convincingly demonstrated the feasibility of 
combining the two technologies into a single device that could acquire coregistered 
anatomical and functional images without the need for software realignment.

As mentioned, a number of important lessons emerged during the clinical evalua-
tion program that followed the installation of the prototype and covered the years 
from 1998 to 2001.3–6 More than 300 cancer patients were scanned, and the studies 
highlighted the advantages of being able to accurately localize functional abnormali-
ties, to distinguish normal uptake from pathology, to minimize the effects of both 
external and internal patient movement, and to reduce scan time and increase patient 
throughput by using the CT images for attenuation correction of the PET data. Even 
during the initial evaluation, it was evident that coregistered anatomy increases the 
confi dence of physicians reading the study.

Despite concerns over the likely cost and operational complexity of combined 
PET/CT technology, the major vendors of medical imaging equipment nevertheless 
recognized a market for PET/CT. The fi rst commercial design comprised a CT scanner 
and a PET scanner enclosed within a single gantry cover and operated from separate 
consoles. The design involved little integration at any level and was intended primarily 
to be the fi rst commercial PET/CT scanner on the market, as indeed it was. The PET 
scanner included retractable septa, and standard PET transmission sources were 
offered as an alternative to CT-based attenuation correction. Retractable septa allowed 
the device to acquire PET data in either two-dimensional (2D) or three-dimensional 
(3D) mode. Within a few months, another PET/CT design (Figure 3.1) from a differ-
ent vendor appeared that had no septa and acquired data fully in 3D.8 Since no 
mechanical storage was required for retractable septa and standard PET transmission 
sources were not offered, the design was compact; the patient port was a full 70 cm 
diameter throughout and the overall tunnel length was only 110 cm. Integration of the 
control and display software allowed the scanner to be operated from a single console. 
As with these and most subsequent commercial designs, both the CT and the PET 
were clinical state-of-the-art systems. A more open-concept PET/CT with spacing 
between the CT and PET scanners has since been offered by two other vendors, 
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FIGURE 3.1. A schematic of a current PET-CT scanner design marketed by Siemens as the 
Biograph (Siemens Medical Solutions, Chicago, IL). The design incorporates a multidetector 
spiral CT scanner and an LSO PET scanner. The gantry is 228 cm wide, 200 cm high, and 
168 cm deep. The separation of the CT and PET imaging fi elds is about 80 cm. The coscan 
range for acquiring both CT and PET is up to 190 cm. The patient port diameter is 70 cm. 
(Reprinted with permission from Valk P, Delbeke D, Bailey D, et al. (eds.) Positron Emission 
Tomography: Clinical Practice. New York: Springer, 2006.)
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allowing greater access to the patient and reducing potential claustrophobic effects of 
the other designs.

The hardware integration of recent PET/CT designs has, therefore, remained rather 
minimal. The advantage is that vendors can then benefi t more easily from separate 
advances in both CT and PET instrumentation. In the past few years, spiral CT tech-
nology has progressed from single- to dual-slice, to 4, 8, 16, and, most recently, 64 
slices; in parallel, CT rotation times have deceased to less than 0.4 second, resulting 
in very rapid scanning protocols. Advances in PET technology have been equally 
dramatic, with the introduction of new, faster scintillators such as gadolinium oxyor-
thosilicate (GSO) and lutetium oxyorthosilicate (LSO), faster acquisition electronics, 
and higher resolution detectors (smaller pixels). A top-of-the-line PET/CT confi gura-
tion for cardiac applications comprises a 64-slice CT scanner and an LSO-based PET 
scanner with 4-mm pixels.

Current Technology for PET/CT

Currently 5 vendors offer PET/CT designs: GE Healthcare, Hitachi Medical, Philips 
Medical Systems, Toshiba Medical Corporation, and Siemens Medical Solutions. With 
the exception of the SceptreP3 (Hitachi Medical; Figure 3.2E), which is based on a 
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FIGURE 3.2. Current commercial PET-CT scanners from 5 major vendors of medical imaging 
equipment: (A) Discovery LS (GE Healthcare); (B) Discovery ST (GE Healthcare); (C) 
Gemini (Philips Medical Systems); (D) Biograph (Siemens Medical Solutions); (E) SeptreP3 
(Hitachi Medical Systems); (F) Aquiduo (Toshiba Medical Corporation).
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4-slice CT and rotating LSO detectors, all vendors offer a 16-slice CT option for 
higher performance, with some vendors also offering lower-priced systems with 2-, 4-, 
6-, or 8-slice CT detectors. The specifi cations and performance of the PET compo-
nents are vendor specifi c, with the Biograph HI-REZ (Siemens Medical Solutions; 
Figure 3.2D) offering the best overall spatial resolution in 3D with 4-mm × 4-mm 
LSO crystals; the original Biograph design was based on 6 mm × 6 mm LSO detectors. 
The Biograph is offered with 2, 6, 16, and now 64-slice CT scanners. The same HI-
REZ PET detectors are incorporated into the Aquiduo (Toshiba Medical; Figure 
3.2F) in combination with the 16-slice Aquilion CT scanner (Toshiba Medical); a 
unique feature of this device is that the bed is fi xed and the CT and PET gantries 
travel on fl oor-mounted rails to acquire the CT and PET data. The CT and PET scan-
ners in the Aquiduo can be moved separately, and this is the only PET/CT design in 
which the CT tilt option has been preserved. The Discovery LS, the original PET/CT 
design from GE Healthcare, combined the Advance NXi PET scanner with a 4- or 
8-slice CT (Figure 3.2A); note the size difference between the smaller CT scanner in 
front and the larger Advance PET scanner at the rear. The more recent Discovery ST 
from GE Healthcare has 6-mm × 6-mm bismuth germanate (BGO) detectors in com-
bination with a 16- or 64-slice CT scanner (Figure 3.2B); the gantry of the newly 
designed PET scanner now matches the dimensions of the CT scanner. The Gemini 
GXL (Philips Medical; Figure 3.2C) comprises 4-mm (in-plane) and 6-mm (axial) 
GSO detector pixels, 30 mm in depth; the Gemini is also an open design with the 
capability to physically separate the CT and PET scanners for access to the patient, 
as in the Aquiduo. Each vendor has adopted a unique design for the patient couch to 
eliminate vertical defl ection of the pallet (Figure 3.3) as it advances into the tunnel 
during scanning. All designs other than the SceptreP3 and the Discovery LS offer a 
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FIGURE 3.3. Four different solutions to the patient-handling system (PHS) that eliminate 
variable vertical defl ection of the pallet as it advances into the tunnel of the scanner. The 
designs include (A) a bed with a fi xed cantilever point where the entire couch assembly moves 
on fl oor-mounted rails (Biograph and SeptreP3), (B) a dual-position bed with one position for 
CT and one for PET (Discovery LS and ST), (C) a patient couch that incorporates a support 
throughout the tunnel (Gemini), and (D) a fi xed couch with the scanner traveling on fl oor-
mounted rails (Aquiduo). (Reprinted with permission from Valk P, Delbeke D, Bailey D, 
et al. (eds.) Positron Emission Tomography: Clinical Practice. New York: Springer, 2006.)
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70-cm patient port for both CT and PET, thus facilitating the scanning of radiation 
therapy patients in treatment position. While the Discovery and Gemini also offer 
standard PET transmission sources as an option, in practice most institutions use 
CT-based attenuation correction because of the advantage of low noise and short scan 
times that facilitate high patient throughput.

The Gemini, SceptreP3, Aquiduo, and Biograph designs acquire PET data in 3D 
mode only, whereas the Discovery incorporates retractable septa and can acquire data 
in both 2D and 3D mode. While the debate continues as to whether 2D or 3D acquisi-
tion yields better image quality, particularly for large patients, signifi cant improve-
ment in 3D image quality has undoubtedly been achieved through the use of faster 
scintillators and statistically based reconstruction algorithms. The scintillators GSO 
(Gemini) and LSO (SceptreP3, Aquiduo, and Biograph) result in lower rates of both 
scattered photons and random coincidences compared to BGO and offer superior 
performance for 3D whole-body imaging.

While there has, to date, been little actual effort to increase the level of hardware 
integration, there has been signifi cant effort to reduce the complexity and increase 
the reliability of system operation by adopting a more integrated software approach. 
In early designs, CT and PET data acquisition and image reconstruction were per-
formed on separate systems accessing a common database. Increasingly, functionality 
has been combined so as to reduce cost and complexity and increase reliability. 
Similar considerations of cost and complexity for the hardware may lead, in the future, 
to greater levels of integration. The likelihood is that these designs will be application 
specifi c, incorporating an 8- or 16-slice CT for oncology and a 64-slice CT specifi cally 
for cardiology.

CT-Based Attenuation Correction

The acquisition of accurately coregistered anatomical and functional images is obvi-
ously a major strength of the combined PET/CT scanner. However, an additional 
advantage of this approach is the possibility to use the CT images for attenuation  
correction of the PET emission data, eliminating the need for a separate lengthy PET 
transmission scan. The use of the CT scan for attenuation correction not only reduces 
scan times by at least 40% but also provides essentially noiseless attenuation correc-
tion factors (ACFs) compared to those from standard PET transmission measure-
ments. Since the attenuation values are energy dependent, the correction factors 
derived from a CT scan at mean photon energy of 70 keV must be scaled to the PET 
energy of 511 keV. A requirement in performing CT-based attenuation correction is 
an algorithm to scale the CT Hounsfi eld units (HU) to the photon linear attenuation 
at the PET energy.

Scaling algorithms typically use a bilinear function to transform the attenuation 
values above and below a given threshold with different factors.9,10 The composition 
of biological tissues other than bone exhibits little variation in the effective atomic 
number and can be well represented by a mixture of air and water. Bone tissue does 
not follow the same trend as soft tissue because of the calcium and phosphorus 
content, and thus a different scaling factor is required that refl ects instead a mixture 
of water and cortical bone. The break point between the two mixture types has been 
variously set at 300 HU9 and at 0 HU.10 However, some tissue types, such as muscle 
(∼60 HU) and blood (∼40 HU), have Hounsfi eld units greater than 0 and yet are 
clearly not a water-bone mix. A break point around 100 HU would therefore appear 
to be optimal, as shown in Figure 3.4. Hounsfi eld units defi ne the linear attenuation 
coeffi cients normalized to water and thus independent of the kilovolt (peak) kVp of 
the x-ray tube. The scale factor for the air-water mix below ∼100 HU will be indepen-
dent of the kVp of the tube. This does not apply to the water-bone mixing, and 
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therefore the scale factor for bone tissue will be kVp dependent.11 The scaled CT 
images are then interpolated from CT to PET spatial resolution and the ACFs gener-
ated by reprojection of the interpolated images.

Both these algorithms perform well in transforming the CT values to 511 keV linear 
attenuation values; the differences between them have relatively little effect on the 
PET emission images. A low-dose CT scan may be performed purely for the purpose 
of attenuation correction, although experience in the oncology fi eld suggests that the 
full benefi t of the PET/CT device is obtained when both CT and PET scans are per-
formed, as far as possible, to the individual standards of each modality. For CT, this 
will typically involve the administration of a CT contrast agent. Many thousands of 
PET/CT scans have now been performed for oncology patients in the presence of 
intravenous and oral CT contrast, and experience has shown that contrast administra-
tion does not generally cause a problem that could potentially interfere with the 
diagnostic value of PET/CT, except in well-understood instances of undiluted boluses 
of contrast being present.

A potentially more serious artifact in PET/CT studies arises from patient motion. 
The breathing protocol that is preferred for CT exams of the thorax, full-inspiration 
breath hold, is not suitable for performing accurate attenuation correction of the 
PET data. Since the duration of the PET scan extends over many breathing cycles, 
the PET data represent an average over the normal breathing cycle. The position of 
anatomical structures with breath hold at full inspiration is maximally displaced from 
the mean position as seen during the PET acquisition. The experience in oncological 
PET/CT studies has led to CT protocols that employ shallow breathing or partial-
inspiration breath hold as the preferred CT protocol for PET/CT imaging. Neverthe-
less, there still remains the possibility of artifacts due to patient motion being 
introduced into the PET images in PET/CT studies using CT-based attenuation 
correction.

In the case of cardiac imaging, the issues in performing CT-based attenuation cor-
rection are essentially the same as for oncological studies, namely, misregistration and 
patient motion, and the incorrect energy scaling of foreign objects in the body includ-
ing metal and CT contrast agent.12 However, the need to perform accurate attenuation 
correction in cardiac PET/CT imaging is greater than in oncological PET/CT applica-
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FIGURE 3.4. The bilinear scaling function used to convert CT numbers to linear attenuation 
values at 511 keV. The graph shows the linear attenuation coeffi cient at 511 keV as a function 
of the corresponding CT value (HU), based on measurements made with the Gammex 467 
electron-density CT phantom using tissue-equivalent materials. The separation between soft 
tissue (air-water mixing model) and bonelike tissue (water-bone mix) is around 100 HU. 
(Reprinted with permission from Valk P, Delbeke D, Bailey D, et al. (eds.) Positron Emission 
Tomography: Clinical Practice. New York: Springer, 2006.)
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tions, since even small deviations from normal cardiac uptake patterns may have 
clinical signifi cance. This has given rise, for example, to specifi c studies of the effect 
of metal artifacts in the context of cardiac imaging. This is highly relevant due to the 
possibility of cardiac patients presenting with pacemakers, implantable cardiac defi -
brillators (ICDs), and cardiac prostheses. In particular, increasing numbers of patients 
with ICDs in place are anticipated, due to the expanding indications for these devices13

as the effect of their prophylactic use in reducing patient mortality continues to be 
established.14

It is well known from oncology imaging that metal objects such as dental fi llings, 
hip prostheses, and chemotherapy ports, as well as boluses of contrast, can potentially 
introduce focal artifacts into the PET images.15–17 It is therefore expected that for 
cardiac imaging, implanted devices may cause artifacts in the PET images.18 DiFilippo 
and Brunken19 specifi cally address this issue in a study of the effect of pacemaker and 
ICD leads, concluding that the shocking coils in ICD leads can result in artifacts at 
the level of a few tens of percent in myocardial uptake, depending critically on the 
exact placement of the leads.

Additionally, DiFilippo and Brunken19 propose a robust protocol for CT-based 
attenuation correction in which a “slow CT” is acquired that averages cardiac 
motion over the scan duration. However, as with oncology PET/CT scans, if the CT 
is to be acquired for clinical purposes, such procedures as a slow CT scan do not meet 
the requirements of standard radiology protocols. In such protocols, the objective is 
to “freeze” cardiac motion rather than to average it. Thus, a standard cardiac CT 
protocol may not be optimal for CT-based attenuation correction. Similar consider-
ations apply to respiratory motion. One approach to account for such movement is to 
acquire a CT scan that actually records respiration and cardiac motion, resulting in a 
sequence of time-dependent [four-dimensional (4D)] images. Existing CT reconstruc-
tion algorithms capable of generating 4D cardiac motion have been applied in the 
context of radiotherapy treatment planning to produce 4D CT images of respiratory 
motion.20

In the absence of gating, the PET acquisition, as a consequence of the lengthy scan 
duration, unavoidably averages over many cardiac and respiratory cycles. The poten-
tial to perform cardiac-gated PET is well-known, and respiratory gating of the PET 
acquisition for PET/CT imaging has also been studied.21 Thus, in combination with 
4D CT that maps cardiac and respiratory motion, each gated PET image could be 
properly attenuation corrected using the appropriate set of time-dependent CT images. 
This approach may be the future of cardiac PET/CT imaging.

Protocols that address motion are of particular interest for PET/CT due to the 
emergence of specifi c applications in cardiology. As previously with PET-only scan-
ners, PET/CT may be used to evaluate myocardial perfusion and metabolism (viabil-
ity), with a low-dose “slow CT” for attenuation correction. However, the true appeal 
of PET/CT for cardiology is as a one-stop shop for diagnosing coronary artery 
disease.22,23 For such a protocol, the CT exam is performed according to current 
cardiac CT protocols requiring a gated CT reconstruction or a fully 4D acquisition; 
contrast is administered in the case of CT angiography. The objective with the CT 
acquisition is to obtain the best diagnostic quality and not to minimize artifacts due 
to the CT-based attenuation correction procedure. Conversely, the objective of the 
slow-CT protocol is to minimize the artifacts; thus, the use of such images for diag-
nostic purposes may be problematic because of mismatch of the heart wall between 
CT and PET.24 A possible solution is to acquire fully gated CT and PET image sets 
and match the corresponding phases. In the absence of such a complete mapping of 
the motion, the position of the heart wall in the CT image may be shifted using the 
uncorrected PET image as a guide prior to performing CT-based attenuation correc-
tion.25 Thus, for the reasons given above, the application of PET/CT technology in 
cardiology will likely result in more refi ned protocols for performing CT-based attenu-
ation correction.
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PET/CT Protocols

Data-acquisition protocols for PET/CT can, depending on the study, be relatively 
complex, particularly when they involve both a clinical CT and a clinical PET scan, 
with or without cardiac and respiratory gating. Over the past 5 years, since the tech-
nology fi rst became commercially available, the initial rather simple and basic PET/
CT protocols have been progressively refi ned for cardiac applications, although it will 
be a while before they become as well established as the corresponding protocols for 
cardiac CT. Issues of respiration, contrast media, operating parameters, scan time, 
optimal injected dose of 18F-fl uoro-deoxy-D-glucose (FDG), and others must be care-
fully addressed before defi nitive PET/CT protocols for specifi c clinical applications 
emerge. Nevertheless, there are certain generic features to the protocols, as shown 
schematically in Figure 3.5.

Depending on the specifi c acquisition methodology (2D or 3D), an injected dose 
of 10 to 20 mCi of FDG is administered followed by a 60-minute uptake period. As 
mentioned above, the Discovery series (Figures 3.2A and 3.2B) incorporates retract-
able septa and can acquire PET data in either 2D or 3D mode. The remaining designs 
in Figure 3.2 do not incorporate septa and acquire data fully in 3D. For the Discovery 
PET/CT scanners, the recommended acquisition mode for PET cardiac scanning is 
2D with septa extended. Following the 60-minute uptake period, the patient is posi-
tioned in the scanner with arms raised, and a topogram is acquired for 256 mm starting 
at the sternal notch (Figure 3.5A). A fi eld of view corresponding to a single PET bed 
position (around 16 cm) is defi ned on the topogram and a spiral CT acquired for the 
selected fi eld of view; a 16-slice CT scanner takes less than 10 seconds to acquire the 
16-cm fi eld of view (Figure 3.5B). Upon completion of the spiral CT scan, the patient 
couch is advanced into the PET scanner (Figure 3.5C); depending on the scanner 
design and preferred methodology, the emission data are then acquired in 2D or 3D 
for 10 to 15 minutes. Reconstruction of the CT images occurs in parallel with the 
acquisition of the PET data, allowing the calculation of scatter and attenuation cor-
rection factors to be performed during the PET acquisition. The CT-based attenuation 
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FIGURE 3.5. A typical imaging protocol for a combined PET/CT study that includes (A) a 
topogram, or scout, scan for positioning, (B) a spiral CT scan, (C) a PET scan over the same 
axial range as the CT scan, (D) the generation of CT-based ACFs, (E) reconstruction of the 
attenuation-corrected PET emission data using Fourier rebinning (FORE)27 and Attenuation-
Weighted Ordered-Subset Expectation Maximization (AWOSEM)28, and (F) display of the 
fi nal fused images. (Reprinted with permission from Valk P, Delbeke D, Bailey D, et al. (eds.) 
Positron Emission Tomography: Clinical Practice. New York: Springer, 2006.)
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correction factors are calculated as described in the previous section (Figure 3.5D), 
and once the PET acquisition is completed, PET reconstruction commences (Figure 
3.5E). PET data acquired in 2D are reconstructed with a 2D iterative reconstruction 
algorithm such as Order-Subset Expectation Maximization (OSEM),26 whereas 3D 
data are fi rst rebinned to 2D data sets using Fourier rebinning27 followed by a 2D 
iterative reconstruction algorithm.26 Within a few minutes of the completion of the 
PET acquisition, attenuation-corrected images are reconstructed and available for 
viewing, automatically coregistered with the CT scan by simply accounting for the 
axial displacement between the CT and PET imaging fi elds of view (Figure 3.5F). 
The fused image is displayed as a combination of the individual CT and PET image 
pixel values vCT and vPET, respectively. Using an α-blending approach, the fused image 
pixel value (v) is given by αvCT + (1 − α)vPET; for α = 0, the fused image is PET, while 
for α = 1 the fused image is CT. Obviously, for 0 < α < 1, the fused image represents 
a weighted blending of pixel values of CT and PET.

While it is not feasible with current designs to acquire the CT and PET data simul-
taneously, scan times have been reduced signifi cantly by the replacement of the 
lengthy PET transmission scan with the CT scan. In addition, as mentioned previously, 
the introduction of new PET technology such as faster scintillators (LSO and GSO) 
can potentially reduce the emission acquisition time.

In addition to the issues related to respiration and contrast, a topic of ongoing 
debate is the clinical role of the CT scan. The decision to acquire a clinical gated 
cardiac CT scan depends on many factors, including whether such a scan was ordered 
by the referring physician and whether the patient has recently been subjected to a 
full clinical CT scan. Obviously the decision will dictate the protocol and the param-
eters of the CT scan. Increasingly, as PET/CT becomes established in clinical routine, 
the acquisition of both a clinical CT scan and a clinical PET scan should become 
standard practice. In addition, in the spirit of a one-stop shop, there may be complex, 
cardiac-specifi c protocols, as outlined in Chapter 16.

Finally, while there are many technical reasons to prefer the combined PET/CT 
approach over software image fusion, the convenience to both patient and physician 
should not be underestimated. For the patient, one appointment and a single scan 
session are required to obtain complete anatomical and functional information related 
to his or her disease. For the physician, the potential to have accurately registered CT 
and PET images available at the same time and on the same viewing screen offers 
unique possibilities.

Summary Points

• Even though combined PET/CT scanners have been in production for only 5 years, 
the technology is undergoing rapid evolution. For PET, the introduction of new 
scintillator materials, detector concepts, and electronics is resulting in performance 
improvements in count rate, spatial resolution, and signal-to-noise ratio. At the 
same time, the increasing number of detector rows and reduction in rotation time 
are transforming cardiac CT performance. The combination of high-performance 
CT with high-performance PET is a powerful imaging platform for the management 
of cardiovascular disease.

• The cardiologist may daily see a wide range of pathology. The pathology may have 
been present at birth or may have been brought on by lifestyle factors or environ-
mental toxins. No matter what clinical conditions are being treated, they all have 
associated anatomical, functional, or biochemical abnormalities, and it may be 
extremely diffi cult to separate cause from effect. Thus, a single technology that will 
provide rapid anatomical and biochemical information is needed.

• Dual-modality imaging technology continues to progress at a rapid rate. The inter-
est in this imaging technology is also increasing rapidly among physicians who are 
directly responsible for treating patients with cardiovascular disease. This dual 
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modality will permit measurements of energy substrate utilization, neuronal integ-
rity, and markers of infl ammation and cell death; high-resolution rapid CT scanners 
provide anatomical, angiographic, and dynamic measurements to further enhance 
cardiac assessment. Debates may continue, but to physicians who direct heart, lung, 
and vascular institutes or pain centers, PET/CT may be a breakthrough in manag-
ing cardiovascular disease.
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This chapter focuses on several applications of tracer-kinetic methods to PET imaging 
of the heart. It will be useful, fi rst, to review some general, basic principles of com-
partment analysis that have been well described by several other authors.1–3 This 
review emphasizes the most important underlying assumptions and requirements for 
obtaining accurate quantitative measurements of myocardial perfusion or metabolism 
from dynamic PET image data. The review is followed by descriptions of several dif-
ferent tracer-kinetic techniques that have been used for imaging tissue perfusion, 
viability, and oxygen consumption, using a variety of radiolabeled tracers.

Basic Principles of Compartment Analysis

Review of Tracer-Kinetic Concepts

A compartment represents a unique biochemical state of a certain type of tissue, for 
example, myocardium that is being labeled with a tracer. The compartment is gener-
ally represented as a rectangular box, such as that shown in Figure 4.1. Arrows may 
be drawn to or from one or more compartments to represent active or passive trans-
port of a given “indicator” (in our case, a radioactive tracer) from blood into a tissue 
compartment, or from one state of the tissue into another. As we shall see, the arrows 
and boxes are useful for describing mathematical models of the dynamic behavior of 
a radiotracer as it appears in each of the different compartments. The single tissue 
compartment of Figure 4.1 might provide, in some cases, a reasonable model for 
describing tissue blood fl ow (perfusion), depending on the biomolecular properties 
of the radiotracer. For our purposes, the box could represent myocardial tissue being 
perfused from the coronary arterioles.

A given radiopharmaceutical may be transported actively or passively across the 
capillary membranes into the myocardium with a speed characterized by a “rate 
constant,” K1. Once inside the myocardial tissue, the radiolabeled indicator molecules 
may be bound to cell-surface membranes, or even trapped within the cells, by one or 
more different mechanisms. These states are sometimes represented as two or more 
distinct compartments. It is important to realize that different tracer compartments 
are generally not separated spatially; that is, the tracer in a single organ—or even in 
a region of an organ as small as a PET voxel—can exist in several different biomo-
lecular states simultaneously. The different states can be evaluated only through 



4 Principles of Quantitation in Cardiac PET 47

careful measurements of the dynamics of tracer accumulation in and/or washout from 
a volume of interest (VOI). If the indicator is trapped very strongly in the tissue, the 
binding is essentially irreversible, which means that the tracer cannot leave the tissue 
and cross back into the blood. On the other hand, some tracers are bound less strongly 
within the tissue, in which case the binding is at least partially reversible, so the tracer 
can leave the tissue and return to the circulation with a rate constant, k2. The use of 
a diffusible tracer, such as radiolabeled water, leads to a high value of k2.

By convention, an uppercase symbol is used for K1, which is defi ned with units of 
tissue perfusion, that is, milliliters of blood per minute per gram of tissue. On the 
other hand, k2 and other rate constants associated with multicompartment models are 
written in lowercase as a reminder that they have an interpretation somewhat different 
from that of K1; these are most commonly expressed simply in units of inverse time 
(e.g., min−1). The rate, J, at which radioactivity leaves the blood to accumulate within 
a given mass of tissue (also called the “tissue fl ux” of the tracer) depends linearly on 
the concentration of the radiotracer in the arterial blood supply, CA. K1 is, in fact, the 
constant of proportionality in this relationship.

 J = K1CA. (1)

J can also be shown, by the Fick principle (e.g., Lassen and Perl), to be equal to the 
difference between the arterial fl ux into the tissue and the venous fl ux out of the 
tissue,

 J = F · CA − F · CV = F · (CA −CV), (2)

where F is the blood fl ow (in mL/min/g of tissue), CA is the arterial blood concentra-
tion of the indicator (e.g., in Bq/ mL), and CV is the venous concentration. Clearly, 
then, the net tissue fl ux of radioactivity has units of Bq/min/g.

The unidirectional fi rst-pass extraction, E, is defi ned as the fraction of tracer that 
moves from the capillaries to the extravascular space in the tissue of interest on a 
single pass through the local blood vessels. This extraction is, in turn, equivalent to 
the fraction of tracer disappearing from the microvasculature between the adjacent 
arterial and venous capillaries,

E
C C

C
A V

A

= −( )
. (3)

Equations 2 and 3 may be combined to express the rate of accumulation of tracer in 
the tissue, as the product of fl ow, extraction fraction, and arterial blood tracer 
concentration,

 J = K1CA = (F · E)CA, (4)

which demonstrates that the rate constant, K1, can simply be interpreted as the 
product of blood fl ow and the unidirectional fi rst-pass extraction fraction,

FIGURE 4.1. A single-tissue-compartment model. 

coronary
microvasculature

myocardium

K1

K2



48 Part I Instrumentation and Principles of Imaging

 K1 = F · E. (5)

It is interesting to consider the values of K1 expected for different kinds of tracers. 
With the assumption that capillaries are cylindrical in shape, Renkin4 and Crone5

modeled the extraction fraction in terms of capillary permeability, P, surface area, A,
and blood fl ow, F, as

E
PA
F

= − −⎛
⎝⎜

⎞
⎠⎟

1 exp (6)

If the capillary permeability of a particular tracer is small, such that PA << F, then 
this extraction fraction may be approximated by E ∼ PA/F. It can then be seen from 
equation 5 that, under such conditions, K1 is approximately equal to the product of 
capillary permeability and surface area and is thus independent of fl ow. At the other 
extreme, if the permeability is very high for some other tracer, then its extraction 
fraction would be close to unity (i.e., 100% extraction); in this case, the rate constant, 
K1, is equal to the blood fl ow, F, so such a tracer could be used directly to measure 
regional tissue perfusion.

Single-Compartment Dynamics for an Arbitrary Arterial Input Function

Consider the single-tissue-compartment model of Figure 4.1. The net fl ux of tracer 
accumulation in or washout from the myocardium, which is the time derivative of the 
tissue concentration, CT, will depend on both rate constants K1 and k2 as well as on 
the values of activity concentration in the blood and myocardium:

J
dC
dt

K C k Cnet
T

A T= = −1 2 . (7)

The fi rst term on the right side of this equation represents an increase in tracer activity 
moving from the blood to the tissue, while the second term represents a loss of tracer 
from the tissue back to the blood. If an ideal (instantaneous) bolus of blood activity 
with concentration CA arrives at time t = 0, the solution to this differential equation 
can be shown to be

 CT(t) = K1CAe−k2t; (8)

that is, the blood activity bolus leads to an instantaneous increase in the tissue activity 
concentration from 0 to K1CA, followed by an exponential decay with rate-constant 
k2, representing washout of the tracer from the tissue. Because equation 8 is valid for 
an ideal bolus input, the system’s so-called impulse response function (IRF) to the 
bolus of concentration, CA, is seen to be simply

 IRF(t) = K1e−k2t. (9)

What if the arterial input function is more complex than a simple bolus, as it always 
is in clinical practice? For any compartment model, it may be shown that if the tissue 
activity concentration depends only linearly on the arterial blood activity concentra-
tion, then the solution of the model equation can be represented as a convolution of 
the arterial input function with the impulse response function. This statement can 
perhaps be made more intuitive if one considers that any input function can be rep-
resented as a sum of discrete boluses, each arriving at a slightly different time and 
characterized by a different amplitude (activity concentration). For a linear system, 
the net response should then be given by the sum of the time-shifted impulse response 
functions arising from each discrete bolus of activity, scaled by the magnitude of the 
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arterial input function. This mathematical form is, in fact, the defi nition of a convolu-
tion of CA with IRF:

C t C t IRF t t C t IRF tt A
t

A( ) = ′( ) − ′( ) ≡ ( )∗ ( )
′

∑ (10)

In quantitative PET studies, CA(t) is often measured by obtaining many blood samples 
from the radial artery during and after the injection of the radiolabeled tracer in a 
vein on the contralateral arm; the function CA(t) is normally completed by using a 
smooth mathematical interpolation between the times when arterial blood was 
sampled. Less invasive (and less accurate) input functions are sometimes utilized by 
drawing samples of arterialized venous blood from a vein in the hand.

To measure the tissue time-activity curve (TAC), PET data are acquired dynami-
cally during and after injection of a radiolabeled tracer. The independently measured 
arterial input function is then used when fi tting the tissue TAC to a compartment 
model, such as that described above by equations 9 and 10, to determine the kinetic 
parameters of interest, for example, K1 and k2. Because the kinetic parameters can 
vary with location, one usually defi nes regions or volumes of interest within the recon-
structed PET slices; the tissue count data extracted from each region are then sepa-
rately fi tted to the model equation. Depending on the level of statistical noise in the 
PET images, it may also be possible to fi t the dynamic data separately in each voxel 
to obtain high-resolution parametric images representing the detailed spatial distribu-
tion of one or more parameters of interest.

Assumptions and Requirements

Most tracer-kinetic models depend on several assumptions. First, each compartment 
is assumed to be well mixed and homogeneous in its tracer distribution throughout 
the experiment. This assumption is often satisfi ed only approximately, especially at 
earlier times, that is, shortly after the tracer is introduced to the system. At later times, 
activity concentration gradients are generally smaller within the compartments of 
interest. Second, in each compartment, the tracer concentration should be low enough 
that it cannot signifi cantly perturb the system being studied. For most radiopharma-
ceuticals, this tracer principle is well satisfi ed, because the number of carrier mole-
cules is generally very small in comparison with the number of cells being labeled. 
However, in certain receptor-imaging studies, for example, it may be possible to satu-
rate or partially saturate the target receptors, which would violate the assumption that 
the underlying physiologic mechanisms behave in a steady-state fashion and would 
therefore require a modifi cation of the model.

The tracer-kinetic model assumptions, when taken with some other practical con-
siderations, allow us to defi ne several requirements for achieving success in tracer-
kinetic studies. First, an appropriate tracer should be selected for making the required 
measurement. For example, if one wishes to measure regional perfusion, one should 
not use a tracer with a very low value of capillary permeability, as discussed above. 
Second, the mathematical model being used to fi t the time dependence of the mea-
sured data should be consistent with the underlying mechanisms of tracer delivery to 
and washout from the tissues of interest. As we shall see shortly, a single-tissue-
compartment model may provide a very useful approximation for fi tting the measured 
dynamic tissue data; however, if the underlying physiologic processes are better rep-
resented by a 2-compartment model, then the use of such a model should result in 
improved accuracy of the estimates of the tracer-kinetic parameters of interest—even 
though this may occur at a cost of worse precision (i.e., less reproducible estimates of 
the parameters) because there are additional unknown parameters to be determined 
in more complex compartment models. Finally, both the arterial input function and 
the tissue TACs should be measured with as high a degree of accuracy and precision 
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as possible, subject to the usual constraints of scan protocols: patient comfort, scan 
time, and radiation dose.

For a variety of reasons, cardiac PET imaging can generally satisfy the last of 
these requirements very well. The heart easily fi ts within the axial fi eld of view 
(FOV) of most modern PET scanners, which means that the entire heart can be 
imaged at all desired time points in a dynamic acquisition. Furthermore, because the 
left ventricle contains arterial blood and is relatively large—at least in comparison 
with the arteries supplying blood to other tissues of the body—it may be possible 
to reliably extract arterial input functions directly from the dynamic cardiac PET 
images. In fact, for myocardial imaging, the shape of an input function derived from 
a radial artery blood sample is degraded more by time delay and dispersion than 
that obtained from images of the left ventricle or atrium. Image-based determination 
of input functions is addressed in greater detail in the section on rubidium-82 (82Rb) 
perfusion imaging. Finally, both the accuracy and the precision of PET images 
reconstructed with full corrections for scatter and attenuation are generally better 
than those of SPECT images, for example. Improved accuracy and precision of 
images translate directly into more accurate and precise estimates of all tracer-kinetic 
parameters of interest. SPECT is also faced with the additional serious challenge that 
the biodistribution of the radiotracer will be changing while the gamma camera(s) 
rotate to obtain a complete set of projection data for each desired acquisition time. 
This can lead to signifi cant inconsistencies between projections, resulting in image 
artifacts, whereas dedicated PET scanners acquire all angular projection data 
simultaneously.

In the remainder of this chapter, we describe several existing PET techniques 
for the assessment of myocardial perfusion, viability, and oxygen consumption. The 
methods described make use of a variety of positron-emitting radionuclides and 
tracers, and the dynamic scan data can be represented using one or more of 
several different underlying compartment models and, in some cases, approximate 
models.

Quantitative Imaging of Myocardial Perfusion

15O-Water

A positron-emitting radionuclide, oxygen-15 (15O) has a half-life of 2.04 minutes. 
Water can be labeled with 15O to form H2

15O, a highly diffusible tracer. Soon after 
injection, equilibrium between the 15O concentration in myocardial tissue and that in 
the venous blood is achieved; the ratio between the tissue concentration, CT, and the 
venous blood concentration, CV, is called the “partition coeffi cient” or, equivalently, 
the “volume of distribution.” For the single-tissue-compartment model, we can use 
the defi nition of net tissue fl ux as the time derivative of the tracer concentration in 
tissue, along with the partition coeffi cient relation, λ = CT/CV, to rewrite equation 2 
for the case of a highly diffusible tracer, such as 15O-water:

dC
dt

F C C F C
CT

A V A
T= −( ) = −⎛

⎝⎜
⎞
⎠⎟λ
. (11)

Although the partition coeffi cient, λ, is a unitless ratio, it is often referred to as the 
volume of distribution because it is equivalent to the volume of blood that would have 
the same activity as that found at equilibrium in a unit volume of tissue.

The solution to equation 11 is the following convolution:

C t FC t
Ft

T A( ) = ( )∗ −⎛
⎝⎜

⎞
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exp .
λ

(12)
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It may be observed that this equation has the mathematical form expected for a single-
tissue-compartment model. By comparing equation 12 with equations 9 and 10, we 
see that, for a highly diffusible tracer such as 15O-water, K1 = F, implying 100% extrac-
tion of the tracer, and k2 = F/λ. In dog studies, Bergmann et al6 reported a very high 
unidirectional fi rst-pass extraction fraction (almost unity) for 15O-water. These authors 
used a slightly different model, following Kety,7 to account for observations that water 
does not behave like an ideal freely diffusible tracer under all conditions; that is, 
there are some biochemical environments that partially restrict the free diffusion 
of water.

In 15O-water PET studies, it is diffi cult to separate the blood activity from the myo-
cardial tissue images. Blood-count contamination of the tissue compartment is attrib-
utable to 2 factors: fi rst, activity from the left ventricular blood is blurred into the 
myocardial wall because of the fi nite spatial resolution of the PET imaging system, 
and, second, the myocardium itself is directly perfused by arterial blood, so a fraction 
of the myocardial volume is occupied by arteries and arterioles. Two different 
approaches have been used to correct for this complication. Some investigators, for 
example, Bergmann6 and Huang,8 have subtracted labeled blood-pool images (working 
with either reconstructed images or sinogram projections) from the corresponding 
15O-water data. This can be accomplished by acquiring an initial PET image while 
the subject breathes C15O (or carbon-11 oxygen [11CO]) to perform in vivo labeling of 
red blood cells. When the labeled carbon monoxide has decayed away, 15O-water 
dynamic data are acquired, after which a fraction of the C15O image data is subtracted 
from each 15O-water acquisition. The scale factor used for subtraction is computed as 
the ratio of the H2

15O blood activity concentration during each dynamic acquisition 
to the average C15O blood concentration during the blood-pool image study.

Because of possible subject motion between scans, it can be diffi cult to obtain high-
quality 15O-water images with the blood-pool contribution adequately removed. Other 
investigators, for instance, Iida et al,9 proposed instead to model the measured tissue 
TAC as the sum of a tissue contribution from equation 12 and a blood contribution 
obtained from the measured arterial blood curve, CA(t), scaled by an additional 
unknown parameter, which corresponds to the fraction of blood-pool activity observed 
in the myocardium. Lammertsma et al10 found that this approach was more accurate 
than the image subtraction approach based on labeled carbon monoxide imaging. A 
similar technique, in which a partial-volume correction was additionally included to 
“recover” the activity blurred outside the myocardial wall, was validated in a phantom 
experiment described by Herrero and colleagues.11

13N-Ammonia

Background

Ammonia, labeled with the positron emitter nitrogen-13 (13N; half-life = 10 minutes), 
has been extensively utilized as a perfusion indicator for PET imaging. This tracer is 
characterized by a high extraction fraction and is partially trapped in myocardial 
tissue. Schelbert et al12 demonstrated in open-chest dog experiments that the uptake 
of 13N-ammonia correlated nonlinearly with regional myocardial blood fl ow; a dou-
bling of fl ow led to an ∼70% increase in tracer uptake. In an isolated perfused rabbit 
heart model, Bergmann et al13 studied the dependence of myocardial uptake on 
various metabolic factors; this and other work14 demonstrated that the inhibition of 
glutamine synthetase with L-methionine diminished the metabolic trapping of 13N-
ammonia, indicating that the glutamic acid–glutamine reaction was primarily respon-
sible for ammonia fi xation in myocardial tissue, although other metabolic reactions 
also take place. In blood, NH3 exists primarily in the ionic form, NH4+. When NH4+
enters the extravascular space, it is converted back to NH3. Because of its lipid solubil-
ity, NH3 diffuses across cell membranes, where it can then be metabolically trapped 
by conversion to 13N-gluatamine.
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Schelbert et al14 also reported that their data did not agree perfectly with the 
Renkin-Crone model of capillary permeability; their measurement of the unidirec-
tional fi rst-pass extraction fraction, E′, was best fi tted to the functional form,

 E′ = 1 − e−(103+2.3F)/F, (13)

where F, in this case, was reported in units of mL/min/100 g of tissue. By comparison 
with the form of equation (6), it may be seen that the surface area–permeability 
product for 13N-ammonia appears to increase slightly with increasing fl ow. These 
authors and others have remarked that this phenomenon could be related to additional 
capillary recruitment that might accompany an increase in blood fl ow, thereby increas-
ing the capillary surface area available for transport of the tracer to the extravascular 
space.

2-Compartment Model

Krivokapich et al15 evaluated myocardial imaging of 13N-ammonia in normal volun-
teers at rest and under exercise conditions. These authors used a model consisting of 
a freely diffusible 13N-ammonia space (vascular plus extravascular), coupled to a 
metabolically trapped compartment through the forward rate constant, K1, with a 
reverse rate constant, k2. When fi tting only the fi rst 90 seconds of the blood and tissue 
TACs—in order to reduce possible overestimation of the true 13N-ammonia input 
function by contamination from metabolites (13N-labeled compounds other than 13N-
ammonia)—the researchers obtained average perfusion rates of 0.75 ± 0.43 mL/min/g 
at rest, and 1.50 ± 0.74 mL/min/g with exercise, and the average increase in perfusion 
(coronary fl ow reserve) was 2.2, which was considered by the authors to be reasonably 
representative of the coronary fl ow reserve expected from considerations of the 
average “double product” measured during exercise.

3-Compartment Model 

Hutchins et al16 proposed the use of the 3-compartment model shown in Figure 4.2. 
Their model was developed under the assumptions that (1) 13N-ammonia behaves 
like a freely diffusible tracer at the capillary-myocardial tissue interface, (2) 13N-
ammonia is converted to 13N-glutamine by glutamine synthetase and is, essentially, 
trapped within the myocardial tissue, (3) the extracellular and intracellular 13N-
ammonia concentration values rapidly equilibrate, and (4) the available glutamine 
synthetase level remains, essentially, unchanged throughout the study, so that the 
probability of converting an ammonia molecule in the tissue to glutamine remains 
constant.

If we defi ne the activity concentration of the 13N-ammonia in the extravascular 
compartment to be CE(t) and the concentration of 13N-glutamine in the metabolically 
trapped compartment to be CM(t) then the differential equations describing the rate 
of change of these concentration variables (assuming correction for the physical decay 
of 13N) are given by

N-ammonia
in blood

  N-ammonia
extravascular

K1
13 13     N-glutamine

metabolically
bound

13

K2

K3

FIGURE 4.2. A 3-compartment 13N-ammonia model used by Hutchins et al.16 (Reprinted with 
permission from The American College of Cardiology Foundation.)
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dC t
dt

K C t k C t k C tE
A E E

( ) = ( ) − ( ) − ( )1 2 3 (14)

and

dC t
dt

k C tM
E

( ) = ( )3 (15)

The total regional tissue activity concentration, measured at different times on the 
dynamic PET images, results from the sum of the values of activity concentration in 
the extravascular and metabolic compartments, CT(t) = CE(t) + CM(t). By solving dif-
ferential equations (14) and (15), the total tissue activity concentration as a function 
of time can be shown to be given by the convolution:

C t C t
K

k k
k e kT A

k k t( ) = ( )∗
+

+⎡⎣ ⎤⎦
− +( )1

2 3
2 3

2 3 (16)

In their model equations, Hutchins et al16 also assumed that the measured tissue TAC 
would contain contributions from both myocardium and blood, and they used an 
approach, similar to that described above for the analysis of 15O-water data, to fi t for 
the blood fraction in addition to the kinetic parameters. The resulting form used to 
model the measured PET activity concentration, CP(t), is

 CP(t) = (1 − fA)ρTCT(t) + fACA(t), (17)

where fA is the additional fi tting parameter, interpreted as the fraction of the measure-
ment volume occupied by arterial blood (arising both from vascularized tissue and 
from resolution blurring of blood-pool counts into the myocardium), and ρT is the 
physical density of the tissue, needed to convert tissue concentration units, Bq/g, to 
Bq/mL, for consistency with the units of arterial blood concentration.

In the same paper, the researchers also evaluated the performance of this tracer-
kinetic model both with and without correction for 13N metabolites in the arterial 
input function. When fi tting dynamic data acquired over 10 minutes to their 3-
compartment model, they determined that the metabolite correction altered the fi tted 
values of K1 and k2 by less than 10%; however, k3 changed by more than a factor of 2 
when this correction was used. Coronary fl ow reserve (CFR) was found to be, essen-
tially, unchanged by metabolite correction. Myocardial blood fl ow, as indicated by the 
fi tted rate-constant, K1 (which assumes 100% extraction) averaged 88 ± 17 mL/min/
100 g at rest and increased to 417 ± 112 mL/min/100 g after dipyridamole infusion 
(0.56 mg/kg) with handgrip exercise. The average CFR was 4.8 ± 1.3, which the authors 
indicated was consistent with results from other independent measurement 
techniques.17,18

Additional refi nements to the quantitative imaging of 13N-ammonia were reported 
by Kuhle et al,19 who demonstrated that corrections for the loss of myocardial tissue 
counts attributable to blurring by the nonstationary PET resolution, as well as for 
tissue-blood spillover effects, could be improved by applying these corrections to 
reoriented short-axis images, rather than to the originally acquired transaxial images. 
Hutchins et al20 later described a region-of-interest (ROI) strategy for minimizing the 
effects of resolution distortion in quantitative myocardial PET studies, demonstrating 
that biases in kinetic parameters could be signifi cantly reduced by careful placement 
of regions of interest, as well as by fi tting for a single additional parameter, which rep-
resents the fraction of the ROI that is occupied by the blood pool, as discussed above. 
This work was performed without any other explicit recovery-coeffi cient corrections 
for resolution blurring or blood-tissue cross-talk, and the approach was validated21 in 
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an open-chest dog experiment by comparison with results from microsphere-based 
fl ow measurements and with 15O-water dynamic studies. A comparison of various 
13N-ammonia tracer models was later described by Choi et al22 These researchers 
determined that myocardial blood fl ow (MBF) estimates from several different com-
partment models generally correlated well with microsphere measurements of MBF, 
and that MBF estimates obtained from the 4-parameter model were more variable 
than those from 2-parameter or modifi ed 2-parameter model.

Rubidium

Background

Rubidium-82 (82Rb) cardiac PET allows myocardial perfusion to be assessed by using 
a strontium-82 (82Sr)/82Rb column generator in clinics lacking a cyclotron to produce 
radionuclides such as 15O-water or 13N-ammonia. The short half-life of the radiotracer 
(76 seconds) makes possible rapid rest/stress paired studies within a very short time 
(∼25 minutes), allowing rest and stress imaging under virtually identical conditions 
and decreasing the total time required to scan each patient. Rubidium is a potassium 
analogue that is only partially extracted by the myocardium after a single capillary 
pass, as is the case for cationic fl ow markers such as 13N-ammonia or thallium-201 
(201Tl).23 Therefore, extraction decreases as fl ow increases.24 The extracted rubidium 
is taken up rapidly by myocardial cells, whose retention time is much greater than the 
half-life of 82Rb; therefore, it falls in the category of physiologically retained tracers 
(e.g., 13N-ammonia, 201Tl), in contrast with freely diffusible tracers (e.g., 15O-water). 
Given these characteristics, several models have been developed to describe 82Rb
kinetics. We present in this section the main models in order of increasing 
sophistication.

Extraction of 82Rb in Myocardial Tissues

The extraction of 82Rb by myocardial cells can be used to elucidate the functional 
status of myocardial tissue, and its measurement is central to the absolute quantitation 
of myocardial fl ow. As stated in the “Basic Principles of Compartment Analysis” 
section, the extraction is defi ned as the fraction of 82Rb that moves from the capillaries 
to the extravascular space in the tissue of interest on a single pass through the local 
blood vessels. From equation (5), we see that fl ow, F, is the ratio of K1 to extraction 
fraction, E. Therefore, if the extraction fraction is known, myocardial blood fl ow may 
be computed from estimates of K1 obtained from kinetic analysis. Several authors 
have measured the extraction fraction in animal models. Mullani et al25 used an open-
chest dog model to measure the extraction fraction and reported the relationship 
between extraction fraction and fl ow, E = 0.55 e−0.22F (Figure 4.3). Yoshida et al26 also 
measured the extraction fraction in open-chest dogs and reported, E = 1 − e−(0.45+0.16F)/F

(Figure 4.3). Marshall et al27 performed a similar study in excised, perfused rabbit 
hearts and found the relationship, E = −0.084931 F + 0.84145 for fl ow rates up to 
3 mL/min/g. From Figure 4.3, it can be seen that there is a reasonable agreement 
among these models over a fl ow range of interest for patients with coronary artery 
disease (CAD).

Estimation of Arterial Input Functions

Arterial input functions, which are used for most quantitative tracer-kinetic tech-
niques, can be measured invasively by arterial blood sampling, less invasively (and 
less accurately) by sampling arterialized venous blood, or noninvasively by drawing a 
VOI over the left ventricular blood pool and acquiring dynamic frames. The last 
approach has the advantage of being easy to perform, but it is affected by the blurring 
of myocardial counts into the ventricles (and vice versa) that, in turn, arise from the 
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PET camera’s limited spatial resolution (∼0.6 cm) and from motion of the beating 
heart. In addition to the VOI approach, several methods have been proposed to com-
pensate for spillover and partial volume effects based on geometrical models (e.g., 
References 28 and 29) using anatomic MR or CT imaging of the heart along with 
PET imaging. Methods like these are becoming more useful with the advent of PET/
CT and the widespread use of image-registration techniques; however, they remain 
of limited value in the absence of anatomic data because large errors in myocardial 
fl ow estimates are associated with the use of an inaccurate estimate of myocardial 
wall thickness. Other approaches (e.g., Reference 30) have aimed at estimating radio-
activity concentrations from sinogram (projection) data while compensating for the 
partial volume effect. Finally, other noninvasive methods for estimating the arterial 
input function, which are less sensitive to count spillover effects, include principal 
component analysis (PCA) and independent component analysis (ICA) (e.g., Refer-
ences 31–34), and generalized factor analysis of dynamic sequences (GFADS).35

These algorithms permit estimation of left (and, in some cases, right) ventricular input 
functions automatically without the need to draw VOI over the ventricular cavities. 
Possible diffi culties with the ICA and PCA approaches include the nonuniqueness of 
the solution and its potential lack of physiologic pertinence. These have been tradi-
tionally addressed by imposing a priori constraints on the solution. In GFADS, the 
nonuniqueness problem in dynamic cardiac PET is addressed by penalizing the spatial 
overlap of cardiac structures. After fi tting the time-varying factor model to the 
dynamic data using a least-squares objective function, a different objective function 
that penalizes spatial overlap between factor images can be minimized. This process 
preserves the results of the least-squares fi t obtained in the fi rst step, and both steps 
incorporate nonnegativity constraints on the factors, as well as on the factor images.35

The estimation of the left and right ventricular input functions should be more robust 
to noise than the manually drawn VOI method because all voxels in the data set are 
used to determine the time-activity behavior with GFADS, whereas the VOI approach 
utilizes a smaller number of voxels. This is illustrated in Figure 4.4, which shows the 
left and right ventricular input estimates from Monte Carlo simulation of a dynamic 
PET study obtained by drawing VOIs over the left and right cavities and by using the 
generalized factor analysis approach.
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model experiments. 
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The Single-Compartment Model

The simplest approach to model 82Rb kinetics is to assume a single compartment, that 
is, the myocardium, with an arterial input, characterized by fl ow F and arterial 82Rb
concentration CA(t) and a venous output, characterized by fl ow F and arterial 82Rb
concentration CV(t) (Figure 4.5).

The net fl ux of tracer in the myocardium, Jnet (in Bq/min/g), is, by defi nition, the 
time derivative of the 82Rb concentration. From equation (2), J is also equal to the 
instantaneous amount of radiotracer delivered by the arterial input minus the instan-
taneous amount of tracer leaving through venous egress. Therefore,

J
dC t

dt
FC t FC tnet

T
A V= ( ) = ( ) − ( ), (18)

where CT is the 82Rb concentration in Bq/g, and CA and CV are the arterial and venous 
concentrations of 82Rb, respectively, in Bq/mL. The fl ow, F, is expressed in mL/min/g. 
During the passage of 82Rb from the arterial to the venous capillaries, if a fraction, 
E, is irreversibly extracted by the myocardial cells, then the venous concentration of 
82Rb must be (1 – E) times the arterial concentration, CA(t); this is the key assumption 
of the 1-compartment model. Rewriting the second term of the equation as a function 
of F, CA, and the extraction fraction E yields

J
dC t

dt
EFC tnet

T
A= ( ) = ( ) (19)

By integrating over time, the relationship between fl ow and myocardial concentration 
of 82Rb is,
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The extraction fraction can be expressed in terms of fl ow using any of the relations 
determined experimentally, such as those measured in open-chest dogs presented in 
the section “Extraction of 82Rb in Myocardial Tissues”:
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Therefore, fl ow can be determined from measurements of the myocardial and arterial 
82Rb concentrations.36

The major advantage of the 1-compartment-model approach is its robustness to 
noise. Since only one parameter, fl ow, needs to be determined from the model, this 
means that fl ow can be determined with greater precision than it can when multiple 
parameters must be determined. There are also limitations to the 1-compartment 
model in 82Rb cardiac PET. The fi rst limitation is that, because the relation between 
fl ow and extraction (equation [21]) may not be constant with prolonged ischemia or 
when interventions such as reperfusion are performed, the approach must be used 
cautiously when estimating myocardial blood fl ow under these conditions.36 Further-
more, due to the relationship between extraction and fl ow, the 1-compartment approach 
was found in dog experiments to be insensitive for fl ows greater than ∼2.5 mL/min/g;36

this precludes accurate estimation of coronary fl ow reserve during pharmacologically 
induced coronary hyperemia. Another limitation of the 1-compartment model is the 
assumption that there is no egress from myocardial cells. This is generally true for 
healthy myocardial cells, where the extraction and prolonged retention of rubidium 
indicate that it behaves as a potassium analogue; however, the assumption is probably 
not accurate when the cell membrane is damaged (e.g., in regions of necrosis), because 
rubidium can leak out of the cell. Therefore, measuring the rate of egress of rubidium 
from the myocardial tissue would permit assessment of the integrity of the myocardial 
cell membrane.37

The 2-Compartment Model

As explained at the end of the previous section, damage of the cell membrane, for 
example, in regions of necrosis, allows rubidium to leak out of myocytes. Modeling the 
rate of egress of rubidium from the cells can yield important physiologic information 
about the integrity of the myocardial cell membranes after injury; however, this requires 
the use of at least a 2-compartment kinetic model. As noted in the section “Extraction 
of 82Rb in Myocardial Tissues,” rubidium is partially extracted from the blood, with 
extraction fraction E, on its fi rst pass through the myocardium. We present a simplifi ed 
2-compartment model of 82Rb (and a similar model for 13N-ammonia) fi rst proposed by 
Yoshida et al,26 and we then present the generalized 2-compartment model. The total 
82Rb activity concentration in the myocardium at time t, M(t), which is also the mea-
sured activity in a myocardial VOI drawn on cardiac PET images, is the sum of the free 
rubidium in extracellular space and trapped rubidium in intracellular space:

 M(t) = VFCF(t) + VTCT(t), (22)

where CF(t) and CT(t) are the concentrations of rubidium in the free (extracellular) 
and trapped (intracellular) spaces, and VF and VT are the myocardial volume fractions 
(mL/g) occupied by free and trapped 82Rb, respectively. The extraction fraction in this 
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2-compartment model is defi ned as the ratio of the amount of 82Rb trapped in the 
intracellular space (VTCT) to the amount delivered (fl ow times the integrated arterial 
input),

E
V C t

F C x dx

T T

t

F

= ( )

( )∫
0

, (23)

where Yoshida et al26 approximated the integral of CA(t) in the denominator by 
the corresponding integral of the 82Rb concentration in the free space. Replacing 
VTCT(t) in Equation (22) by its expression derived from the defi nition of extraction 
fraction in Equation (23), one can express the total 82Rb activity concentration in the 
myocardium at time t as:

M t FE C x dx V C t
t

F F F( ) = ( ) + ( )∫
0

, (24)

where F is the fl ow, E is the extraction fraction, VF is the free-space, or extracellular, 
volume, and CF is the concentration of rubidium in the extracellular space. The con-
centration of rubidium in the extracellular space, CF(t), can be adequately represented 
for a femoral vein bolus injection by a convolution of the arterial input function 
with a function of the form bte−at, where the parameters a and b are determined 
by fi tting the model to the measured rubidium PET data as described by Mullani 
et al25 and Goldstein et al23 The 2-compartment model (Equation [22]) can be then 
rewritten as:

M t FE C x bxe dx V C t bte
t

A
ax

F A
at( ) = ( )∗ + ( )∗− −∫

0

. (25)

The Generalized 2-Compartment Model

The 2 compartments used in rubidium kinetic modeling are the free rubidium space, 
or extracellular space, consisting of interstitial and vascular spaces, and the trapped 
rubidium, or intracellular, space.24,26,38 Another representation of the 2-compartment 
model involves explicitly including the rate constants K1 and k2. As seen in Figure 4.6, 
K1 characterizes the rate of infl ux of 82Rb into the cells, while k2 is the rate of egress 
of 82Rb from the cells (in the presence of cell membrane damage).

The 2-compartment model can be generalized by modeling spillover from the right 
ventricle into the myocardium and by modeling a spatially distributed parameter 
system, where the rubidium concentration is assumed to vary from voxel to voxel. The 
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FIGURE 4.6. A 2-compartment 82Rb model. 
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amount of radioactivity measured in a myocardial volume of interest drawn on a PET 
cardiac study is modeled as a combination of 3 contributions: the contribution from 
myocardial tissue, assumed to consist of 2 compartments, along with fractional con-
tributions from left ventricular blood and right ventricular blood.35 As reported by El 
Fakhri et al,35 modeling the right ventricle contribution yields a more stable and robust 
voxel-based kinetic parameter estimation. This model can be written as:

 Ci
T(t) = L(t) ⊗ Ki

1e−ki
2t + f i

vl(t) + ri
vR(t), (26)

where Ci
T(t) is the value of the PET-measured rubidium radioactivity in voxel i at time 

t, and L(t) is the input function (i.e., measured LV function). Ki
1, ki

2, f i
v, and ri

v are the 
kinetic parameters for voxel i. Ki

1 (mL/min/g) characterizes myocardial tissue extrac-
tion (infl ow). ki

2 (min−1) characterizes myocardial tissue egress (outfl ow), f i
v (dimen-

sionless) represents the contribution to the total voxel activity from the blood input 
function L(t), and ri

v (dimensionless) represents the contribution from the activity in 
the RV, R(t), which in general differs from the input function (Figure 4.4). Both L(t)
and R(t) can be determined by the generalized factor analysis approach, as described 
in the section “Estimation of Arterial Input Functions.”

The estimation of parametric images on a voxel-by-voxel basis yields very noisy 
images due to high levels of noise in TAC derived from single voxels. Use of a fi ltering 
approach reduces noise but can result in a degradation of spatial resolution of the 
parametric images. Another approach is to perform orthogonal grouping, that is, 3D 
grouping of voxels with a similar time course. The average TACs within the groups 
can then be used for calculation of the kinetic parameters. This approach leads to 
reduced levels of noise with minimal effects on spatial resolution.35 Figure 4.7 shows 
an example of parametric maps of myocardial tissue extraction (K1) and egress (k2)
as well as right and left ventricle contributions (f i

v, ri
v) from a dynamic resting study 

in a 93-year-old female with known CAD but normal myocardial perfusion.

r v
i f v
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k1 (mL/min/g) k2 (min–1)

FIGURE 4.7. Parametric maps of myocardial tissue extraction (K1) and egress (k2) as well as 
right and left ventricle contributions from a dynamic resting study in 93-year-old female with 
known CAD but with normal myocardial perfusion. (Modifi ed by permission of the Society 
of Nuclear Medicine from: El Fakhri G, et al., Quantitative Dynamic Cardiac 82Rb PET Using 
Generalized Factor and Compartment Analyses. J Nucl Med. 2005;46:1264–1271. Figure 4.)
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The 3-Compartment Model

The 2-compartment model can also be generalized to a 3-compartment model in 
which the extracellular compartment is divided into vascular (or capillary) and inter-
stitial spaces, since barriers for transport of rubidium are present at the level of the 
capillaries and the myocardial cell membrane.39 Therefore, the 3 compartments are 
intracellular, interstitial, and vascular. Because of the very rapid movement of rubid-
ium from the capillary space to the interstitial space, however, several authors (e.g., 
References 40, 41, 42) believe that the interstitial and vascular compartments can 
legitimately be grouped into a single compartment. Furthermore, Coxson et al con-
cluded based on numerical simulations of dynamic cardiac PET data that the 1-
compartment model can yield reasonably accurate estimates of myocardial blood fl ow 
and that the 2-compartment model can differentiate fl ow if a priori values are used 
for nonfl ow parameters.43

Comparison of Perfusion Measurement Techniques

This section summarizes the advantages and disadvantages of each of the perfusion 
tracers presented in this chapter. The reader is also referred to other comparative 
reviews of perfusion imaging techniques.44 The 3 techniques we describe, based on 
15O-water, 13N-ammonia, and 82Rb, are compared by considering both physiologic 
properties and physical effects. The physiologic properties pertain to the extraction 
of the tracer and its mechanism of uptake, while physical effects include factors infl u-
encing the accuracy and precision of myocardial blood-fl ow estimates, such as posi-
tron range, tracer half-life, and the partial-volume effect. Both 13N-ammonia and 82Rb
have been compared to 15O-water. Nitzsche et al45 evaluated 13N-ammonia and 15O-
water in 15 healthy volunteers at rest and another 15 healthy volunteers at stress and 
showed that the values of myocardial blood fl ow estimated with 13N-ammonia were 
comparable to those obtained with 15O-water. Lin et al46,47 have also shown good 
agreement between fl ow estimates obtained with 82Rb and 15O-water at rest and 
during dipyridamole stress in 11 healthy volunteers.

Physiologic Considerations

Oxygen-15 water is a metabolically inert tracer that freely diffuses across capillaries 
and myocardial cell membranes, yielding a rapid equilibrium between extravascular 
and vascular compartments. Therefore, the fi rst-pass extraction of 15O-water is close 
to unity and is independent of fl ow. However, spatial blurring of counts arising from 
the system spatial resolution and from motion of the beating heart makes it diffi cult 
to isolate myocardial activity from blood activity. As detailed in the section on 15O-
water, these limitations can be addressed by performing 2 scans and/or by additional 
image processing, but these approaches can be cumbersome and are affected by 
patient motion. As a result, it can be challenging to obtain high-quality 15O-water 
images with the blood-pool contribution adequately removed. 13N-ammonia and 82Rb, 
on the other hand, are only partially extracted by the myocardium after a single capil-
lary pass. The slightly greater fi rst-pass extraction fraction of 13N-ammonia (65% to 
70%)14,26 compared to 82Rb (60% to 65%)25,26 may not have a substantial clinical 
benefi t. For both tracers, the extraction is limited by fl ow and decreases as fl ow 
increases, and the retention of the tracer is coupled with energy-dependent trapping 
mechanisms. As a consequence, mathematical models such as those described in this 
chapter must be used to isolate the tracer delivery and tracer retention mechanisms. 
The accuracy and precision of any method used to separate these effects will depend 
on the signal-to-noise ratio (SNR) of the data, as well as on the extraction and reten-
tion properties of the tracer, and the kinetic properties of tracer delivery.48 Other 
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physiologic considerations include the potential for poor contrast studies with 13N-
ammonia in smokers due to high lung uptake. In summary, both 13N-ammonia and 
82Rb have useful physiologic properties that make them good candidates for routine 
clinical use. From an economics standpoint, 82Rb, unlike 13N-ammonia, does not 
require the presence of an on-site cyclotron for clinical use. This could prove impor-
tant in the future, since a majority of nuclear medicine clinics equipped with PET 
and/or PET /CT scanners do not have access to on-site cyclotrons.

Physical Effects

We discuss here some factors affecting image quality, as well as the accuracy and 
precision of MBF estimates: positron range, the partial volume effect, and tracer half-
life. The spatial resolution is affected primarily by the design of the PET scanner and 
by the choice of reconstruction algorithm. Although the intrinsic spatial resolution is 
the same for all studies, the reconstructed spatial resolution is also affected by the 
positron range of the radionuclide being imaged, that is, by the distance between the 
location of the positron decay and that of the positron’s annihilation with an electron. 
The positron range depends on the energy of the emitted positron and varies greatly 
with the tissue in which the positrons are propagating. For example, the full width at 
half maximum (FWHM), which characterizes the loss of spatial resolution attribut-
able to positron range, is 0.33 mm, 0.41 mm, and 0.76 mm, respectively, for 15O, 13N,
and 82Rb in soft tissues, and an even wider disparity is seen in the full-width at tenth-
maximum (FWTM), that is, on the “tails” of the point-spread function. In lung 
tissues, the FWHM values become 0.62 mm, 0.86 mm, and 1.43 mm.49 Clearly, 82Rb is 
at a disadvantage in terms of loss of spatial resolution due to positron range. The 
greater loss of spatial resolution leads, in turn, to increased underestimation of myo-
cardial activity attributable to increased spillover from the relatively thin myocardial 
wall into the cavity. This phenomenon is commonly referred to as the partial-volume 
effect.

The relative statistical noise (standard deviation/mean counts) in any local 
region of a PET image that is reconstructed by, for example, some maximum-
likelihood iterative method is approximately proportional to 1/√mean. Therefore, a 
larger number of detected counts leads to a lower degree of relative image noise; this, 
in turn, translates into an improved precision of estimates of myocardial fl ow. This 
can be an important consideration when performing dynamic acquisitions as short as 
5–10 seconds per time frame, which might be used for 15O-water and 82Rb, where the 
mathematical models used to isolate the tracer delivery from the tracer retention 
depend on image SNR. Therefore, 15O-water and 82Rb, with half-lives of 122 seconds 
and 75 seconds, respectively, are at a disadvantage compared to 13N-ammonia, with 
its half-life of 9.9 minutes, which allows longer acquisition times and, consequently, 
more counts, especially when an older PET scanner with slower electronics is used. 
Imaging performance can also be affected by dead-time and pulse pileup when high 
levels of activity in the fi eld of view are imaged, as is the case following injection of 
60 mCi of 82Rb. Nevertheless, most new PET cameras with fast crystals and electronics 
can handle the high counting rates associated with a bolus injection of 60 mCi of 
82Rb.35 On the other hand, the short half-lives of tracers such as 82Rb allow rest and 
stress studies to be performed within approximately 10 minutes (8 82Rb half-lives) of 
each other in the same imaging session using pharmacological stress. This dramati-
cally increases patient throughput and allows for repeated studies. A 13N-ammonia 
rest/stress evaluation would require approximately 90 minutes compared to 25–30 
minutes for a rest/stress 82Rb study. Finally, given the fi xed cost of a 82Rb generator, 
the cost of each study decreases with the number of studies performed, in contrast 
with cyclotron-produced 13N-ammonia or 15O-water, where the cost of a unit dose 
is fi xed.
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PET Imaging of Myocardial Metabolism

There are several different energy sources for healthy myocardium; in the fasting, 
resting state, free fatty acid metabolism is by far the dominant mechanism. In fact, 
even after consumption of carbohydrates, it has been shown that only 30% to 50% of 
myocardial metabolism is glucose dependent,50 while most of the remaining energy 
demands continue to be met by fatty acids. It is known that the kinetics of the radio-
tracer 11C-palmitate are altered in response to changes in cardiac workload51 and 
ischemia.52 Nevertheless, it has proved diffi cult to sort out the many metabolic path-
ways involved in the complex tracer-kinetic behavior of 11C-palmitate. On the other 
hand, the behavior of fl uorodeoxyglucose (FDG), a useful surrogate marker for 
glucose metabolism, has been studied for many years, so FDG serves as a well-
characterized system that has, in fact, been exploited very effectively by nuclear 
medicine practitioners. The PET research community has also begun to study the 
utility of 11C-acetate as a tracer for the assessment of oxidative metabolism. This 
application will be discussed following the next section on FDG imaging.

Flourine-18 Fluorodeoxyglucose

Flourine-18 (18F) is widely available to clinicians and researchers today; this is primar-
ily because its relatively long half-life (109.8 minutes) means that it can be produced 
by radiopharmaceutical manufacturers in a few different regional centers, and then 
distributed easily over a relatively wide geographic area. Production of 18F fl uorode-
oxyglucose (FDG), in particular, has rapidly increased during the past few years, as 
more and more clinical indications have been approved for PET scanning. In cardiac 
nuclear medicine studies, FDG has been used primarily as an indicator of myocardial 
viability for patients with relatively severe left ventricular dysfunction, allowing clini-
cians to discriminate reversible from irreversible myocardial damage. For example, 
Di Carli et al53 reported that if an area of mismatch between perfusion and glucose 
metabolism on PET images exceeded 18% of the left ventricular volume, then there 
was ∼80% probability of improved functional outcome following revascularization.

The 3-Compartment FDG Model

From Figure 4.8, it may be seen that the standard FDG compartment model is identi-
cal in form to that shown in Figure 4.2 for 13N-ammonia. Therefore, the model equa-
tions are also identical to equations (14) through (17) above, but with an obviously 
different interpretation. In Figure 4.2, extravascular 13N-ammonia is metabolized 
to 13N-glutamine, whereas in Figure 4.3, 18F-FDG is metabolized to 18F-FDG-6-
phosphate, which is also largely trapped in the cells. Ultimately, however, we are 
more interested in quantifying the metabolism of glucose, rather than that of 
FDG. The metabolic pathways of glucose and FDG are virtually identical, with the 
important exception that glucose-6-phosphate continues to change through the gly-
colytic pathway. Furthermore, some of the phosphorylated glucose can revert back to 
the extravascular glucose pool with rate-constant k4, whereas k4 is, essentially, 0 for 
the phosphorylated FDG shown in Figure 4.8. The almost complete trapping of the 
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FIGURE 4.8. The standard 3-compartment 18F-FDG model. 
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phosphorylated FDG in the second tissue compartment leads to an increase in PET 
signal from regions of the body characterized by a high metabolic rate, such as 
tumors.

Detailed analyses of the relative metabolic rates of the hexokinase-catalyzed phos-
phorylation of glucose versus that of FDG (e.g., References 54–56) have demonstrated 
that the metabolic rate for glucose can be computed after obtaining the FDG kinetic 
rate constants, K1, k2, and k3, by fi tting the TACs from dynamic PET images:
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where MRG is the glucose metabolic rate, CG,P is the concentration of glucose in 
plasma (assumed to be constant during the experiment), and L is the so-called lumped 
constant, a combination of 6 different constants that arises from differences in the 
competing enzyme kinetics between glucose and FDG. The factor in parentheses is 
the product of K1, the rate of transport of fl uorine-18 (18F)-FDG into the fi rst tissue 
compartment, and k3/(k2 + k3), the fraction of irreversibly bound 18F in tissue. Although 
it is commonly assumed that L is constant for a given tissue of interest, it has been 
shown that the value of the lumped “constant” in myocardium does, in fact, vary in 
response to changes in myocardial metabolism, which affect the kinetics of hexokinase 
and glucose transport.57,58 Bøtker et al59 later proposed a method to account for this 
variability, which agreed well with their measurements obtained from isolated per-
fused rat hearts. However, before absolute quantifi cation of myocardial glucose uptake 
is possible in humans, it will be necessary to determine appropriate values for the 
ratio between rates of membrane transport of FDG and glucose, and for the ratio 
between the rates of phosphorylation of FDG and glucose. These ratios, which are 
assumed to be constant in the proposed approach, are not expected to be the same 
for rat hearts and human hearts. Wiggers et al,60 in a study of 20 nondiabetic patients 
with ischemic cardiomyopathy, showed that the value of L used to calculate myocar-
dial glucose uptake was not affected by regional differences in the metabolic state of 
the myocardium. Importantly, however, L did vary substantially from patient to patient 
in all different states of myocardial metabolism, as defi ned by the degree of concor-
dance between scores used to assess regional wall motion and perfusion. These results 
indicate that measurements of myocardial glucose uptake obtained using a fi xed value 
of L are likely to be strongly biased.

Patlak Analysis

If one is certain that the reverse rate constant, k4 (representing the rate of dephos-
phorylation of FDG-6-P), in the tissue of interest is 0, or very small, it is possible 
to compute FDG utilization using a simple graphical analysis technique,61,62 which 
avoids the more complicated nonlinear fi tting procedure described above. The Patlak 
equation is
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The left side of this equation is the distribution volume of FDG, and the factor in 
brackets on the right is defi ned as “stretched time.” (For a continuous infusion of 
FDG, this factor simply reduces to conventional time, t.) K is the FDG utilization, 
which is equivalent to the factor in brackets in equation (27) above: K = K1 k3/
(k2 + k3). Equation (28) indicates that the distribution volume should be a simple 
linear function of stretched time, as long as the initial distribution volume, the 
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intercept V0, and the slope of the straight line, K, (FDG utilization) are both constant. 
The graphical technique (e.g., Figure 4.9) consists of determining the intercept and 
slope of the line, for example, by straightforward linear curve fi tting. If the plot is not 
linear over the full range of stretched time, it may indicate a violation of the assump-
tion that there is no dephosphorylation by the tissue. While Patlak analysis is a useful 
technique for quickly determining FDG utilization, as well as glucose metabolic rate 
(if the lumped constant and the glucose blood concentration are known), it should be 
realized that the method does not permit the simultaneous determination of all 3 
FDG rate constants. On the other hand, it is possible to fi t the distribution volume to 
a nonlinear function of stretched time63,64 to estimate the lumped constant; this is the 
basis for the approach described by Bøtker et al,59 discussed above, to improve quan-
titative estimates of myocardial glucose uptake.

Single-Scan Approximate Analysis

For the case when the myocardial glucose metabolic rate must be estimated from a 
single FDG PET scan, obtained at time t after injection, it is possible to use an 
approximate, operational equation developed by Sokoloff and colleagues:54
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Because no dynamic image data are available, this equation can be evaluated only 
using predetermined, average or “typical” values for K1, k2, and k3, as well as for the 
lumped constant, L. The plasma blood concentration of FDG, CA(t), must be mea-
sured from multiple blood samples obtained during the interval between tracer 
injection and the PET scan, and the stationary glucose plasma concentration, CG,P

can also be determined from blood sampling. CT(t) is the tissue activity concentra-
tion measured from the single PET scan acquired at time t. It is important to note 
that the factors in square brackets in both the numerator and denominator represent 
convolutions of the measured plasma blood concentration with the exponential 
functions.

FIGURE 4.9. (A) Flourine-18 FDG TACs measured for blood and muscle and (B) corresponding Patlak plot with fi tted slope, 
K, related to glucose utilization. 
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11C-Acetate Measurement of Myocardial Oxygen Consumption

Acetate in arterial blood plasma accumulates in myocardial tissue by rapid transport 
across a cell membrane into the mitochondrion, where it is converted by acetyl-CoA 
synthetase to acetyl-CoA (acetylcoenzyme-A), which enters the tricarboxylic acid 
(TCA) cycle, undergoing rapid transamination reactions and equilibrating with aspar-
tate and glutamate. Acetate can be labeled with the positron emitter, carbon-11 (T1/2

= 20.4 minutes) in the 1-position (1-11C-acetate). This molecule is initially extracted 
to tissue in an amount approximately proportional to blood fl ow, where, during 
metabolism in the TCA cycle, 11C is transferred to 11CO2 in accordance with 
oxidation rate.

Initial PET studies of 11C-acetate were based mostly on its observed exponential 
rates of washout from tissue (e.g., References 65–67). Choi et al68 pointed out that the 
numerical accuracy of indices of myocardial oxygen consumption derived from expo-
nential fi tting could depend sensitively on the choice of data points used in the analysis 
of TACs and by the shape of the input function. To mitigate such concerns, these 
authors proposed a method based on the mean transit time of tracer through tissue, 
determined by calculation of statistical moments of TACs.

A very thorough tracer-kinetic model incorporating 6 compartments was later 
developed and evaluated in experiments with isolated perfused rat hearts.69 While 
this approach was accurate and comprehensive, it has generally been recognized that 
some simplifi cations would be necessary to arrive at a method that would retain good 
quantitative performance, while being suffi ciently robust for routine use with noisy 
PET image data from human subjects. These considerations motivated Sun et al70 to 
develop the 2-compartment model shown in Figure 4.10 for fi tting PET time-activity 
data following injection of 11C-acetate. These researchers, who validated their model 
in dog experiments, indicated that several simplifi cations could be made when using 
only the fi rst 5 or 10 minutes of data after administration of the tracer. First, since the 
concentration of labeled glutamate was much higher than that of glutamine (in both 
normal and ischemic myocardium) during the fi rst 10 minutes, 2 of the compartments 
(C-5 glutamine and C-1 glutamine) of the more detailed 6-compartment model could 
be ignored. It was also determined that the bicarbonate compartment of the 6-
compartment model could similarly be dispensed with because labeled bicarbonate 
concentrations were relatively constant in the isolated perfused rat hearts and did not 
signifi cantly infl uence estimates of the relevant parameters. Finally, because it was 
observed that labeled cellular acetate cleared rapidly and was much lower in concen-
tration than C-5 glutamine and C-1 and C-4 aspartate, the authors decided to include 
cellular acetate within the same TCA compartment. With all these simplifying 
assumptions, the rate constant k2 (Figure 4.10) represents the rate with which C-1 α-
ketoglutarate and CO2 are produced, and serves as an indicator of oxidative fl ux 
through the TCA cycle, while K1 indicates the rate of extraction of 11C-acetate into 
the cells. The researchers also incorporated spillover from blood to tissue, along with 
delay of the measured input function, into their model equations.

Given estimates of k2, myocardial oxygen consumption (MVO2) was calculated fol-
lowing References 69 as

FIGURE 4.10. Simplifi ed 2-compartment 11C-acetate model of oxidative metabolism.
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 MVO2 = 6k2{[Glu] + [Asp] + [TCA]}, (30)

where the tissue concentrations of the pools of labeled glutamate, aspartate, and 
other TCA intermediate compounds were assumed to be equal to those measured in 
previous studies of isolated perfused rat hearts. While there is no particular reason 
to assume that the pool sizes of these amino acids and TCA intermediaries are the 
same in dogs (or humans) as in rats, the researchers were, nevertheless, able to dem-
onstrate a highly signifi cant linear correlation between values of MVO2 measured 
directly and those estimated using the simplifi ed 2-compartment model fi tting. The 
model was later used for fi tting PET data from human subjects by Sun et al,71 who 
showed that K1 was linearly correlated with blood fl ow, at least in the low-fl ow regime, 
and that k2 remained linearly correlated with MVO2. This work indicated that, with 
careful calibration, both myocardial blood fl ow and oxygen consumption could be 
determined in the same resting study following administration of a single radiolabeled 
tracer.

Although 11C-acetate imaging has several useful features, the technique also has a 
few limitations. First, a cyclotron on-site or very near the clinic is generally required 
because of the short (20.4-minute) half-life of 11C and the required preparation time. 
Second, the tracer and model have been well validated only for the case of rest 
imaging; that is, the technique still needs to be extended and tested at higher fl ow 
rates under stress conditions, where, for example, the tracer extraction fraction could 
change signifi cantly. Furthermore, under resting conditions, images obtained from the 
fi rst 2 to 5 minutes following injection contribute mostly to the estimation of tissue 
perfusion, while later measurements are more affected by the rate of oxidative metab-
olism. Under stress conditions, the faster heart rate is likely to shorten the period of 
time during which the tissue fl ow can be reliably estimated. A shorter acquisition time 
would then be expected to increase the level of image noise, as discussed earlier in 
this chapter. In spite of these issues, 11C-acetate PET imaging remains a very useful 
technique for assessing resting myocardial perfusion and oxygen metabolism.

Summary Points

• The unidirectional fi rst-pass extraction fraction decreases with increasing blood 
fl ow, in a manner that is different for each different tracer of myocardial perfusion 
or metabolism.

• The use of more complex compartment models, characterized by a greater number 
of unknown kinetic parameters, may improve accuracy for the estimates of fl ow or 
metabolic rates, but this gain will generally be accompanied by a loss of precision, 
that is, by increased variability of the parameter estimates.

• The heart is the most convenient organ for quantitative dynamic PET imaging 
studies because the presence of blood pools in cross-sectional images containing 
the heart can greatly facilitate determination of the arterial blood input function, 
which is required for truly quantitative analysis.

• Oxygen-15 water, 13N-ammonia, and 82Rb are all useful for the assessment of myo-
cardial perfusion. The fi rst two require a cyclotron in close proximity to the PET 
camera; 82Rb requires the purchase of a generator each month. The highly diffusible 
nature of 15O-water provides, in principle, an advantage for fl ow imaging; however, 
it can be challenging to adequately separate the blood pool from the myocardium. 
Nitrogen-13 ammonia and 82Rb, in contrast, are partially extracted tracers. Both 
exercise-stress and resting studies can be performed with 13N-ammonia; however, 
the shorter half-life of 82Rb restricts its use to pharmacologic-stress and resting 
studies. On the other hand, 82Rb can be reinjected more frequently, which can lead 
to very effi cient evaluation of myocardial fl ow and functional behavior. With the 
use of sophisticated compartment analysis techniques, both 13N-ammonia and 82Rb
can provide information related to both myocardial perfusion and cellular viability, 
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although the mechanisms of transport into, trapping within, and egress from the 
myocytes are different for the two tracers.

• Flourine-18 FDG is a tracer of glucose metabolism, which serves as a useful indica-
tor of myocardial viability, especially when FDG images can be directly compared 
to perfusion images. The half-life of 18F is suffi ciently long that 18F-FDG can be 
produced regionally and distributed to many different hospitals in one area; that is, 
an on-site cyclotron is not required. While a detailed 3-compartment model can be 
applied to dynamic PET image data, the simpler Patlak method61,62 can often be 
used to provide information related to the metabolic rate of FDG utilization. Unfor-
tunately, the “lumped constant,” which relates FDG utilization to the metabolic 
rate for glucose, is highly variable from subject to subject, although recent research 
suggests that useful predictors of the lumped constant in a given individual may 
become available in the future.

• Myocardial oxidative metabolism can be evaluated by 11C-acetate imaging, using 
dynamic PET acquisitions with a simplifi ed 2-compartment model. This technique 
requires an on-site cyclotron; however, the kinetic model permits, in principle (with 
careful calibration), the simultaneous determination of myocardial blood fl ow and 
oxygen consumption under resting conditions. This method has not yet been vali-
dated for use under conditions of exercise-induced or pharmacologically induced 
stress, which may present signifi cant challenges.

References

 1. Carson RE. Tracer kinetic modeling in PET. In: Valk PE, Bailey DL, Townsend DW, 
Maisey MN, eds. Positron Emission Tomography: Basic Science and Clinical Practice.
London: Springer; 2003:147–179.

 2. Morris ED, Endres CJ, Schmidt KC, Christian JT, Muzic RF, Fisher RE. Kinetic modeling 
in positron emission tomography. In: Wernick MN, Aarsvold JN, eds. Emission Tomogra-
phy: The Fundamentals of PET and SPECT. Amsterdam: Elsevier; 2004:499–540.

 3. Cherry SR, Sorenson JA, Phelps ME. Tracer kinetic modeling. In: Physics in Nuclear 
Medicine. Philadelphia: Saunders; 2003:377–403.

 4. Renkin EM. Transport of potassium-42 from blood to tissue in isolated mammalian 
skeletal muscles. Am J Physiol. 1959;197:1205–1210.

 5. Crone C. Permeability of capillaries in various organs as determined by use of the indicator 
diffusion method. Acta Physiol Scand. 1964;58:292–305.

 6. Bergmann SR, Fox KAA, Rond AL, et al. Quantifi cation of regional myocardial blood 
fl ow in vivo with H2

15O. Circulation. 1984;70:724–733.
 7. Kety SS. The theory and applications of the exchange of inert gas at the lungs and tissues. 

Pharmacol Rev. 1951;3:1–41.
 8. Huang S-C, Schwaiger M, Carson RE, et al. Quantitative measurement of myocardial 

blood fl ow with oxygen-15 water positron computed tomography: an assessment of poten-
tial and problems. J Nucl Med. 1985;26:616–625.

 9. Iida H, Kanno I, Takahashi A, et al. Measurement of absolute myocardial blood fl ow with 
H2

15O and dynamic positron-emission tomography: strategy for quantifi cation and relation 
to the partial-volume effect. Circulation. 1988;78:104–115.

10. Lammertsma AA, DeSilva R, Araujo LI, Jones T. Measurement of regional myocardial 
blood fl ow using C15O2 and positron emission tomography: comparison of tracer models. 
Clin Phys Physiol Meas. 1992;13:1–20.

11. Herrero P, Markham J, Bergmann SR. Quantitation of myocardial blood fl ow with H2
15O

and positron emission tomography: assessment and error analysis of a mathematical 
approach. J Comp Assist Tomography. 1989;13:862–873.

12. Schelbert HR, Phelps ME, Hoffman EJ, Huang SC, Selin CE, Kuhl DE. Regional myo-
cardial perfusion assessed with N-13 labeled ammonia and positron emission computerized 
axial tomography. Am J Cardiol. 1979;43:209–218.

13. Bergmann SR, Hack S, Tewson T, Welch MJ, Sobel BE. The dependence of accumulation 
of 13NH3 by myocardium on metabolic factors and its implications for quantitative assess-
ment of perfusion. Circulation. 1980;61:34–43.



68 Part I Instrumentation and Principles of Imaging

14. Schelbert HR, Phelps ME, Huang SC, et al. N-13 ammonia as an indicator of myocardial 
blood fl ow. Circulation. 1981;63:1259–1272.

15. Krivokapich J, Smith GT, Huang SC, et al. N-13 ammonia myocardial imaging at rest and 
with exercise in normal volunteers. Circulation. 1989;80:1328–1337.

16. Hutchins GD, Schwaiger M, Rosenspire KC, Krivokapich J, Schelbert HR, Kuhl DE. 
Noninvasive quantifi cation of regional blood fl ow in the human heart using N-13 ammonia 
and dynamic positron emission tomographic imaging. J Am Coll Cardiol. 1990;15:
1032–1042.

17. Bergmann SR, Herrero P, Markham J, Weinheimer CJ, Walsh MN. Noninvasive quantita-
tion of myocardial blood fl ow in human-subjects with oxygen-15-labeled water and positron 
emission tomography. J Am Coll Cardiol. 1989;14:639–652.

18. Araujo LI, Lammertsma AA, Rhodes CG, et al. Noninvasive quantifi cation of regional 
myocardial blood fl ow in coronary artery disease with oxygen-15-labeled carbon dioxide 
inhalation and positron emission tomography. Circulation. 1991;83:875–885.

19. Kuhle WG, Porenta G, Huang SC, et al. Quantifi cation of regional myocardial blood fl ow 
using 13N-ammonia and reoriented dynamic positron emission tomographic imaging. Cir-
culation. 1992;86:1004–1017.

20. Hutchins GD, Caraher JM, Raylman RR. A region of interest strategy for minimizing 
resolution distortions in quantitative myocardial PET studies. J Nucl Med. 1992;33:
1243–1250.

21. Muzik O, Beanlands RSB, Hutchins GD, Mangner TJ, Nguyen N, Schwaiger M. Validation 
of N-13 ammonia tracer kinetic model for quantifi cation of myocardial blood fl ow using 
PET. J Nucl Med. 1993;34:83–91.

22. Choi Y, Huang SC, Hawkins RA, et al. Quantifi cation of myocardial blood fl ow using 
13N-ammonia and PET: comparison of tracer models. J Nucl Med. 1999;40:1045–1055.

23. Goldstein RA, Mullani NA, Fisher DJ, Gould KL, O’Brien A. Myocardial perfusion with 
rubidium-82: II. Effects of metabolic and pharmacologic interventions. J Nucl Med.
1983;24:907–915.

24. Huang SC, Williams BA, Krivokapich J, Araujo L, Phelps ME, Schelbert HIR. Rabbit 
myocardial Rb-82 kinetics and a compartmental model for blood fl ow estimation. Am J 
Physiol. 1989;256:H1156–H1164.

25. Mullani NA, Goldstein RA, Gould KL, et al. Myocardial perfusion with rubidium-82: I. 
Measurement of extraction fraction and fl ow with external detectors. J Nucl Med.
1983;24:898–906.

26. Yoshida K, Mullani NA, Gould KL. Coronary fl ow and fl ow reserve by PET simplifi ed for 
clinical application using rubidium-82 or nitrogen-13-ammonia. J Nucl Med. 1996;37:
1701–1712.

27. Marshall RC, Taylor SE, Powers-Risius P, et al. Kinetic analysis of rubidium and thallium 
as deposited myocardial blood fl ow tracers in isolated rabbit heart. Am J Physiol. 1997;272:
H1480–H1490.

28. Henze E, Huang SC, Ratib O, Hoffman EJ, Phelps ME, Schelbert HR. Measurements of 
regional tissue and blood-pool radiotracer concentrations from serial tomographic images 
of the heart. J Nucl Med. 1983;42:987–996.

29. Herrero P, Markham J, Myears DW, Weinheimer CJ, Bergman J. Measurement of myo-
cardial blood fl ow with positron emission tomography: correction for count spillover and 
partial volume effects. Math Comput Model. 1988;11:807–812.

30. Muzic RF, Chen CH, Nelson AD. A method to correct for scatter, spillover, and partial 
volume effects in region of interest analysis in PET. IEEE Trans Med Imaging. 1998;17:
202–213.

31. Wu HM, Hoh CK, Buxton DB, et al. Quantifi cation of myocardial blood fl ow using 
dynamic nitrogen-13-ammonia PET studies and factor analysis of dynamic structures. J
Nucl Med. 1995;36:2087–2093.

32. Sitek A, Di Bella EVR, Gullberg GT. Factor analysis with a priori knowledge- application 
in dynamic cardiac SPECT. Phys Med Biol. 2000;45:2619–2638.

33. Lee JS, Lee DS, Ahn JY, et al. Blind Separation of Cardiac Components and Extraction 
of Input Function from H215O Dynamic Myocardial PET Using Independent Component 
Analysis. J Nucl Med. 2001;42:938–943.

34. Fang YH, Kao T, Liu RS, Wu LC. Estimating the input function non-invasively for FDG-
PET quantifi cation with multiple linear regression analysis: simulation and verifi cation 
with in vivo data. Eur J Nucl Med Mol Imaging. 2004;31:692–702.



4 Principles of Quantitation in Cardiac PET 69

35. El Fakhri G, Sitek A, Guérin B, Kijewski MF, Di Carli MF, Moore S. Quantitative dynamic 
cardiac 82Rb-PET imaging using generalized factor and compartment analyses. J Nucl 
Med. 2005;46:1264–1271.

36. Herrero P, Markham J, Shelton ME, Weinhelmer CJ, Bergmann SR. Noninvasive quanti-
fi cation of regional myocardial perfusion with rubidium-82 and positron emission tomog-
raphy: exploration of a mathematical model. Circulation. 1990;82:1377–1386.

37. Gould KL, Yoshida D, Hess JM, Haynie M, Mullani NA, Smalling RW. Myocardial 
metabolism of fl uorodeoxyglucose compared to cell membrane integrity for the potassium 
analogue rubidium-82 for assessing infarct size in man by PET. J Nucl Med.
1991;32:1–9.

38. Herrero P, Markham J, Shelton ME, Bergmann SR. Implementation and evaluation of a 
two-compartment model for quantifi cation of myocardial perfusion with rubidium-82 and 
positron emission tomography. Circ Res. 1992;70:496–507.

39. Ziegler WH, Goresky CA. Kinetics of rubidium uptake in the working dog heart. Circ Res.
1971;29:208–220.

40. Bing RJ, Bennish A, Bluemchen G, Cohen A, Gallagher JP, Zaleski EJ. The determination of 
coronary fl ow equivalent with coincidence counting technic. Circulation. 1964;29:833–846.

41. Cohen A, Zaleski EJ, Baberon H, Stock TB, Chiba C, Bing RJ. Measurement of coronary 
blood fl ow using rubidium-84 and the coincidence counting method. Am J Cardiol.
1967;19:556–561.

42. Mossberg KA, Mullani NA, Gould KL, Tacgtmeyer H. Skeletal muscle blood fl ow in vivo: 
detection with rubidium-82 and effects of glucose, insulin and exercise. J Nucl Med.
1987;28:1155–1163.

43. Coxson PG, Huesman RH, Borland L. Consequences of using a simplifi ed kinetic model 
for dynamic PET data. J Nucl Med. 1997;38:660–667.

44. Gould KL. Absolute myocardial perfusion and coronary fl ow reserve. In: Coronary Artery 
Stenosis and Reversing Atherosclerosis. New York: Oxford University Press; 1999:247–274.

45. Nitzsche EU, Choi Y, Czemin J, Hoh CK, Huang SC, Schelbert HR. Noninvasive quanti-
fi cation of myocardial blood fl ow in humans. Circulation. 1996;93:2000–2006.

46. Lin JW, Laine FA, Akinboboye O, Bergmann SR. Use of wavelet transforms in analysis 
of time–activity data from cardiac PET. J Nucl Med. 2001;42:194–201.

47. Lin JW, Sciacca RR, Chou RL, Laine FA, Bergmann SR. Quantifi cation of myocardial 
perfusion in human subjects using 82Rb and wavelet-based noise reduction. J Nucl Med.
2001;42:201–208.

48. Hutchins GD. What is the best approach to quantify myocardial blood fl ow with PET? J
Nucl Med. 2001;42:1183–1184.

49. Sànchez-Crespo A, Andreo P, Larsson SA. Positron fl ight in human tissues and its infl u-
ence on PET image spatial resolution. Eur J Nucl Med. 2004;31:44–51.

50. Depre C, Vanoverschelde JL, Taegtmeyer H. Glucose for the heart. Circulation. 1999;
99:578–588.

51. Schelbert HR, Henze E, Sochor H, Grossman RG, Huang SC, Barrio JR. Effects of sub-
strate availability on myocardial C-11 palmitate kinetics by positron emission tomography 
in normal subjects and patients with ventricular dysfunction. Am Heart J. 1986;111:
1055–1064.

52. Grover-McKay M, Schelbert HR, Schwaiger M, Sochor H, Guzy P, Krikokapich J. Identi-
fi cation of impaired metabolic reserve by atrial pacing in patients with signifi cant coronary 
artery stenosis. Circulation. 1986;74:281–292.

53. Di Carli MF, Asgarzadie F, Schelbert HR, Brunken RC, Laks H, Phelps ME. Quantitative 
relation between myocardial viability and improvement in heart failure symptoms after 
revascularization in patients with ischemic cardiomyopathy. Circulation. 1995;92:3436–
3444.

54. Sokoloff L, Reivich M, Kennedy C, et al. The (14C)deoxyglucose method for the measure-
ment of local cerebral glucose utilization: Theory, procedure and normal values in the 
conscious and anesthetized albino rat. J Neurochem. 1977;28:897–916.

55. Huang S-C, Phelps ME, Hoffman EG, Sideris EJ, Selin CE, Kuhl DE. Noninvasive deter-
mination of local cerebral metabolic rate of glucose in man. Am J Physiol. 1980;238:
E69–E82.

56. Phelps ME, Mazziotta JC, Schelbert HR. In: Positron Emission Tomography and Auto-
radiography: Principles and Applications for the Brain and Heart. New York: Raven Press; 
1986:287–346.



70 Part I Instrumentation and Principles of Imaging

57. Bøtker HE, Böttcher M, Schmitz O, et al. Glucose uptake and lumped constant variability 
in normal human hearts determined with [18F]fl uorodeoxyglucose. J Nucl Cardiol.
1997;4:125–132.

58. Harihan R, Bray M, Ganim R, Doenst T, Goodwin GW, Taegtmeyer H. Fundamental 
limitations of [18F]2-deoxy-2-fl uoro-D-glucose for assessing myocardial glucose uptake. 
Circulation. 1995;91:2435–2444.

59. Bøtker HE, Goodwin GW, Holden JE, Doenst T, Gjedde A, Taegtmeyer H. Myocardial 
glucose uptake measured with fl uorodeoxyglucose: a proposed method to account for vari-
able lumped constants. J Nucl Med. 1999;40:1186–1196.

60. Wiggers H, Böttcher M, Nielsen TT, Gjedde A, Bøtker HE. Measurement of myocardial 
glucose uptake in patients with ischemic cardiomyopathy: application of a new quantitative 
method using regional tracer kinetic information. J Nucl Med. 1999;40:1292–1300.

61. Patlak CS, Blasberg RG, Fenstermacher JD. Graphical evaluation of blood-to-brain 
transfer constants from multiple-time uptake data. J Cereb Blood Flow Metab. 1983;3:
1–7.

62. Patlak CS, Blasberg RG. Graphical evaluation of blood-to-brain transfer constants from 
multiple-time uptake data. Generalizations. J Cereb Blood Flow Metab. 1985;5:584–590.

63. Gjedde A. Rapid steady-state analysis of blood-brain glucose transfer in rat. Acta Physiol 
Scand. 1980;108:331–339.

64. Gjedde A. High- and low-affi nity transport of D-glucose from blood to brain. J
Neurochem. 1981;36:1463–1471.

65. Brown M, Marshall ER, Sobel BE, Bergmann SR. Delineation of myocardial oxygen uti-
lization with carbon-11-labeled acetate. Circulation. 1987;76:687–696.

66. Brown MA, Myears DW, Bergmann SR. Validity of estimates of myocardial oxidative 
metabolism with carbon-11 acetate and positron emission tomography despite altered pat-
terns of substrate utilization. J Nucl Med. 1989;30:187–193.

67. Ambrecht JJ, Buxton DB, Brunken RC, Phelps ME, Schelbert HR. Regional myocardial 
oxygen consumption determined noninvasively in humans with [1-11C] acetate and dynamic 
positron emission tomography. Circulation. 1989;80:863–872.

68. Choi Y, Huang SC, Hawkins RA, et al. A refi ned method for quantifi cation of myocardial 
oxygen consumption rate using mean transit time with carbon-11-acetate and dynamic 
PET. J Nucl Med. 1993;34:2038–2043.

69. Ng CK, Huang SC, Schelbert HR, Buxton DB. Validation of a model for [1-11C]acetate 
as a tracer of cardiac oxidative metabolism. Am J Physiol. 1994;266:H1304–H1315.

70. Sun KT, Chen K, Huang SC, et al. Compartment model for measuring myocardial oxygen 
consumption using [1-11C]acetate. J Nucl Med. 1997;38:459–466.

71. Sun KT, Yeatman LA, Buxton DB, et al. Simultaneous measurement of myocardial oxygen 
consumption and blood fl ow using [1-carbon-11]acetate. J Nucl Med. 1998;39:272–280.



Part II
General Considerations for Performing 

PET and Integrated PET/CT



5 Radiopharmaceuticals for Clinical 
Cardiac PET Imaging

Josef Machac

73

The clinical value of cardiac positron emission tomography (PET) imaging was dem-
onstrated more than 20 years ago,1–3 but its clinical utilization has been low until 
recently. This was due to the limitation of PET imaging to research centers with a PET 
camera and a cyclotron, its great expense, and the lack of reimbursement for clinical 
PET studies. Another disincentive was lack of standardized software for cardiac PET 
image processing, display, or regional quantifi cation on most PET imaging systems.

There is now an extensive infrastructure in PET imaging with an extensive network 
of PET and PET/CT cameras installed throughout North America. Myocardial PET 
perfusion imaging with rubidium-82 (82Rb), reimbursed by the Centers for Medicare 
and Medicaid Services (CMS) since 1995, can be performed with a commercially 
available generator, obviating the need for a cyclotron. More recently, mobile 82Rb
generators have become available in some regions, allowing PET centers that are not 
fi nancially able to support a 7-day-a-week 82Rb service to offer PET myocardial perfu-
sion imaging only one to several times a week. All metropolitan areas in North 
America now have at least one commercial F-18 fl uorodeoxyglucose (FDG) supplier. 
FDG PET imaging is now reimbursed for myocardial viability imaging. More recently, 
CMS reimbursement has become available for myocardial perfusion imaging with 
nitrogen-13 (13N) ammonia for those centers that do have a cyclotron that could until 
recently offer PET myocardial perfusion imaging only for patients who could afford 
to pay for the procedure or who participated in a funded research study.

The widespread installation of PET-CT cameras represents another leap forward. 
The use of CT for attenuation correction substantially shortens the acquisition time 
for a clinical study. The combination of PET scanners with 16-or-more-slice multide-
tector CT scanners offers the tantalizing possibilities of PET perfusion and viability 
imaging in concert with coronary calcium scoring and coronary CT angiography, 
which potentially represents a one-stop service. This chapter reviews the characteris-
tics of the available radiotracers for cardiac PET imaging.

Myocardial PET Perfusion Tracers

Nitrogen-13 Ammonia

Nitrogen-13 ammonia has been used for most of the scientifi c investigations in cardiac 
PET imaging over the past two decades. Its 9.96-minute half-life (Table 5.1) requires 
an on-site cyclotron and radiochemistry synthesis capability. Nitrogen-13 is produced 
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by bombarding O-16 water with 16.5 MeV protons via the 16O (p,α)13N reaction. The 
target material is made of aluminum, although targets made of nickel or titanium can 
also be used. Two methods can be used for 13N-ammonia synthesis. In the fi rst method, 
the 13N-labeled nitrates/nitrites formed by proton irradiation of water are reduced by 
either titanium (III) chloride, titanium (III) hydroxide, or Devarda’s alloy in alkaline 
medium.4 After distillation, trapping, and sterile fi ltration, 13N-ammonia is ready for 
injection. In the second method, oxidation of 13N to 13N-nitrates/nitrites is prevented 
by the addition of ethanol as a scavenger to the target content.5 The target content is 
passed through a small cation-exchange column to trap 13N-ammonium ions, and 13N-
ammonia is then eluted with saline and fi ltered.

In the bloodstream, 13N-ammonia consists of neutral NH3 in equilibrium with its 
charged ammonium (NH4) ion (Figure 5.1). The neutral NH3 molecule readily dif-
fuses across plasma and cell membranes, leading to virtually complete extraction from 
the vascular pool. Inside the myocyte, it re-equilibrates with its ammonium form, 
which is trapped in glutamine via the enzyme glutamine synthase.6,7 Figures 5.2 and 
5.3 show the kinetics of 13N-ammonia in plasma and myocardium. Backdiffusion of 
13N-ammonia is proportional to blood fl ow and limits effective trapping.7 Despite 
backdiffusion, the fi rst-pass trapping of 13N-ammonia at rest is high (Table 5.1), 
although, like other extractable tracers, it decreases at higher blood-fl ow rates (Figure 
5.4). The overall trapping of 13N-ammonia relies on intact metabolism, which may be 
impaired in ischemia and high cardiac work.

Myocardial retention of 13N-ammonia may be heterogeneous; retention in the lateral 
wall of the left ventricle even in normal subjects is about 10% less than that of other 
segments. The mechanism of this fi nding is not known.9 13N-ammonia images also 
may be degraded by occasional intense liver activity, which can interfere with the 

Table 5.1. Characteristics of Cardiac PET Tracers

 Physical Mean Positron
Agent Half-life46 Range (mm)47,48,49 Production Extraction

N-13 NH3  9.96 min 0.7 Cyclotron 80%50

82Rb  76 s 2.6 Generator 50%–60%51

F-18 FDG 110 min 0.2 Cyclotron  1%–3%52
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FIGURE 5.1. Schema of 
13

N-ammonia in plasma and 
transport into tissue followed by metabolic 
trapping.
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FIGURE 5.2. Serial PET images of cardiac blood clearance and uptake of 
13

N-ammonia in a 
human subject. (Courtesy of Robert Gropler, MD.)
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FIGURE 5.3. Plasma and myocardial kinetics of 
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N-ammonia in a dog, which shows faster 
circulation kinetics than humans. (Reproduced with permission from Schelbert HR and 
Schwaiger M. 1986, 581–661 (8).)
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evaluation of the inferior wall. Although the sequestration of 13N-ammonia in the 
lungs is usually minimal, it may be increased in patients with depressed left ventricular 
systolic function or chronic pulmonary disease and, occasionally, in smokers.11 In 
these cases, it may be necessary to increase the time between injection and image 
acquisition to optimize the contrast between myocardial and background activity.

13N-ammonia allows the acquisition of good-quality ungated (Figure 5.5) and gated 
images. It takes full advantage of the superior resolution of PET relative to SPECT 
imaging, stemming from a suffi ciently long half-life and the very short path length of 
the positrons emitted by 13N (Table 5.1). Gated 13N-ammonia imaging can produce 
accurate assessments of regional and global cardiac function.12

Rubidium-82

Rubidium-82 (82Rb) is a monovalent cationic analogue of potassium that is produced 
in a commercially available generator by decay from strontium-82 (82Sr) attached to 
an elution column. The 82Sr is produced in a cyclotron by proton spallation of molyb-
denum with a high-energy (800 MeV) accelerator, followed by chemical purifi cation.13

The 82Sr has a half-life of 25.5 days and decays to 82Rb by electron capture. The physi-
cal half-life of 82Rb is 76 seconds, and it decays into krypton-82, which is stable, by 
emitting a positron and a neutrino.

Figures 5.6 and 5.7 illustrate the generator and delivery system for 82Rb, consisting 
of a cabinet, an 82Rb generator, a pump, control electronics, and connecting tubing. 

Stress

Rest

SA HLA VLA

FIGURE 5.5.
13

N-ammonia PET images demonstrating anterior and lateral defects during 
pharmacological stress and signifi cant improvement at rest, consistent with ischemia. SA, short 
axis; HLA, horizontal long axis; VLA, vertical long axis. (Courtesy of Dr. H Schelbert.)
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FIGURE 5.6. (A) 
82

Rb generator. (B) 
82

Rb delivery system. (Equipment by Bracco 
Diagnostics.)
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With a half-life of 25 days, the 82Sr-containing generator is replaced every 4 weeks. 
Rubidium-82 is eluted with 25 to 50 cc normal saline by a computer-controlled elution 
pump, connected by IV tubing to the patient. The generator is fully replenished every 
10 minutes; our experiments have shown that 90% of maximal available activity can 
be obtained within 5 minutes since the last elution.14 Thus, serial imaging can be per-
formed every 5 minutes. Although the short half-life of 82Rb taxes the performance 
limits of PET scanners, it facilitates the rapid completion of a series of resting and 
stress myocardial perfusion studies. Rubidium-82 is a very effi cient imaging agent for 
routine clinical usage. Because of the short half-life of 82Rb and the need for the 
patient to lie still in the camera during the study, stress imaging of this agent is limited 
to pharmacological stress, although studies have obtained serviceable 82Rb images 
with supine bicycle exercise or even treadmill exercise.15

Rubidium-82 is extracted from plasma with high effi ciency by myocardial cells via 
the Na+ /K+ ATPase pump (Figure 5.8). Myocardial extraction of 82Rb is similar to 
that of thallium-201 (201Tl)16,17 and slightly less than 13N-ammonia (Table 5.1; Figure 
5.4). Figure 5.9 shows serial images of blood pool and myocardial 82Rb activity in the 
fi rst several minutes after injection, and Figure 5.10 shows plasma and myocardial 
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82Rb kinetics. Extraction decreases with increasing blood fl ow18,19 (Figure 5.4). 
In addition, 82Rb extraction can be decreased by severe acidosis, hypoxia, and 
ischemia.20–22 Thus, uptake of 82Rb is a function of blood fl ow, metabolism, and 
myocardial cell integrity.

In spite of the short half-life of 82Rb, modern PET gamma cameras are able to 
obtain good-quality images (Figure 5.11). Imaging with 82Rb is not able to take full 
advantage of the superior resolution of PET because of the relatively long mean path 
of 2.6 mm of the energetic 82Rb positrons and the need for fi ltering required to obtain 
optimal images with the short-lived tracer.

Oxygen-15 Water

Oxygen-15 water (15O-water) is a cyclotron product with a physical half-life of 2.07 
minutes. Oxygen-15 water is a freely diffusible agent with very high myocardial extrac-
tion across a wide range of myocardial blood fl ows.23 The degree of extraction is 
independent of fl ow and is not affected by the metabolic state of the myocardium.23

Because it is a freely diffusible tracer, however, imaging is challenging due to its high 
concentration in the blood pool. This requires subtraction of the blood pool counts 
from the original image to visualize the myocardium. This can be accomplished by 
acquiring a second set of images after a single inhalation 40 to 50 mCi of 15O-carbon 
monoxide (15CO). Oxygen-15 carbon monoxide binds irreversibly to hemoglobin, 
forming 15O-carboxyhemoglobin and thereby allowing delineation and digital subtrac-
tion of blood pool activity. The cumbersome nature of the procedure required to 
subtract blood pool activity of 15O-water to visualize the myocardium has limited the 
use of this tracer in the clinical setting.

Selecting a Perfusion Tracer for Clinical Cardiac PET

Although in many ways 15O-water is an ideal fl ow tracer, its use in the clinical setting 
remains limited. Besides requiring an on-site cyclotron, obtaining diagnostic 
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FIGURE 5.9. Serial PET images of blood pool and myocardial 
82

Rb activity in the fi rst 3 
minutes after injection. (Mount Sinai School of Medicine, New York.)
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images requires an impractical image subtraction procedure. The advantages of 13N-
ammonia are its higher fi rst-pass tissue extraction (65% to 70%) compared to 82Rb
(60% to 65%)10,19,22,24 and a longer half-life, which allows longer imaging times and 
better count statistics, as well as injection during treadmill exercise and subsequent 
imaging of the trapped radionuclide in the myocardium. However, the main disadvan-
tage of 13N-ammonia vis-à-vis 82Rb is the need for an on-site cyclotron, which makes 
it costly and impractical. Also, the longer physical half-life of 13N-ammonia makes 
rest-stress protocols more ineffi cient than with 82Rb (∼90 minutes vs 30 minutes, 
respectively). Finally, increased uptake in the liver and, occasionally, in the lungs (as 
in patients with heart failure and smokers) can adversely affect image quality.

Imaging of Myocardial Metabolism

Fluorine-18 Fluorodeoxyglucose

Preserved metabolism for the production of ATP is one of the critical features of 
myocardial viability. Flourine-18 (18F) fl uorodeoxyglucose (FDG) is fl uorine-18-
labeled 2-deoxyglucose, an analogue of glucose. Fluorine-18 is produced in a cyclotron 
through the (p,n) reaction, consisting of bombardment of O-18-enriched water with 
a proton beam with energies less than 15 MeV. High specifi c activity of 18F fl uorine is 
thus obtained. F-18 FDG is prepared by nucleophilic substitution on a tetraacetylman-
nose trifl ate precursor. This yields large quantities of pure D-FDG.25

Flourine-18 fl uorine decays by the emission of a positron and a neutrino, whereby 
the 18F fl uorine decays to O-18 oxygen. The low kinetic energy of the positron, 635 keV, 
allows the highest special resolution among the commonly used PET radionuclides 
(Table 5.1). The relatively longer half-life of 18F of 109.8 minutes allows suffi cient time 
for synthesis of 18F FDG, its commercial distribution in a radius of several hours from 
the production site, its temporary storage at the user site, the 30 to 60 minutes of 
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FIGURE 5.11. A. Normal stress and rest 
82

Rb PET images. B. Resting end-diastolic (ED) and 
end-systolic (ES) gated images, showing uniformly good contractility. (Mount Sinai School of 
Medicine, New York.)
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absorption time after injection, and suffi cient imaging time to yield images of high 
quality. At the same time, it does lead to higher radiation exposure, for any given 
dose, compared to shorter-lived radiotracers, but at the same time similar to that of 
Tc-99m perfusion agents and lower than a clinical dose of 201Tl.

Like D-glucose, FDG is transported into the myocardium by specifi c glucose trans-
porters (GLUT-1 and GLUT-4) by facilitated diffusion (Figure 5.12). Inside the cell, 
FDG undergoes phosphorylation by the enzyme hexokinase. Because of very low 
levels of the enzyme glucose-6-phosphatase catalyzing the reverse reaction, FDG is 
essentially trapped in the cell.26 It has been demonstrated that in a metabolic steady 
state, FDG uptake in the myocardium correlates linearly with uptake and utilization 
of exogenous glucose.27

Following injection, FDG is slowly taken up by body tissues, including the myocar-
dium (Figures 5.13 and 5.14). Imaging is performed about 45 to 90 minutes after 
injection. As a result, the 110-minute physical half-life of 18F FDG is well-suited for 
viability imaging (Table 5.1).

Summary Points

• There are a limited number of well-characterized PET radiopharmaceuticals for 
clinical imaging. Their short physical half-life allows rapid sequential imaging of 
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FIGURE 5.12. Schematic diagram of cellular FDG uptake and retention. (From Machac J. 
Gated positron emission tomography for the assessment of myocardial perfusion and function. 
In: Clinical gated cardiac SPECT. Germano G, Berman DS, eds, Blackwell Futura, 2006. 
Reprinted with permission.)
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rest and stress perfusion imaging, which is more effi cient and accurate than SPECT 
imaging.

• The known tracer kinetics of PET radiopharmaceuticals, coupled with the technical 
advantages of PET (e.g., attenuation correction, high temporal resolution), allow 
quantitation of myocardial blood fl ow that can be used to improve diagnosis of 
coronary artery disease (see Chapters 11 and 12).

• The main disadvantage of the available tracers is cost. As clinical PET expands its 
role into cardiac imaging, we will probably see signifi cant investments in research 
and development of long-lived (e.g., 18F) perfusion agents than could potentially be 
distributed by unit doses, similar to the successful model of 18FDG.
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Cardiac computed tomography (CT) is a noninvasive imaging test that requires the 
use of intravenously administered contrast material and high-resolution, high-speed 
CT machinery to obtain detailed volumetric images of cardiac anatomy, coronary 
circulation, and great vessels. Most contrast-enhanced CT examinations in the West 
are performed with nonionic iodinated contrast media. However, adverse events still 
exist and consist of allergylike contrast reactions, chemo- or osmotoxic contrast reac-
tion, contrast media–induced nephropathy, injection-related adverse events, and com-
plications due to various coexisting conditions. Identifi cation of patients at risk for 
developing contrast media reactions is likely to prevent serious adverse events and to 
enhance safety. Likewise, appropriate management strategies can be adopted to 
reduce morbidity and mortality associated with adverse reactions of iodinated con-
trast media used in cardiac CT scanning.

Therefore, to enhance patient safety, during and after contrast-enhanced cardiac 
CT examinations, radiologists and technologists must understand risk factors that 
predispose to contrast media–related adverse reactions and adopt preventive and 
management strategies. This chapter presents risk factors, prevention, and manage-
ment strategies for adverse reactions associated with the use of iodinated contrast 
media in cardiac CT scanning.

Classifi cation of Iodinated Contrast Media

Since their introduction in 1928 and 1929, iodinated contrast media have been recog-
nized as the phenomenon of present-day radiological imaging. Current iodinated 
contrast media differ in viscosity, osmolality, and chemotoxicity and are classifi ed into 
the following categories: high, low, and iso-osmolar; ionic and nonionic; monomeric 
and dimeric contrast media (Table 6.1).

The ionic contrast media dissociate into ions when dissolved in water and have a 
higher osmolality compared to human blood. These contrast agents have high osmo-
lality and are associated with higher incidence of adverse reactions compared to con-
trast media with low osmolality. The cardiovascular effects of contrast media are in 
part related to their osmolality and include abnormalities of conduction and contrac-
tility, although changes in hemodynamic parameters are generally not signifi cantly 
different among the various nonionic contrast media.1,2 The lower-osmolar contrast 
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media cause less discomfort and fewer cardiovascular and anaphylactic-type 
reactions.3

Contrast Media–Related Adverse Reactions

The precise pathogenesis of contrast reactions following intravascular administration 
of iodinated contrast media is not known.4 The overall incidence of contrast reactions is 
0.4% to 3% with nonionic formulations and 5% to 12% with ionic formulations.4,5

Classifi cation of adverse reactions following administration of contrast media helps 
in documentation and formulation of appropriate management strategies in an easy 
and standard manner (Table 6.2). The American College of Radiology (ACR) has 
classifi ed adverse reactions of iodinated contrast media used in CT scanning accord-
ing to their severity and need for medication into the following categories: mild, 
moderate, and severe adverse reactions.6 In addition, depending on the time of their 
occurrence after the administration of contrast media, adverse reactions have also 
been classifi ed as acute when they occur within 1 hour after contrast media adminis-

Table 6.1. Classifi cation of Iodinated Contrast Media

High Osmolar Low Osmolar Iso-Osmolar

Ionic Monomers Ionic Dimers Nonionic Dimers

Diatrizoate (Hypaque) Ioxaglate (Hexabrix) Iodixanol (Visipaque)
Iothalamate (Conray)

 Nonionic Monomers

 Iohexol (Omnipaque)
 Iopamidol (Isovue)
 Ioversol (Optiray)
 Ioxilan (Oxilan)
 Iopromide (Ultravist)

Table 6.2. Classifi cation of Adverse Reactions to Iodinated Contrast Media

Mild Reactions

Nausea, vomiting, cough, warm (heat), headache, altered taste, itching, pallor, fl ushing, 
sweats, rash, hives, nasal stuffi ness, swelling (eyes and face), dizziness, shaking, chills, 
anxiety

Signs and symptoms appear self-limited without evidence of progression. Requires
observation to confi rm resolution and/or lack of progression but usually no treatment.

Moderate Reactions

Pronounced skin reactions, bradycardia, bronchospasm/wheezing, tachycardia, laryngeal 
edema, hypertension, dyspnea, hypotension

Clinical fi ndings should be considered as indications for immediate treatment. These
situations require close, careful observation for possible progression to a life-threatening
event.

Severe Reactions

Unresponsiveness, clinical manifested arrhythmias, profound hypotension, convulsion, and 
cardiopulmonary arrest

Requires prompt recognition and treatment; almost always requires hospitalization.
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tration and delayed when they occur after 1 hour but within 1 week of contrast injec-
tion.7 Most life-threatening adverse reactions following administration of contrast 
media have an acute onset. Whereas acute contrast media–related adverse reactions 
vary in severity from mild to severe, the delayed adverse reactions are typically mild 
and usually do not require any medication.

Screening At-Risk Patients for Contrast Media–Related 
Adverse Reactions

Several risk factors predispose patients to adverse reactions to contrast media includ-
ing active bronchospasm, previous cardiac disease, dehydration, allergy of any kind, 
female gender, renal diseases, and hematological and metabolic conditions.5,8 For 
example, patients with a history of renal failure are 5 to 10 times more likely to develop 
contrast media–induced nephropathy.9 Similarly, compared to normal population, 
patients with a history of acute asthma are twice as likely to have adverse allergiclike 
reactions. Concurrent therapy with nephrotoxic drugs such as aminoglycosides 
increases the likelihood of renal failure following administration of contrast media.10

Despite common misconceptions, shellfi sh allergies and hay fever are not associated 
with increased incidence of nonrenal adverse reactions following contrast media 
administration. Prior identifi cation of at-risk patients can help in planning preventive 
strategies to avoid occurrence or minimize severity of adverse reactions. In addition, 
permanent documentation and communication of each adverse reaction to contrast 
media in patients’ medical records are critical for preventing future complications.

To identify at-risk patients for adverse reactions to contrast media, many studies 
have documented the usefulness of screening forms or simple questionnaires prior to 
contrast administration.3,11 A sample screening form used in the Brigham and Women’s 
Hospital is shown in Figure 6.1. In addition to basic demographic information, the 
screening form has 3 main sections, which include allergy and adverse event history, 
renal function assessment, and review of other medical conditions (Figure 6.1). Each 
patient is requested to complete the screening form prior to his or her contrast-
enhanced CT examination. Screening forms help identify, document, and communi-
cate risk factors in each patient prior to contrast administration so that appropriate 
preventive measures can be adopted.

In addition to the screening form completed by each patient undergoing contrast-
enhanced CT scanning, each adverse reaction to contrast media must be recorded and 
communicated to the patient, to reporting radiologists, as well as to referring physi-
cians. At our institution, a specifi c contrast media–related adverse reaction form is 
used (Figure 6.2) and incorporated into the radiology report, radiology information 
system, and hospital information system.

Preventive Measures for Contrast Media–Related Adverse Reactions

Several preventive measures can be adopted to avoid or minimize adverse reactions 
to contrast media. If possible, nephrotoxic drugs must be discontinued prior to con-
trast administration to minimize risk of contrast media–induced nephropathy. In 
addition, adequate hydration (oral or intravenous), unless contraindicated, should 
also be considered to prevent renal insuffi ciency.3 Likewise, to prevent nonrenal 
adverse reactions, corticosteroids can be administered in patients with history of prior 
contrast reaction, in whom contrast media cannot be avoided.6,8 The ACR guidelines 
recommend a premedication regimen consisting of 32 mg methylprednisolone orally, 
12 hours and 2 hours before the contrast media injection.6 Notably, this regimen does 
not recommend use of antihistaminic drug-based prophylaxis for nonrenal adverse 
reactions.
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FIGURE 6.1. Sample screening form for iodinated contrast media used in the Brigham and 
Women’s Hospital, Partners HealthCare System, Department of Radiology, Boston, MA.
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FIGURE 6.2. Sample of contrast adverse event documentation form used in the Brigham and 
Women’s Hospital, Partners HealthCare System, Department of Radiology, Boston, MA.

Management Strategies for Contrast Media–Related 
Adverse Reactions

Prompt recognition and treatment of adverse reactions to contrast media may prevent 
an adverse reaction from becoming severe or even life threatening (Table 6.3). Mild 
adverse reactions are self-limited and show no evidence of progression. Patients with 
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Table 6.3. Guidelines for Management of Patients with Contrast Media–Related Adverse Reactions

Urticaria

Discontinue injection
No treatment needed in most cases
H1-receptor blocker: Diphenhydramine PO/IM/IV 25–50 mg
If severe or widely disseminated: Epinephrine SC (1 : 1000) 0.1–0.3 mL (if no cardiac contraindication)

Facial or Laryngeal Edema

Epinephrine SC (1 : 1000) 0.1–0.3 mL
If hypotension evident: Epinephrine (1 : 10,000) slowly IV 1.0 mL
Repeat as needed to a maximum of 1.0 mg
Oxygen 6–10 L/min (via mask)
If not responsive to therapy or obvious acute laryngeal edema, seek assistance and consider intubation

Bronchospasm

Oxygen 6–10 L/min (via mask)
Monitor: Electrocardiogram, oxygen saturation, blood pressure
β-agonist inhalers (metaproterenol, terbutaline, or albuterol)
Epinephrine SC (1 : 1000) 0.1–0.3 mL
If hypotension evident: Epinephrine (1 : 10,000) slowly IV 1.0 mL
Repeat as needed to a maximum of 1.0 mg
Call for assistance for severe bronchospasm (or if oxygen saturation <88% persists)

Hypotension with Tachycardia

Legs elevated 60 degrees or more
Monitor: Electrocardiogram, oxygen saturation, blood pressure
Oxygen 6–10 L/min (via mask)
Rapid administration of large volumes of isotonic Ringer’s Lactate or normal saline
If poorly responsive: Epinephrine (1 : 10,000) slowly IV 1.0 mL
Repeat as need up to a maximum of 1.0 mg
If still poorly responsive: Transfer to intensive care unit for further treatment

Hypotension with Bradycardia (Vagal Reaction)

Monitor vital signs
Legs elevated 60 degrees or more
Secure airway: give oxygen 6–10 L/min (via mask)
Secure IV access: Rapid administration of large volumes of isotonic Ringer’s lactate or normal saline
Atropine 0.6–1.0 mg IV slowly
Repeat atropine up to a total dose of 0.04 mg/kg (2–3 mg)

Hypertension, Severe

Monitor: Electrocardiogram, oxygen saturation, blood pressure
Nitroglycerine 0.4 mg tablet, sublingual (may repeat 3 times) or topical 2% ointment, apply 1-in strip
Sodium nitroprussiate diluted with 5% dextrose; monitor potential hypotension; review dosage and administration 

instructions prior to use; titrate with infusion pump
Transfer to intensive care unit or emergency department
For pheochromocytoma: Phentolamine 5.0 mg IV

Seizures or Convulsions

Oxygen 6–10 L/min (via mask)
Consider diazepam 5.0 mg or midazolam 2.5 mg IV
If longer effect needed, obtain consultation; consider phenytoin infusion 15–18 mg/kg at 50 mg/min
Careful monitor of vital signs required

Pulmonary Edema

Elevate torso
Oxygen 6–10 L/min (via mask)
Diuretics-furosemide 40 mg IV, slow push
Consider morphine
Transfer to intensive care unit or emergency department
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mild reactions require observation to confi rm lack of progression of signs and symp-
toms. Generally, no treatment is necessary, except antihistaminic drugs, such as 
diphenhydramine, to treat pruritus.

Patients with moderate adverse reactions require monitoring and treatment to 
prevent further complications, which can be accomplished in the radiology depart-
ment. Although treatment of moderate adverse reactions varies according to their 
manifestations, patients must be observed until the onset of resolution of signs and 
symptoms.

Patients who experience severe adverse reactions need advanced and prompt 
treatment according to signs and symptoms. These patients usually require hospital-
ization until their condition has stabilized and major complications have been ruled 
out. It is important to leave intravenous access lines in place for at least 20 minutes 
after completion of contrast-enhanced CT examinations, as most life-threatening 
adverse reactions occur immediately or within the fi rst few minutes after injection 
of contrast medium.6 Future use of iodinated contrast media must be avoided in 
patients with severe adverse reactions. However, if absolutely necessary, contrast 
media can be readministered for future studies following premedication with 
corticosteroids.

Contrast Media and Renal Toxicity

Contrast media–induced nephropathy usually refers to reduction in renal function 
induced by contrast media. It is defi ned by an increase in serum creatinine by more 
than 25% or 44 µmol/L within 3 days of intravenous contrast media administration.10,12

The exact pathophysiology of contrast media–induced nephropathy is not fully under-
stood. Predisposing factors include history of diabetes mellitus, underlying renal 
insuffi ciency, dehydration, cardiovascular disease, diuretic use, advanced age (70 
years or more), multiple myeloma, hypertension, and hyperuricemia.8,13 Screening 
forms can help identify patients with these predisposing factors.14

In most patients, contrast media–induced nephropathy is self-limited and renal 
function usually returns to baseline within 7 to 10 days, without progressing to chronic 
renal failure.9 However, to avoid further deterioration of renal function, patients with 
contrast media–induced nephropathy should not be given intravenous iodinated con-
trast media before the renal function has returned to the baseline levels. If mandatory, 
contrast media should be administered following adequate hydration in order to 
facilitate the elimination of contrast media by the kidneys.

Estimation of serum creatinine levels prior to administration of contrast media 
should be performed in high-risk patients with history of renal disease, renal surgery, 
diabetic nephropathy, dehydration, congestive heart failure, paraproteinemia syn-
dromes, collagen vascular disease (e.g., lupus), or concurrent administration of neph-
rotoxic drugs.6,10 Special attention must be paid to patients receiving metformin, as 
the kidneys eliminate almost 90% of the drug. As contrast media–induced nephropa-
thy in these patients can lead to the development of fatal lactic acidosis, metformin 
must be discontinued at the time of the contrast media administration and withheld 
for 48 hours after the injection. Renal function must be reassessed prior to reinstate-
ment of metformin.6,10

Recently, creatinine clearance has been recommended for more accurate estimation 
of renal function to aid identifi cation of patients with preexisting renal insuffi ciency.15

Creatinine clearance levels of more then 60 mL/min indicate normal renal function; 
levels of 25 to 50 mL/min indicate presence of moderate renal insuffi ciency, whereas 
creatinine clearance of less than 25 mL/min indicates severe renal insuffi ciency. Cre-
atinine clearance (CCr) can be estimated using the following equation based on the 
Cockroft and Gault formula [15]:
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CCr mL min
age in years Lean body weight lb

Se
( ) =

− [ ]( ) × [ ]140 2 2.
rrum creatinine mg dL  for men; 85 for women( ) ×( )72

Combination of predisposing conditions and renal function allows classifi cation of 
patients in different risk categories for development of contrast media–induced 
nephropathy. Patients with low risk have unknown or normal renal function and no 
predisposing conditions. These subjects can receive contrast media without estimation 
of serum creatinine. Patients with intermediate risk have mild renal insuffi ciency and 
diabetes mellitus. In these subjects, although contrast media can be administered in 
the usual dose, oral hydration and follow-up serum creatinine is recommended. On 
the other hand, in high-risk patients with moderate to severe renal insuffi ciency, either 
an alternate imaging study should be considered or intravenous hydration should be 
given with the contrast media (1mL/kg/h saline injection 12 hours before and after 
contrast media administration).

Recent studies have evaluated several drugs, such as acetylcysteine, fenoldapan, and 
theophylline, for prophylaxis of contrast media–induced nephrotoxicity with variable 
success.10,12 A recent meta-analysis reported good aggregate trial evidence to suggest 
that patients who have an elevated serum creatinine level at baseline benefi t from 
receiving periprocedural acetylcysteine in the prevention of contrast-induced acute 
renal failure.16 Other reports described a lower incidence of nephrotoxicity with the 
iso-osmolar contrast agent iodixanol (Visipaque) in patients who underwent angiog-
raphy.17,18,19 Different from the low-osmolar contrast agents, the volume of iso-osmolar 
contrast did not affect the incidence of contrast-induced nephropathy in patients with 
chronic kidney disease when undergoing cardiac catheterization.19

For a patient on long-term dialysis, urgent dialysis after the use of nonionic contrast 
media is not necessary, unless there is a signifi cant underlying cardiac dysfunction, or 
very large volumes of contrast media are used.6,8 It is important, however, to limit the 
volume of contrast material administered in these patients.

Contrast Media Extravasation

Extravasation of contrast medium is a well-recognized complication of contrast-
enhanced CT examinations.20 Generally, even large extravasated volumes are not 
signifi cant in most patients. However, in children and in patients with poor perfusion 
at the injection site, extravasation can lead to skin sloughing or other tissue injury. 
Close follow-up for several hours is essential to determine the severity and prognosis 
of the insult. There is no consensus regarding the best approach for the management 
of extravasation.20 Immediate treatment should consist of elevation of the affected 
extremity to reduce edema by decreasing the hydrostatic pressure in capillaries. This 
can be supplemented with immediate application of warm compresses (which cause 
regional vasodilatation and resorption of extravasated fl uid) followed by application 
of cold compresses (which cause vasoconstriction and limit infl ammation) for 15 to 
60 minutes, 3 times a day for 1 to 3 days, until symptoms resolve.20 Patients should be 
followed until resolution of extravasation.

Surgical consultation is recommended if extravasated volume exceeds 30 mL for 
high-osmolar contrast; 60 mL for low-osmolar contrast media in the wrist, ankle, or 
dorsum of the hand; and 50 mL for high-osmolar contrast or 100 mL for low-osmolar 
contrast media at other injection sites.6 Immediate surgical consultation is necessary 
in the following circumstances: increase in swelling or pain after 2 to 4 hours, altered 
tissue perfusion (as evidenced by decreased capillary refi ll following extravasation), 
change in sensation in the affected limb, and skin ulceration or blistering.
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Iodinated Contrast Media in Patients with Coexisting Conditions

Cardiovascular Disease

In patients with underlying cardiovascular disease, iodinated contrast media may 
cause cardiac conduction abnormalities or alterations in myocardial contractility, 
which are in part related to osmolality. However, changes in cardiac hemodynamics 
are comparable amongst different contrast media.1,2,21

Pheochromocytoma

Hypertensive crisis has been reported in patients with pheochromocytoma following 
administration of iodinated contrast media during angiography and venography.22 Fear 
of similar adverse reactions to contrast medium administration with CT scanning has 
led to noncontrast imaging in patients with suspected or known pheochromocytoma.22

Although low-osmolar nonionic contrast media injection may not cause a hypertensive 
crisis in patients with pheochromocytoma, there is very little literature on safety of 
iodinated contrast medium in these patients and use of α-adrenergic blocking drugs 
prior to contrast administration.23 Therefore, non contrast CT scanning is often recom-
mended for patients with known or suspected pheochromocytoma.22,23

Thyroid Disease

Administration of iodinated contrast media may cause thyrotoxicosis in patients with 
Graves’ disease and multinodular goiter with thyroid autonomy, especially in elderly 
patients and patients living in areas of iodine defi ciency.24 Although patients at high risk 
of thyrotoxicosis should be carefully monitored by endocrinologists following contrast 
medium administration, prophylaxis is not generally recommended. In addition, iodin-
ated contrast medium can compromise thyroid scintigraphy and radioiodine treatment 
of thyroid malignancies for 2 months after administration of contrast media.24

Sickle Cell Anemia

Iodinated contrast media have traditionally been contraindicated in patients with 
sickle cell disease because their high osmolality may induce osmotic shrinkage of red 
blood cells, impair blood fl ow through the microcirculation, and precipitate or exac-
erbate a sickle cell crisis.25,26 However, recent studies have shown that low-osmolar 
contrast media have no effect on red cell volume and fi lterability of sickle cells.25

Therefore, high-osmolar contrast media for CT scanning must be avoided in patients 
with sickle cell disease and replaced by an isosmolar contrast medium.

Breastfeeding

As the gastrointestinal tract of infants absorbs less than 1% of the ingested contrast 
medium, the expected dose absorbed by infants from the breast milk is less than 0.01% 
of the intravascular dose given to the mother.27 This amount of contrast medium repre-
sents less than 1% of the recommended dose for an infant undergoing a contrast-
enhanced CT study. The potential risk to the infant includes direct toxicity and allergic 
sensitization or reaction, which are theoretical concerns but have not been reported. 
Available data suggest that it is safe for the mother and infant to continue breastfeeding 
following administration of contrast media.6 However, if the mother is concerned about 
potential negative effects to her infant, she may abstain from breastfeeding for 24 hours 
with active expression and discharge of milk from both breasts using a breast pump.

Pregnancy

In exceptional circumstances, when a radiographic examination is essential, iodinated 
contrast media may be given to the pregnant female. Following administration of 
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iodinated agents to the mother during pregnancy, thyroid function should be checked 
in the neonate during the fi rst week.8

Practical Recommendations for Cardiac CT

Intravenous contrast is administered using a dual-head power injector through an 
18-gauge needle into an antecubital vein at a rate of 4 to 5 mL/s; the injection is fol-
lowed immediately by a 40-mL saline fl ush. The purpose of a saline fl ush is to diminish 
beam-hardening artifact within the right ventricle that obscures the right coronary 
artery. It also facilitates delivery of the entire contrast volume in a short bolus.21

At the Brigham and Women’s Hospital, scan delay is calculated based on a test 
bolus technique: 10 cc of iopromide (Ultravist 370, Berlex Laboratories, Wayne, NJ) 
is injected while scanning a fi xed level in the ascending aorta. From this, a curve of 
the contrast density rise and fall is generated. The time to peak enhancement +3
seconds is used as the scan delay. The amount of contrast is calculated based on the 
scan range (the time it will take to scan from the origin of the coronary arteries to 
the apex of the heart), multiplied by the injection rate (typically 5 mL/s). A good 
technique shows the highest contrast in the left ventricle and coronary arteries with 
less density in the right ventricle and pulmonary arteries.21 The use of contrast materi-
als with higher iodine concentrations yields progressively higher levels of vascular 
attenuation at 16- to 64-channel CT coronary angiography.28

Summary Points

• Although contrast-enhanced cardiac CT scanning provides useful diagnostic infor-
mation, adverse reactions following administration of contrast media can affect 
patient safety.

• Because cardiac CT is now performed in a high throughput environment, safety 
strategies for screening and preventing adverse reactions in at-risk patients and 
comprehensive management guidelines should be adopted.
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The development of magnetic resonance imaging and computed tomography (CT) of 
the heart has provided signifi cant advances in the diagnosis and management of 
patients with acquired and congenital heart disease. Certainly, the dramatic improve-
ment in temporal resolution obtained using electrocardiogram (ECG)-gated multide-
tector CT scanning has set the stage for the implementation of this mature technology 
into the daily practice of cardiac medicine. A particular characteristic of cardiac CT 
scanning is acquisition of image data in the axial body plane. That is, conventional 
cardiac imaging has been in radiographic projection (plain fi lms, cineangiography) 
and, subsequently, in tomographic section (echocardiography and nuclear imaging). 
However, image data was never presented to the cardiac imager in axial body section. 
Although the heart lies obliquely in the chest, and the axial body section therefore 
displays cardiac structure oblique to the intrinsic cardiac axes, image data obtained 
in this format provides a wealth of anatomic information. Since most cardiologists are 
not familiar with image data displayed in this view, the cardiac imager utilizing this 
exciting modality should become familiar with the appearance of the heart in axial 
section. Furthermore, acquisition of isotropic image voxels on higher resolution 
(namely, 64-detector) CT scanners provides a robust data set for the reconstruction 
of the heart in arbitrary or traditional cardiac-based sections. To construct these axes, 
one must fi rst be able to recognize standard cardiac landmarks on the original axial 
data acquisition sets.

The purpose of this chapter is to describe the anatomy of the heart. We utilize 
thin-section axial tomographic acquisitions as obtained on a conventional 64-detector 
CT scanner. Our description follows the fl ow of blood into and out of the heart. Each 
particular anatomic structure is described in terms of its morphologic structure and 
anatomic relationships and displayed in axial section as well as in reconstruction in 
oblique section, normal or parallel to the intrinsic cardiac axes. The chapter is designed 
to serve two purposes. It is a tutorial in cardiac anatomy, as depicted in axial section 
on contrast-enhanced ECG-gated CT examination. It is also an atlas or reference for 
novice and experienced cardiac imagers to help recognize normal cardiac structures 
when viewed in tomographic section.

Right Atrium

The superior vena cava passes through the mediastinum to the right of the ascending 
aorta (Figures 7.1 and 7.2) and drains into the right atrium just posterior to the orifi ce 
of the right atrial appendage (Figures 7.3–7.6). The posterior wall of the superior vena 

This approach to the description and evaluation of the anatomy of the heart, as depicted by 
ECG-gated contrast-enhanced multidetector CT, was previously presented in Boxt LM, CT 
Anatomy of the Heart. Int J of Cardiovasc Imag 2005;21:13–27.
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FIGURE 7.1. Surface-rendered, three-dimensional recon-
struction of the heart and great arteries of a 34-year-old 
woman displayed in mild right anterior oblique view. The left 
innominate vein (LIV) drains from left to right anterior to 
the great arteries of the aorta, joining the unopacifi ed right 
innominate vein (contrast injection was from the left upper 
extremity) to form the superior vena cava (arrowheads). The 
right atrial appendage (RAA) curves around the AoA to the 
anterior atrioventricular ring. The right ventricle (RV) lies 
anteriorly, bounded superiorly by the pulmonary valve 
sinuses of Valsalva (1), on the right by the atrioventricular 
ring, and on the left by the (moderately atherosclerotic) 
anterior descending coronary artery (3) and fi rst diagonal 
branch (2).

FIGURE 7.2. Tomogram from examination of patient in 
Figure 7.1, reconstructed in right anterior oblique (RAO) 
section through the origin of the innominate artery (5). The 
highly opacifi ed superior vena cava (SVC) descends into the 
right atrium (RA) to the right of the ascending aorta (AoA). 
The right hilar vessels, namely the right upper-lobe pulmo-
nary vein (2), right pulmonary artery (3), and right upper-
lobe pulmonary artery (4), are labeled. Embedded in the fat 
of the anterior atrioventricular ring, the right coronary artery 
(1) is viewed in cross section. Extending from the ring, and 
viewed as a fi lling defect within the right ventricle (RV), is a 
tricuspid valve leafl et (7). Notice how the anterior atrioven-
tricular ring, containing the tricuspid valve, is separated from 
the pulmonary valve (6). The right ventricular outfl ow (RVO) 
tract is labeled.

FIGURE 7.3. The proximal right pulmonary artery (RP) is seen 
extending from the medial aspect of the main pulmonary artery 
(MP), passing behind the ascending aorta (AoA) and superior 
vena cava (SVC) toward the right hilum. The right upper-lobe 
pulmonary vein (2) lies lateral to the SVC and anterior to the 
RP; the left upper-lobe pulmonary vein (5), similarly, lies ante-
rior to the left pulmonary artery (LP). Both right (3) and left 
(4) internal mammary arteries lie to the right and left of the 
sternum (S), respectively. As the right main bronchus (RB) 
separates from the left main bronchus (LB), the soft tissue of 
the subcarinal space develops. The air-fi lled esophagus (1) lies 
behind the LB. AoD, descending aorta.
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FIGURE 7.5. The anterior cardiac vein (1) has crossed over 
the anterior descending coronary artery (7) and is coursing 
toward the posterior atrioventricular ring. To the left of the 
vein, a portion of the proximal circumfl ex artery (8) is seen, 
immediately anterior to the left atrial appendage (9). The left 
upper-lobe pulmonary vein (10) lies posterior to the left 
atrial appendage (LAA). The right upper-lobe pulmonary 
vein (2) is just entering the left atrium (LA). The anterior 
aspect of the superior vena cava (SVC) is now nearly confl u-
ent with the right atrial appendage (3). Notice the thin right 
ventricular outfl ow tract (RVO) myocardium (6). The right 
(4) and left (5) internal mammary arteries and sternum (S) 
are labeled. AoA, ascending aorta; AoD, descending aorta.

FIGURE 7.6. The right coronary artery (2) arises from the ante-
rior aortic sinus of Valsalva and immediately turns to the right, 
entering the anterior atrioventricular ring between the right 
heart border forming the right atrium (1) and right ventricle 
(RV). The anterior descending coronary artery (5) runs along 
the top of the interventricular septum, behind the RV. The great 
cardiac vein (6) passes into the posterior atrioventricular ring in 
front of the left atrium (LA). The left lower-lobe bronchus (7), 
artery (8), and vein (9) are labeled. The right (3) and left (4) 
internal mammary arteries and sternum (S) are seen. Ao, 
ascending aorta; AoD, descending aorta.

FIGURE 7.4. The left atrium (LA) lies posterior to the 
ascending aorta (AoA) and anterior to the descending aorta 
(AoD). Drainage of the right (3) and left (7) upper-lobe pul-
monary veins to the LA is seen. At this level, the right upper-
lobe (2) and lower-lobe (1) pulmonary arteries have separated; 
the lower-lobe pulmonary artery lies adjacent to the right 
main bronchus (RB). The left atrial appendage (LAA) lies 
anterior to the upper-lobe vein (7). The left lower-lobe pul-
monary artery (LP) lies posterior to the LB. Notice how the 
right atrial appendage (4) wraps around the AoA. The right 
(5) and left (6) internal mammary arteries and sternum (S) 
are identifi ed. MP, main pulmonary artery; SVC, superior 
vena cava.
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FIGURE 7.7. The right coronary artery (3) is seen in cross 
section, embedded within the low-attenuation fat of the ante-
rior atrioventricular ring. The anterior (A) and posterior left 
(PL) aortic sinuses of Valsalva are seen. The sinus venosus 
interatrial septum (1) separates the posterior wall of the 
distal superior vena cava (SVC) from the left atrium (LA). 
A band of myocardium (6) extends from the interventricular 
septum to the right ventricular (RV) free wall. Within the fat 
of the posterior atrioventricular ring, the proximal circum-
fl ex coronary artery (7) and great cardiac vein (8) are seen. 
After passing anterior to the descending aorta (AoD), the 
left lower-lobe pulmonary vein (9) enters the LA. The right 
(4) and left (5) internal mammary arteries and sternum (S) 
are seen. (2), right atrium.

FIGURE 7.8. The 3 aortic sinuses of Valsalva, the anterior 
(A), posterior right (PR), and posterior left (PL), are seen in 
the center of the heart. The right coronary artery (4) is seen 
in cross section within the anterior atrioventricular ring. 
Passing between the right atrium (RA) and the PR, the sino-
atrial node artery (3) heads toward the medial aspect of the 
superior vena cava. The crista terminalis is identifi ed as a 
fi lling defect (2) along the lateral aspect of the RA. A mus-
cular trabeculation (7) within the right ventricle (RV) is iden-
tifi ed as a linear fi lling defect extending from the 
interventricular septum toward the RV free wall. At this 
level, the anterior descending coronary artery (8) is viewed 
in cross section. Passing within the posterior atrioventricular 
ring, the great cardiac vein (9) and circumfl ex coronary 
artery (10) are both viewed in cross section. Both the right 
(1) and left (11) lower-lobe pulmonary veins are identifi ed. 
The right (5) and left (6) internal mammary arteries and 
sternum (S) are seen. AoD, descending aorta; LA, left 
atrium; LV, left ventricle.

cava as it enters the right atrium is the sinus venosus portion of the interatrial septum, 
which separates the superior vena cava from the left atrium (Figure 7.7). The cavity 
of the right atrium (Figures 7.8–7.13) is segregated into an anterior trabeculated 
portion and a posterior smooth-walled portion by the crista terminalis, the remnant 
of the vein of the sinus venosus. The lateral right atrium wall is very thin; the distance 
between the cavity of the right atrium and the outer lateral border of the heart should 
be no greater than 3 mm. Increased thickening usually means a pericardial effusion 
or pericardial thickening.

The coronary sinus extends from the confl uence of the great cardiac vein, between 
the left atrium and left ventricle in the posterior atrioventricular ring, and then passes 
beneath the left atrium to the diaphragmatic surface of the heart to drain into the 
right atrium medial and slightly superior to the entry of the inferior vena cava (Figures 
7.13 and 7.14). The eustachian valve separates these two structures.
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FIGURE 7.9. The anterior (6) mitral leafl et extends to the 
posterior right (PR) aortic sinus of Valsalva; the posterior (7) 
leafl et attaches on the posterior atrioventricular ring, adja-
cent to the circumfl ex coronary artery (8), viewed in cross 
section. At this anatomic level, the right lower-lobe pulmo-
nary vein (1) is seen draining into the left atrium (LA); the 
left lower-lobe vein (9) is not yet confl uent with the LA. The 
right (2) and left (5) coronary arteries are viewed in cross 
section. The right (3) and left (4) internal mammary arteries 
and sternum (S) are seen. A, anterior aortic sinus of Valsalva; 
AoD, descending aorta; LV, left ventricle; RA, right atrium; 
RV, right ventricle.

FIGURE 7.10. At this anatomic level, the secundum inter-
atrial septum (2) separates the right atrium (RA) from the 
left atrium (LA). Notice the difference in thickness between 
the muscular and membranous (4) interventricular septum, 
which lies anterior and inferior to the posterior right aortic 
sinus of Valsalva (PR). The secundum interatrial septum 
separates the RA from the LA and, in this example, is visual-
ized adjacent to the negative fi lling defect (**) caused by 
unopacifi ed blood entering the RA from the inferior vena 
cava. The right coronary artery (3) is viewed in cross section 
in the anterior atrioventricular ring; the great cardiac vein 
(7) and circumfl ex coronary artery (8) are viewed in cross 
section in the posterior atrioventricular ring. The right lower-
lobe pulmonary vein (1) enters the LA at the level of the 
secundum interatrial septum. Notice the posterior mitral 
leafl et (6) and the anterior leafl et (5) in continuity with the 
aortic annulus and PR. AoD, descending aorta; LV, left ven-
tricle; RV, right ventricle.

FIGURE 7.11. The membranous interventricular septum (3), 
anterior mitral leafl et (5), and primum interatrial septum (1) are 
seen in fi brous continuity. The right coronary artery (2) is seen 
in cross section in the anterior atrioventricular ring. A myocar-
dial trabeculation (4) is seen within the right ventricle (RV), 
extending from the interventricular septum to the free wall. 
Within the posterior atrioventricular ring, the great cardiac vein 
(6) and circumfl ex coronary artery (7) are viewed in cross 
section. AoD, descending aorta; LA, left atrium; LV, left ven-
tricle; RA, right atrium.
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FIGURE 7.12. The crista terminalis (1) is seen as a fi lling 
defect in the lateral aspect of the right atrium (RA). The 
anterior tricuspid leafl et (2) extends from the anterior atrio-
ventricular ring into the right ventricle (RV). Muscular tra-
beculae (3) appear as fi lling defects within the cavity of the 
RV. The anterior descending coronary artery (4) is viewed in 
cross section along the interventricular septum. The great 
cardiac vein (5) is turning in the posterior atrioventricular 
ring to pass beneath the left atrium (LA). LV, left ventricle.

FIGURE 7.13. The coronary sinus (1) is the continuation of 
the great cardiac vein beneath the left atrium in the inferior 
aspect of the posterior atrioventricular ring. Coronary sinus 
blood fl ow is segregated from fl ow in the inferior vena cava 
(IVC) by the eustachean valve (2). The right coronary artery 
(3) is viewed in cross section within the anterior atrioventri-
cular ring. LV, left ventricle; RA, right atrium; RV, right 
ventricle.

FIGURE 7.14. Tomogram reconstructed in short axis section 
through the aortic root, in the anterior (A), posterior left (PL), 
and posterior right (R) aortic sinuses of Valsalva. The coronary 
sinus (arrowheads) passes anterior to the descending aorta 
(AoD) and beneath the left atrium (LA) to enter the right atrium 
(RA) from behind. The RA and right ventricle (RV) are sepa-
rated by the low-attenuation fat of the anterior atrioventricular 
ring. A portion of the right coronary artery (1) is viewed in the 
superior portion of the anterior atrioventricular ring. The right 
atrial appendage (2) lies anterior to the artery in the ring. After 
originating from the PL, the left main coronary artery (3) has 
turned behind the main pulmonary artery (MP) and begins to 
pass beneath the left atrial appendage (LAA). The segmental 
left upper-lobe pulmonary vein (4 and 5), the left pulmonary 
artery (6), and the left lower-lobe pulmonary vein (7) form the 
vessels of the left hilum.
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FIGURE 7.15. Coronal tomogram reconstructed through the 
tracheal bifurcation, demonstrating the left main bronchus (LB) 
and origin of the left upper-lobe bronchus (3) and the right main 
bronchus (RB) and origin of the right upper-lobe bronchus (2). 
The interatrial septum is a curvilinear low-attenuation band 
separating the left atrium (LA) from the right atrium (RA). The 
posterior cardiac vein (6) is seen draining cephalad into the 
coronary sinus (1), which runs along the inferior aspect of the 
LA. The confl uence of the left pulmonary veins (4) lies beneath 
the hilar LB and superior to the posterior atrioventricular ring, 
which contains the circumfl ex coronary artery seen in cross 
section (5), and the mitral valve, which separates the LA from 
the left ventricle (LV). AoD, descending aorta; LP, left pulmo-
nary artery.

FIGURE 7.16. Left anterior oblique tomogram obtained through the 
right hilum. The interatrial septum is a curvilinear low-attenuation 
line, bowing toward the right atrium (RA), which separates the RA 
and the left atrium (LA). The right pulmonary artery passes along the 
top of the LA. At this level, the right upper-lobe pulmonary artery (2) 
has separated from the right pulmonary artery (RP). The right upper-
lobe pulmonary veins become confl uent (1), pass from anterior to 
inferior to the right pulmonary artery, and then posterior to the supe-
rior vena cava (SVC) to drain into the LA. The proximal superior vena 
cava (3) is labeled. The sinus venosus interatrial septum (4) separates 
the back wall of the SVC from the LA. AoD, descending aorta; RB, 
right main bronchus.

The interatrial septum (Figures 7.7–7.12, 7.15, and 7.16) usually bows toward the 
right atrium. Normal thinning in the region of the foramen ovale may be seen. This 
change in septal thickness is exaggerated in individuals with extra fat deposits around 
the heart and elsewhere. The right atrium should appear nearly the same size as the 
left atrium. Measurement of right atrial size is less diffi cult than estimation of its 
volume. Nevertheless, right atrium enlargement is associated with clockwise cardiac 
rotation.

The right atrial appendage (Figures 7.1, 7.4, 7.5, 7.14, and 7.17) is a broad-based, 
triangular structure, contained within the pericardium, that extends from about the 
middle of the heart obliquely around the ascending aorta. The right atrial appendage 
is collapsed when right atrium pressure and volume are normal; the pectinate muscles 



7 CT Anatomy of the Heart 101

FIGURE 7.17. Surface-rendered, three-dimensional reconstruction displayed in anteroposte-
rior view. The right atrial appendage (RAA) extends from inferior and laterally on the right, 
medially, anteriorly toward the anterior aspect of the ascending aorta (AoA). The right coro-
nary artery (2) is seen passing from the aorta toward the right to enter the anterior atrioven-
tricular ring and descend toward the diaphragmatic surface of the heart. The right ventricle 
(RV) is midline, bounded by the right coronary artery on the right, the pulmonary valve (5) 
superiorly, and the mid- (6) and distal (7) anterior descending coronary artery. The right lower-
lobe pul monary vein (1), right upper-lobe pulmonary artery (3), and superior vena cava (4) 
are labeled.

characteristically seen in the right atrium anterior to the crista terminalis tend to 
prevent its collapse. When the right atrial appendage is enlarged, its pectinate muscles 
appear as intracavitary fi lling defects, analogous to myocardial bundles in the right 
ventricle.

The tricuspid valve (Figures 7.2, 7.12, and 7.13) may be visualized in axial CT sec-
tions. The septal and anterior leafl ets appear as long fi lling defects attached to the 
atrioventricular ring and connected to the right ventricle free wall and septum by very 
fi ne chordae, and papillary muscles of varying size.

Right Ventricle

The right ventricle resides immediately posterior to the sternum, more or less in the 
midline (Figures 7.1 and 7.2). Unless hypertrophied, the right ventricular free wall 
myocardium is only about 2 to 3 mm in thickness and at end diastole may be diffi cult 
to visualize. The shape of the right ventricle can be surmised by visualizing the ven-
tricle as the sum of the axial sections obtained during CT examination (Figures 7.4–
7.13, 7.17, and 7.18). From the level of the pulmonary valve, moving caudad, the shape 
of the ventricle changes. The right ventricular outfl ow tract is round, surrounded by 
the ventricular infundibulum, and lies to the patient’s left. Moving in a caudad direc-
tion, the chamber increases in size, assuming a triangular shape: the base is formed 
by the atrioventricular ring, and the apex is at the intersection of the free wall and 
interventricular septum.

The tricuspid valve is separated from the pulmonary valve by the infundibulum 
(Figure 7.2). The right ventricular surface of the interventricular septum is irregular. 
Although the septomarginal trabeculation may not always be identifi ed, papillary 
muscles extending from it to the tricuspid valve leafl ets are commonplace. Numerous 
muscle bundles extend from the interventricular septum across the right ventricle 



102 Part II General Considerations for Performing PET and Integrated PET/CT

chamber to the free wall (Figures 7.2, 7.7, 7.8, 7.11, and 7.12). The inferior-most of 
these is the moderator band, which carries the conducting bundle.

The interventricular septum (Figures 7.8–7.13, 7.19–7.22) appears as intermediate 
attenuation muscle. The bulk of the septum appears relatively thick (never greater 
than 1.5 times the thickness of the free wall) and normally bows toward the right 
ventricle. The posterior superior aspect of the septum is embryologically derived 
from the endocardial cushions; this is the membranous and atrioventricular septum. 
It appears as a thin (not uncommonly fatty-infi ltrated, low-attenuation) structure, 

FIGURE 7.18. The right coronary artery (2) passes along the 
inferior aspect of the anterior atrioventricular ring toward the 
cardiac crux. The posterior cardiac vein (3) enters the posterior 
atrioventricular ring. The air-fi lled esophagus (1) lies between 
the suprahepatic inferior vena cava and descending aorta.

FIGURE 7.19. Tomogram reconstructed in coronal plane 
through the aortic valve. The membranous interventricular 
septum (6) extends from the crest of the muscular septum to the 
annulus of the aortic valve (4). The muscular interventricular 
septum separates the right ventricle (RV) and left ventricle 
(LV). The right coronary artery (1) is viewed in cross section in 
the anterior atrioventricular ring, which separates the right 
atrium (RA) from the right ventricle (RV). The left atrial 
appendage (5) is viewed in cross section just to the left and 
slightly inferior to the main pulmonary artery (MP). The right 
innominate vein (2, very opacifi ed secondary to a right upper 
extremity injection) lies to the right of the innominate artery 
(3). AoA, ascending aorta.
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FIGURE 7.20. Image reconstructed 6 mm posterior to Figure 
7.19. The atrioventricular septum (8) separates the left ven-
tricle (LV) from the right atrium (RA) and extends from the 
muscular septum to the aortic annulus (7). The right coro-
nary artery (1) is viewed in cross section. In this section, 
beneath the main pulmonary artery (MP) and left atrial 
appendage (4), the left main coronary artery (3) has left the 
posterior left aortic sinus. The circumfl ex artery (5) is viewed 
in cross section. Slightly inferior to and between the two 
arteries is the anterior cardiac vein (6) in cross section. Notice 
the isolated left vertebral artery (2) arising from the midaor-
tic arch (Ao). AoA, ascending aorta; SVC, superior vena 
cava.

FIGURE 7.21. Tomogram reconstructed in 4-chamber view 
through atrioventricular (1) and primum interatrial (3) septa. 
The redundant endothelium (4) between the left upper-lobe 
pulmonary vein (7) and left atrial appendage (8) is often 
referred to as the “Q-tip sign.” The left bronchus (5) lies 
medial to the left pulmonary artery (6) as the artery passes 
over the bronchus. The right coronary artery (2) is viewed in 
cross section in the anterior atrioventricular ring; the circum-
fl ex coronary artery (9) is viewed in cross section in the 
posterior atrioventricular ring. AoD, descending aorta; LA, 
left atrium; LV, left ventricle; RA, right atrium; RV, right 
ventricle.

FIGURE 7.22. Tomogram reconstructed in left anterior oblique 
section through the aortic valve (2) and membranous interven-
tricular septum (1). The posterior mitral leafl et (10) and circum-
fl ex coronary artery (9) are related to the posterior atrioventricular 
ring. The anterior mitral leafl et (11) is continuous with the aortic 
valve (2), which itself is continuous with the membranous inter-
ventricular septum (1). The proximal right coronary artery (3) 
is viewed in cross section beneath the right atrial appendage (4), 
within the anterior atrioventricular ring. The left main coronary 
artery (5) just distal to its orgin from the posterior left aortic 
sinus of Valsalva and proximal to the origins of the anterior 
descending and circumfl ex arteries. In this view, one may see 
the continuation of the main pulmonary artery (MP) as the left 
pulmonary artery (LP) after crossing the left bronchus (LB), 
and the continuation of the right pulmonary artery (RP) from 
the MP posterior to the ascending aorta (AoA). The origin of 
the innominate artery (6), proximal left common carotid artery 
(7), and left lower-lobe pulmonary vein (8) are labeled. LA, left 
atrium; RV, right ventricle.
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which has a characteristic anatomic relationship with the aortic valve, primum inter-
atrial septum, and anterior mitral and septal tricuspid leafl ets.

Pulmonary Artery

The pulmonary valve lies slightly out of the axial plane, so it may appear elongated 
in conventional axial acquisition (Figures 7.3 and 7.4). The caliber of the main pul-
monary artery should be about the caliber of the ascending aorta at this anatomic 
level. The left pulmonary artery is the extension of the main pulmonary artery over 
the top of the left atrium. When the pulmonary artery crosses the left bronchus, it 
becomes the left pulmonary artery (Figures 7.14 and 7.15). The right pulmonary 
artery originates from the underside of the main pulmonary artery (Figure 7.22), 
passes along the roof of the left atrium, posterior to the ascending aorta and superior 
vena cava, to enter the right hilum (Figure 7.16). The pericardium is refl ected over 
the top of the main pulmonary artery.

Pulmonary Veins

The upper-lobe pulmonary veins lie anterior to their respective pulmonary arteries 
(Figures 7.3 and 7.4). As the left upper-lobe vein courses inferiorly, it passes in front 
of the left pulmonary artery and enters the left atrium immediately posterior to the 
orifi ce of the left atrial appendage. The right upper-lobe vein lies anterior to the right 
pulmonary artery. It passes from anterior to posterior and inferiorly to enter the left 
atrium immediately posterior to the entrance of the superior vena cava into the right 
atrium (Figure 7.16). The left lower-lobe pulmonary vein (Figures 7.6–7.9) always 
courses in a caudad direction directly anterior to the descending thoracic aorta before 
entering the posterior left aspect of the left atrium. The right lower-lobe vein (Figures 
7.8–7.10) drains to the right posterior inferior aspect of the left atrium.

Left Atrium

The left atrium lies posterior, superior, and toward the left with respect to the right 
atrium (Figures 7.4–7.16). The two atria share the interatrial septum, which forms an 
oblique surface between the two. The interatrial septum normally thins in the region 
of the foramen ovale. The left atrium is just about the same size as the right atrium. 
The inner surface of the left atrium is bald smooth. The confl uence of the left upper-
lobe pulmonary vein and orifi ce of the left atrial appendage is a redundant endothe-
lium, which may appear to be thickened in its most medial aspect (Figure 7.21). The 
left atrial appendage is long and fi ngerlike (Figures 7.4 and 7.19–7.21). Analogous to 
the right atrial appendage, it contains pectinate musculature. However, these myocar-
dial trabeculations are always smaller in caliber than those of the right atrial append-
age, and almost never cross from one face of the appendage to the other. The left 
atrial appendage runs from caudad to cephalad, around the left aspect of the heart, 
below the level of the pulmonary valve.

The mitral valve lies within the posterior atrioventricular ring, immediately subja-
cent to the circumfl ex coronary artery. Fibrous continuity between the anterior mitral 
leafl et and the aortic annulus is characteristically found in morphologic left ventricles. 
Ordinarily, the chordae tendineae of the anterior and posterior mitral leafl ets are not 
visualized on CT examination. However, introduction of ECG-gated 16- and 64-
detector systems have improved the spatial and temporal resolution to a point where 
these structures are now commonly identifi ed.
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Left Ventricle

The left ventricle is generally football shaped. That is, it is symmetrical, with a long 
axis and two orthogonal shorter axes (Figures 7.8–7.13, 7.15, 7.18, 7.19, 7.20, and 7.22). 
The left ventricular papillary muscles are always seen as fi lling defects in the left 
ventricular cavity. Analogous to visualization of the chordeae, attachment of the 
papillary muscles to the chordeae is frequently visualized on the newer scanners.

The posterior atrioventricular ring also contains the great cardiac vein. This vein 
lies anterior to the circumfl ex artery and passes around the ring between the left 
atrium and left ventricle to run beneath the left atrium prior to its drainage into the 
right atrium. Before entering the right atrium, it receives other venous tributaries, 
which run along the epicardial surface of the heart.

The left ventricle lies posterior and to the left with respect to the right ventricle. 
The left ventricular myocardium is nearly uniform in thickness (1 cm at end diastole). 
However, in axial acquisition, the poster left ventricle wall may appear thicker than 
the septal or apical myocardium, because it has been cut obliquely with respect to its 
internal axis. Although some trabecular myocardial fi lling defects may be identifi ed 
within the ventricular cavity, the left ventricle is characterized by its smooth walls and 
two large papillary muscles. These always originate from the posterior wall of the 
ventricle. The plane of the interventricular septum is directed anterior to the coronal 
plane and inferiorly toward the left hip. It normally bows toward the right ventricle. 
The aortic valve shares the fi brous trigone of the heart and is, as previously described, 
in continuity with the anterior mitral leafl et.

The aortic valve has three sinuses of Valsalva: the anterior, posterior left, and pos-
terior right (Figures 7.7–7.10 and 7.14). The right coronary artery originates from the 
anterior sinus. The left main coronary artery arises from the posterior left sinus. The 
posterior right sinus is the most inferior sinus and provides no coronary artery. This 
so-called noncoronary sinus abuts the right and left atria.

Coronary Arteries

The right coronary artery originates from the anterior aortic sinus of Valsalva. It takes 
a short right turn to enter the fat within the anterior atrioventricular ring (Figures 
7.6, 7.17, 7.23, and 7.24), and passes around to the intersection of the atrioventricular 

FIGURE 7.23. Surface-rendered, three-dimensional 
CT coronary arteriogram displayed in cranialized 
left anterior oblique view. The right coronary artery 
(3) is seen arising from the anterior aortic sinus of 
Valsalva (A). After taking a rightward course, it 
provides the conus artery (5), and then descends in 
the anterior atrioventricular ring. It provides a large 
marginal branch (2) along the anterior surface of 
the right ventricle not opacifi ed, and then at the 
bottom of the ring (the cardiac crux), providing the 
posterior descending coronary artery (1). The right 
coronary artery continues in the inferior aspect of 
the ring as the posterior left ventricular branch (4). 
In this view, the left main (6), anterior descending 
(8) and circumfl ex (7) coronary arteries are demon-
strated. Notice the segment of the anterior cardiac 
vein (9) running with the anterior descending artery. 
AoA, ascending aorta; PL, posterior left aortic 
sinus of Valsalva.
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ring and the interventricular septum, the so-called crux of the heart. The posterior 
descending artery perfuses the inferior interventricular septum and may act as an 
important collateral bed in patients with atherosclerotic heart disease. In 85% of 
individuals, the posterior descending artery arises from the distal right coronary 
artery; this is called a right-dominant circulation.

The sinoatrial node artery arises from the proximal right coronary artery and 
passes behind the superior vena cava to the top of the interatrial septum. Marginal 
branches from the right coronary artery arise at a right angle from the plane of the 
atrioventricular ring and then course within the epicardial fat across the right ven-
tricular free wall. The highest marginal branch from the right coronary artery is the 
conus artery. In right-dominant circulations, the distal right coronary artery continues 
in the posterior atrioventricular ring as the posterior left ventricular branches.

The left main coronary artery arises from the posterior left aortic sinus of Valsalva 
(Figures 7.23 and 7.25). The artery continues posteriorly and passes beneath the left 
atrial appendage to enter the posterior atrioventricular ring. It continues within the 
ring as the circumfl ex artery (Figures 7.5, 7.7–7.11, 7.15, 7.20, 7.23, and 7.26). Marginal 
branches arise from the posterior atrioventricular ring and pass along the posterior left 
ventricle wall. In 15% of individuals, the circumfl ex artery continues around the pos-
terior atrioventricular ring, and the posterior descending artery arises from the distal 
left circumfl ex or is its continuation itself. These individuals are called left dominant.

Before the left main artery passes beneath the left atrial appendage, the anterior 
descending artery arises along the top of the interventricular septum (Figures 7.1, 
7.23, and 7.25). Within the epicardial fat, it passes along the top of the septum in the 
interventricular groove (Figures 7.17 and 7.27) to the cardiac apex. As the right coro-
nary artery defi nes the right margin of the right ventricle, the anterior descending 
artery defi nes the left border, and thus the position of the right ventricle, an indicator 
of right ventricle size. Diagonal branches of the anterior descending artery pass along 
the anterolateral aspect of the ventricle.

FIGURE 7.24. Multiplanar reformatted tomogram of the course of the right coronary artery. 
The artery originates from the anterior sinus of Valsalva of the aorta (Ao), passes in the ante-
rior atrioventricular ring between the right atrial appendage (2) and right ventricle (RV), 
around the underside of the RV, over the coronary sinus (1), and along the inferior aspect of 
the interventricular septum as the posterior descending artery, coursing with the posterior 
cardiac vein (3). LV, left ventricle.
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FIGURE 7.27. Surface-rendered, 
three-dimensional reconstruc-
tion of the heart. Display in left 
anterior oblique view. The ante-
rior descending artery (5) runs 
along the top of the interventric-
ular septum between the right 
ventricle and left ventricle. Note 
the large fi rst diagonal artery 
branch (4). A portion of the right 
coronary artery (1) is seen emerg-
ing from beneath the right atrial 
appendage (2) to enter the ante-
rior atrioventricular ring. Notice 
that the main pulmonary artery 
lies anterior and to the left of the 
ascending aorta (AoA). The left 
atrial appendage lies lateral and 
slightly inferior to the main pul-
monary artery, anterior to the 
left upper-lobe pulmonary vein 
(3).

FIGURE 7.25. Multiplanar reformatted tomogram of the 
origin of the left coronary artery. The left main artery (1) 
arises from the posterior left aortic sinus of Valsalva. The 
circumfl ex artery (2) passes into the posterior atrioventricu-
lar ring, lateral to the left atrium (LA). The anterior descend-
ing artery (4) continues posterior to the main pulmonary 
artery (MP) over the top of the interventricular septum. Note 
the ramus medianus branch (3) arising from the bifurcation 
of the left main artery. AoA, ascending aorta; AoD, descend-
ing aorta.

FIGURE 7.26. Surface-rendered, three-dimensional recon-
struction of the heart and aorta, viewed from behind. The 
circumfl ex artery (5) passes within the posterior atrioven-
tricular ring along with the great cardiac vein (3). The left 
atrial appendage (6) is seen passing from posterior to ante-
rior just to the left of the main pulmonary artery (not dem-
onstrated). The marginal cardiac (2 and 4) and the posterior 
cardiac veins (1) are seen entering the great cardiac vein prior 
to draining through the coronary sinus (not visualized).
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FIGURE 7.28. Axial image processed to enhance contrast and make the pericardium more 
obvious. The pericardium (arrowheads) surrounds the heart, containing the right (1) and left 
(2) atrial appendages, ascending aorta (AoA), and main pulmonary artery (MP).

Cardiac Veins

The location, size, and course of the major cardiac veins vary considerably among 
patients. The venous drainage of the heart is carried by three very different sets of 
veins: the coronary sinus and its tributaries, the anterior cardiac veins, and the The-
besian veins. Venous return from the left ventricular myocardium is through the 
anterior interventricular, the middle (or marginal) cardiac, and the posterior cardiac 
veins (Figures 7.5–7.8, 7.10–7.13, 7.14, 7.18, and 7.26). The anterior interventricular (or 
anterior cardiac) vein ascends in the anterior interventricular sulcus, parallel to the 
anterior descending coronary artery, and passes over the base of the heart toward the 
posterior atrioventricular ring, to enter the great cardiac vein. The great cardiac vein 
spirals with the circumfl ex coronary artery in the posterior atrioventricular ring, 
receives the marginal and posterior cardiac veins, and drains into the right atrium as 
the coronary sinus. The marginal cardiac veins originate from the posterior or lateral 
aspects of the left ventricle and drain into the great cardiac vein. Not uncommonly, 
they drain directly into the coronary sinus.

Venous return from the right ventricular free wall is via the anterior cardiac veins. 
These veins travel along the anterior aspect of the heart (at nearly a right angle with 
respect to the right coronary artery), cross the anterior atrioventricular ring, and enter 
the right atrium either directly or through a small right atrial cardiac vein. The The-
besian veins are very small vessels that drain myocardial blood directly back to the 
cardiac chambers.

Pericardium

The heart is contained within the middle mediastinum by the pericardium. The vis-
ceral pericardium is adherent to the ventricular myocardium and cannot be visually 
separated from the epicardial fat. The parietal pericardium may be identifi ed as a 
paper-thin high-signal-intensity surface surrounding the heart and great arteries 
(Figure 7.28). On the left side of the heart, it attaches over the top of the main pul-
monary artery (Figure 7.29). The ascending aorta is enveloped up to about the level 
of the azygos vein. Recesses (potential spaces) in the pericardium are typically found 
anterior to the ascending aorta and medial to the main pulmonary artery (the anterior 
aortic recess), between the ascending aorta and transverse right pulmonary artery 
(the superior pericardial recess) (Figure 7.30) and around the entry of the pulmonary 
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FIGURE 7.29. Tomogram reconstructed in coronal section, 
processed to enhance the pericardium. The refl ection of the 
pericardium on the ascending aorta (AOA; 1) and main pul-
monary artery (MP; 2) are displayed. LV, left ventricle.

FIGURE 7.30. Axial image processed to enhance contrast 
and make pericardial fl uid more obvious. The space (2) 
between the ascending aorta (AoA) and main pulmonary 
artery (MP) is the anterior aortic recess. Posterior to the 
AoA and inferior to the right pulmonary artery (not visual-
ized) is the superior pericardial recess (2). SVC, superior 
vena cava.

veins to the left atrium. Visualization of the parietal pericardium depends on the 
presence and extent of low-density fatty deposition in the pericardial fat pad and 
middle mediastinum.

Summary Points

• Recognition of normal cardiac and vascular structures is critical to correct inter-
pretation of contrast-enhanced cardiovascular CT imaging.

• Clinical interpretation requires a systematic, often time-consuming, review of axial 
and processed cardiac CT images.



8 Patient and Occupational 
Dosimetry

Frank P. Castronovo, Jr., and A. Robert Schleipman

110

With the introduction of dual-modality positron emission and transmission computed 
tomography (PET/CT) systems, concurrent acquisition and subsequent generation of 
coregistered functional (PET) and anatomic (CT) images have become the preferred 
diagnostic method.1–4 This capability has caused concern about increased patient 
radiation doses and occupational exposures to healthcare personnel.5–8 To address 
this concern, we need to determine the patient’s optimum administered radiophar-
maceutical dosage and the appropriate CT scanning parameters as well as to instruct 
personnel in radiation-exposure-reduction techniques. The CT component can be 
used to correct for tissue attenuation, which is otherwise accomplished with an exter-
nal radionuclide source, or to generate diagnostically suitable CT images. In either 
case, there should be an attempt to minimize the radiation dose while maintaining 
the diagnostic effi cacy of the scan.

Greater awareness about radiation doses has been heightened by the recent Biologi-
cal Effects of Ionizing Radiation (BEIR VII) update on the risks of low-level radia-
tion.9 Specifi cally, the report concluded that radiation risks were somewhat higher 
than prior estimates, following a linear nonthreshold (LNT) relationship.

Radiation safety aspects encompass both the patient and those staff attending these 
procedures. The patient is exposed to ionizing radiation from both the PET and CT 
components of the test, whereas the occupational exposure is limited primarily to the 
PET portion. This chapter discusses the radiation dosimetry associated with the 
cardiac scanning procedures currently used in nuclear medicine. Emphasis will be 
placed on PET/CT and hybrid protocols that combine myocardial perfusion PET and 
CT coronary angiography.

Basic Concepts

The type of radiation utilized in nuclear cardiology is called ionizing radiation, meaning 
that the radiation has enough energy to remove an electron out of its orbital shell, pro-
ducing an ion pair in its wake (the “free” electron plus the atom from which the electron 
came). The types of radiation of interest to our specialty that cause ionizations are 
either particulate (beta minus, beta plus, alpha, proton, electron) or electromagnetic 
(gamma, x-rays). When ionizations are produced within the body, energy is deposited 
within tissues. The amount of energy deposited determines the radiation dose. When 
undergoing a PET scan, the patient receives radiation exposure from two sources: the 
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administered radiopharmaceutical and the attenuation correction segment of the pro-
tocol. The latter can be from either a CT or an external radionuclide source. Occupa-
tional exposure results from the handling and administration of the radiopharmaceutical 
and from proximity to the radioactive patient, who remains radioactive for a short 
period of time. Several basic radiation quantities and units are defi ned in Appendix A. 
Throughout this chapter, units are expressed in the International System of Units (SI).

Exposure of the Patient to Radiation

Internal Radiopharmaceutical Exposure

In 1948, a method was reported for determining the absorbed dose from internally 
administered radionuclides primarily with long half-lives and high-energy beta and 
gamma emissions.10 This methodology was used until the mid-1960s, when radionu-
clides with shorter half-lives, lower photon energies, and much more complex decay 
schemes were introduced. To meet this challenge, the Society of Nuclear Medicine 
created the Medical Internal Radiation Dose (MIRD) Committee in 1968, which 
subsequently introduced the “absorbed fraction,” and, in 1975, the “S” methodolo-
gies.11–13 Computer programs eventually simplifi ed this calculation, as did the publica-
tion of several reports from the International Commission on Radiological Protection 
(ICRP).14–17

Absorbed doses to organs from the administration of a radiopharmaceutical and the 
determination of the resultant effective doses are supplied in ICRP Publication 80.18

The effective dose methodology is dependent on tissue-weighting factors, as described 
in ICRP Publication 60.19 Physical properties associated with radionuclides employed 
in nuclear cardiology are listed in Table 8.1.20 Specifi c radiopharmaceuticals utilized in 
nuclear cardiology with their corresponding effective doses are shown in Table 8.2.18

Table 8.1. Physical Properties of Radionuclides Used in Nuclear Cardiology

 Physical Half-life Γ Constant, Half Value Layer
Radionuclide (T1/2p), minutes (mSv/hr)/MBq @ 1 m (HVL), cm, Pb

82Rb 1.26 2.104E-4 0.70
150 2.06 1.940E-4 0.41
13N 9.97 1.938E-4 0.41
18F 109.74 1.879E-4 0.41
99mTc 361.2 3.317E-5 0.03
201Tl 4386.00 2.372E-5 0.02

Source: Data from Ref. 20.

Table 8.2. Effective Doses for Adult Patients from Radiopharmaceuticals Used in Nuclear 
Cardiology

Radiopharmaceutical Procedure Effective dose, mSv/MBq

99mTc-sestamibi Rest 9.0E-03
 Stress 7.9E-03
99mTc-tetrofosmin Rest 7.6E-03
 Stress 7.0E-03
201Tl-thallous chloride Rest or stress 2.1E-02
18F-fl uorodeoxyglucose Rest 1.9E-02
13N-ammonia Rest or stress 2.0E-03
82Rb-rubidium chloride Rest or stress 3.4E-03
15O-water Rest or stress 9.3E-04

Source: Data from Ref. 18.
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External Radiation Exposure

Transmission Imaging

PET or single photon emission computed tomography (SPECT) procedures often 
include a transmission scan to correct for tissue attenuation of the image data. A 
gallium-68/germanium-68 (68Ge/68Ga) coincidence source, a gadolinium-153 (153Gd) 
line source, or a transmission CT scanner can be used to correct for attenuation. The 
patient’s estimated effective radiation dose from radionuclide transmission correc-
tions is minimal (0.0013–0.0013 mSv), whereas CT attenuation is higher 
(0.23–5.66 mSv).1,6,21

CT Scan

When diagnostic-quality CT images are acquired, the effective radiation doses are 
higher than those obtained for attenuation correction alone. Since their introduction 
in 1998, multidetector scanners (MDCT) have found their way into cardiology prac-
tice. Unlike radiopharmaceuticals, where a specifi c radionuclide has a unique list of 
physical constants, CT scanners possess a number of operational variables that infl u-
ence radiation dose.22,23 These include tube potential, tube current, tube rotation time, 
slice thickness, pitch factor, beam fi lter, geometric effi ciency, and focal spot to center 
of rotation distance. The scanner model and setup, as well as the patient’s morphology, 
organ of interest, gender, and age, factor into the patient’s radiation dose. The setup 
consists of a protocol supplied by the scanner manufacturer with items adjusted by 
the technologist as desired. For a specifi c scanner, patient dose is linearly related to 
the product of scanning time(s), tube current (milliamperage [mA], the number of x-
rays produced), and tube voltage (peak kilovoltage [kVp], which determines how 
penetrating the x-rays are). Higher kVp is desired to create constant image noise. If 
a constant mA is used, the dose is then inversely related to the pitch (table travel per 
rotation relative to beam collimation). With a pitch <1, data acquisition occurs with 
overlap, whereas a pitch >1 produces gaps. Both the slice thickness and the scan 
volume are linearly related to dose.22 A multidetector technique allows the scanner 
to acquire more slices per rotation. The most important factor for managing patient 
dose is the mAs, the tube current multiplied by the scan time in seconds. How these 
various CT parameters infl uence patient dose is illustrated in Table 8.3.22,23

The principal CT radiation dose indicator is the CT dose index (CTDI). This index 
integrates the radiation dose delivered both within and beyond the scan volume and 
corresponds to the total energy deposited in the patient (or phantom) divided by the 
mass of a single section.23 A weighted CT dose index (CTDIw) is used for contiguous 

Table 8.3. Effect of Scan Parameters on Radiation Dose for a Spiral Chest CT

CT Parameter Procedure A Procedure B

Tube voltage (kVp) 140 140
Tube current (mA) 165 110
Scan volume (cm) 31 31
Slice thickness (mm) 5 5
Pitch 1 2

Radiation Dose

Lung (mGy) 24.3 8.15
Effective dose (mSv) 7.1 2.4

Source: Data from References 22 and 23.
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scanning and represents the average radiation dose across the fi eld of view, incorpo-
rating variations in the absorbed dose from the periphery to the center of the object. 
These dose indicators do not represent the patient’s actual radiation dose; rather, they 
are the standardized index of the average dose delivered for each specifi c scan being 
considered, which can then be used to determine effective dose.

Overlapping sequential scans or noncontiguous studies produce the CTDIvol, which 
represents the average dose within a particular scan volume. This value is multiplied 
by the total length (cm) to arrive at the dose-length-product (DLP). A higher radia-
tion dose is obtained with an increased axial scan length. To minimize dose, it is 
therefore important to scan only the area of interest. The special dose quantities, 
CTDIvol and DLP, can be obtained from direct display on the scanner or by measure-
ment of standardized phantoms. A medical physicist is best qualifi ed to perform the 
latter determinations. A more direct, but more expensive, method is to estimate the 
radiation exposure with an anthropomorphic whole-body phantom (e.g., Alderson 
RANDO) distributed with thermoluminescent dosimeters (TLDs).24 Finally, the 
effective dose, in mSv, is calculated by multiplying the DLP in units of mGy.cm, by a 
region-specifi c conversion factor (RSCF), in units of mSv/mGy.cm.25

Determination of the Patient’s Effective Dose

The patient’s effective dose from a nuclear cardiology procedure is made up primarily 
of a combination of two components: the CT scan and the administered radiophar-
maceutical. The methodology associated with determining the effective dose is 
described above. In essence, the absorbed dose of each organ exposed is multiplied 
by a tissue-weighting factor. Each corrected organ dose is then summed to arrive at 
the dose equivalent. A sample calculation for an adult patient receiving 740 MBq of 
fl uorine-18 fl uorodeoxyglucose (18F-FDG) is presented in Appendix B.18,19 Similar 
methodology can be used to calculate effective dose from a conventional posteroan-
terior (PA) chest radiograph, as shown in Appendix C.26

To arrive at the CT contribution to the dose equivalent, the conversion factors for 
a general anatomic region are used, as described by the European Guidelines on 
Quality Criteria for Computed Tomography.27 As discussed above, the effective dose 
is determined by multiplying DLP by RSCF. Several RSCFs have been published for 
various parts of the anatomy, as follows: head (0.0023 mSv/mGy.cm), chest (0.017 mSv/
mGy.cm), and pelvis (0.019 mSv/mGy.cm).25,27 A sample calculation is provided in 
Appendix D. Table 8.4 lists the effective doses associated with PET and integrated 
PET/CT procedures.

Radiation Doses to the Breast and Skin

The increased utilization of multidetector CT has resulted in a greater awareness of 
nontarget radiation doses. Organs often incidental to the x-ray beam include breast, 
thyroid, lens of the eye, gonads, and skin. Dose to the skin more often becomes a 
concern during CT-fl uoroscopy, which has no established application as yet in cardiol-
ogy. However, skin effects have occurred after interventional cardiac procedures.28

The thyroid, lens of the eye, and gonads are outside of the anatomical region scanned 
during cardiac CT studies. The breasts, however, are within the primary beam of x-
rays, as demonstrated by the calculated doses to this tissue from various radiological 
procedures in Table 8.5.29–31 The effective dose (in mSv) is obtained by multiplying 
the absorbed radiation dose (in mGy) by a radiosensitivity factor, which is 0.05 for 
the breast.19 The effective doses from CT procedures expose the breast to substantially 
higher effective doses than those determined for radiopharmaceuticals.18,19,32 To 
counter this, the application of thinly layered bismuth garments has been shown to 
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reduce the CT breast dose by 50%.33 However, the logistics of routinely applying this 
type of protective device have not yet been incorporated into daily clinical practice. 
It is estimated that 1 in 9 women will develop breast cancer during their lifetime.34

The probability of radiogenic fatal breast cancer is 1/250,000 per mGy of absorbed 
dose, or 1/2500 per mSv effective dose.19

Exposure of Personnel to Radiation

In contrast to the mathematical modeling, calculations, and simulations performed to 
determine patient or specifi c organ doses, measurement of radiation exposures to 
hospital staff is relatively straightforward. Prospectively, one can summarize ion 
chamber measurements obtained at variable distances from patients and other sources; 
retrospectively, one can review personal dosimeter fi ndings. 7,8 The individual deep 
dose is calculated from personal monitors worn on the trunk. Hand (wrist or fi nger) 
badges worn during compounding and administration of radiopharmaceuticals 
measure extremity dose. Newer electronic personal detectors (EPDs) yield instanta-

Table 8.4. Patient Effective Doses from Cardiac PET and Integrated PET/CT

 Effective
 Dose per
 Procedure Radiopharmaceutical 
 (mSv) Dosage and Scan Parameters

Scout

CT 0.04 120 kVp, 10 mA

Transmission

CT (82Rb stress/rest) 0.73 140 kVp, 30 mA, pitch = 1.35
CT (dynamic 18F-FDG) 0.83 140 kVp, 30 mA, pitch = 1.375
CT (cardiac viability 18F-FDG) 0.83 140 kVp, 30 mA, pitch = 1.375

Emission
82Rb chloride (rest + stress) 12.58 1850.0 MBq for each scan
13N-ammonia (rest + stress) 5.55 925.0 MBq for each scan
15O-water (rest + stress) 2.75 1480.0 MBq for each scan
Coronary artery calcium score (CAC) 3.69 120 kVp, 300 mA, pitch = 0.563 – 1.0

CT Coronary angiogram (CTA)

Acquisition 1: localization 0.7 120 kVp, 80 mA, pitch = 1.375
Acquisition 2: bolus 0.74 120 kVp, 80 mA
Acquisition 3: “snapshot” 25.71 120 kVp, 440 mA

Total 27.21

Source: CT dose calculations provided by Richard Nawfel, MS, Medical Physicist, Radiology, 
Brigham and Women’s Hospital, Boston, Massachusetts, USA; Personal Communication, August, 
2005.
Radiopharmaceutical dosages and scan parameters refl ect those used at most institutions.
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neous dose recordings that are useful in high-dose-rate settings, though in the clinical 
setting of diagnostic exposures, artifactual readings and decreased radiosensitivity 
(relative to TLDs) have been reported.35,36

For all ionizing radiations, effective dose equivalent is the standard descriptor for 
personal dose, which is expressed in sieverts (Sv) or increments thereof, for example, 
µSv and mSv. The deep-dose equivalent (body) is used to estimate cancer risk. Lens 
dose is used to estimate risk of radiation cataractogenesis, and shallow (skin) dose to 
estimate probability of deterministic skin effects.

Barring lifesaving actions of emergency personnel in a radiation disaster, identical 
regulatory limits are imposed on all radiation workers, whether they are surgical 
nurses, nuclear medicine residents, or power plant operators. Authorized radiation 
users within the European Union and many other health ministries (following ICRP 
guidelines), work under a lower annual allowable effective dose limit than do those 

Table 8.5. Breast and Skin Radiation Doses

Breast Doses: Radiopharmaceuticals

Procedure Dosage Effective Dose (mSv)

18F-FDG  370 MBq 0.159
99mTc-MIBI (rest)  407 MBq 0.077
99mTc-MIBI (stress) 1332 MBq 0.226
99mTc-Myoview (rest)  407 MBq 0.019
99mTc-Myoview (stress) 1332 MBq 0.067
82Rb-chloride 1850 MBq 0.018
13N-ammonia  740 MBq 0.067
201Tl-thallous chloride  93 MBq 0.180
15O-water 1110 MBq 0.016

Breast and Skin Doses: X-Rays

 Breast

Procedure* mGy mSv Skin (C/kg)†

Chest x-ray: PA and lateral  0.059 0.003 1.8E-05
Mammogram  3.5 0.175
CT-angiography 44.1 2.21
CT-angiography: 64 slice 75.1 3.76
CT-pulmonary embolism 54.5 2.73
CT-chest: 4 slice 16.2 0.81
CT-chest: 16 slice 13.5 0.68
CT-chest: 64 slice 15.9 0.80
Cardiac catheterization: PA-female 55.8 2.79 8.74E-02‡

Source: Data from References 16, 18, 29–32.
*As explained in the text, tube potential, mAs, and so on can vary. Average values are shown.
†2.58E-04 C/kg = 1 R
‡Assume 64 minutes of fl uoroscopy, plus 4.9 minutes of cine at 9.8E-04 C/kg and 5.03E-03 C/kg, 
respectively.
Checking for skin changes is recommended after a radiation dose of 5.16E-02 C/kg. Skin changes were 
not observed with this patient.
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in the United States (Table 8.6).19,37 Pregnant radiation workers are further limited to 
not exceed 5.0 mSv in the United States, and no more than 1.0 mSv in the European 
Union countries, once pregnancy has been declared.19,38 Annual limits of radionuclide 
intake (ALI), through ingestion or inhalation, are also codifi ed. The actual amount 
varies by radionuclide, for example, ingestion of 2960 MBq of technetium-99 (99mTc) 
vs 2590 MBq of 18F, though they have the same threshold outcomes: a total effective 
dose equivalent of 50 mSv.39

Contributions to Occupational Radiation Exposure

Noninterventional CT, as in calcium scoring, PET/CT, SPECT-CT, and CTA (CT-
based angiography) contributes minimal dose to staff members, as their duties are 
performed behind shielded consoles. However, with radionuclides a number of factors 
contribute to occupational exposures. These include exam volume, acuity of patients 
(requiring proximity of medical staff), tracer photon yield, photon energy, and decay 
rate. Each radionuclide possesses a unique decay constant, λ (where the physical half-
life = 0.693/λ), and every photon-emitting radionuclide has its own gamma constant, 
Γ, a descriptor of source strength based on energy and photon yield. As listed in Table 
8.1, one can appreciate the steady increase in exposure, per unit dose, from thallium-
201 (201Tl) to 99mTc, 18F, and nitrogen-13 (13N), and then on to rubidium-82 (82Rb).20

As implied by the increasing half-value layer (HVL) gradient, increased shielding is 
also required to attenuate these photons. In addition to the 0.511 MeV annihilation 
photons common to positron emitters, 82Rb also emits a high-energy (0.78 MeV) 
gamma photon.

As most cardiac imaging activities must be carried out proximal to the radiation 
source, occupational dose measurement generally falls into several task-based cate-
gories. These are:

• preparation, administration, and disposal of radiopharmaceuticals
• monitoring and care of the radioactive patient
• quality control of radiopharmaceuticals and imaging instruments

Reported Occupational Doses

A review of the literature yields a spectrum of dose estimates, for example, per exam, 
per technologist, per quarter, per year.36,40–45 The better-designed studies further 
standardize results with corrections for administered dose, sensitivity of monitoring 
equipment, and recorded time and distance from the source or patient.

Table 8.7 summarizes the occupational exposures from PET studies as reported in 
the literature. Most of the published data refl ect the wide use of 18F-FDG PET, which 
is not necessarily cardiac specifi c, with the exception of its application to assess 

Table 8.6. Maximum Occupational Annual Dose Limits

 US ICRP

Effective Dose

Deep  50 mSv  20 mSv
Declared pregnancy  5 mSv  2 mSv*

Radiation Weighted Dose

Lens of the eye 150 mSv 150 mSv
Shallow (skin/extremities) 500 mSv 500 mSv

Source: Data from References 19, 37, 38.
*More recent European Commission Directive = 1.0 mSv for declared pregnancy.
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myocardial viability. Chiesa et al fi rst published results comparing occupational dose 
from 18F-FDG PET studies to other scintigraphic procedures.40 The authors presented 
values for syringe preparation, escort of patients, quality assurance procedures, and 
scan acquisition. Benatar et al included 13N-NH3 and 11C exams in their report on 
technologist exposures, though these made up only 3.4% and 5.7%, respectively, of 
their measured PET procedure volume.41 Schleipman et al compared 82Rb to 99mTc-
MIBI in pharmacologic stress myocardial perfusion imaging.42 Excluding the 82Rb
studies, the average dose per technologist approximates 6.5 µSv, ranging from 3.13 to 
11.5 µSv per procedure. Despite this wide variability, when standardized to adminis-
tered radioactivity, the mean occupational dose approximates 0.02 µSv/MBq.

Though 82Rb has a larger gamma-ray constant, its rapid radioactive decay results in 
a lower dose contribution than does 18F-FDG. The study by Schleipman et al demon-
strated a sixfold decrease in exposure for exercise staff performing pharmacologic 
stress tests, when utilizing 82Rb as compared to 99mTc-MIBI.42 However, those in close 
proximity (0.5 m from the patient) during the fi rst 3 minutes postinjection received 
high levels of exposure (approximately 15 µSv/patient); thus, from a radiation protec-
tion perspective, actual exercise testing of these patients on a routine basis is not 
recommended.

Radiation Protection Considerations

The universal principles of radioprotection—reduce time near the source, maintain 
a practical distance, use appropriate shielding, and control for contamination by fre-
quent surveys and use of personal protective equipment—are equally relevant with 
positron emitters. Specifi c adaptations include using automated blood pressure 
monitors and medication pumps that decrease time spent in close contact with the 
radioactive patient, as well as employing PET-specifi c shielding, which has become 
more widely available.44–46 Some syringe and vial containers contain a plastic 
sleeve that absorbs positrons, while others may be comprised of tungsten or tungsten-
lead alloys that more effi ciently absorb the 0.511 MeV annihilation photons. As 
with all other areas of radiological imaging, a qualifi ed medical physicist determines 
facility shielding for examination areas, waiting rooms, and hot labs.47–50 Finally, 
trainees should be taught to perform as many patient-centered tasks, such as obtaining 

Table 8.7. Occupational Effective Dose Equivalent for PET

µSv per MBq µSv per complete
Reference Radiotracer administered procedure µSv per day µSv per year

40 18F-FDG 0.01–0.023  5.9–11.5 58 12400
41 18F-FDG + 0.017  5.5 14.4  3456*

13N-NH3 +
11C-methionine

36 18F-FDG 0.024–0.038 10.7 46.0  7500–10000
44 18F-FDG 0.01  4.1   3085
43 18F-FDG 0.025  4.5 31  6665
45 18F-FDG 0.009  3.13 12.5†  3000*
42 82Rb chloride 0.0003  0.9 (stress + rest) 10.8‡  2592*

Source: Data from References 36, 40–45.
*Assuming 5 days/week × 4 weeks/month × 12 months/year.
†4 patients/day.
‡12 patients/day.
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consent or baseline electrocardiogram (ECG) monitoring, prior to injection of radio-
tracers whenever possible.

Summary Points

• The benefi ts to health from diagnostic imaging are well established. Cardiology 
patients have benefi ted from the explosion of minimally invasive nuclear cardiology, 
CT, and fl uoroscopic procedures in the past few years.

• Equally established, however, is the need to minimize the possible deleterious 
effects from ionizing radiation that may be overprescribed or improperly applied. 
Those who operate this increasingly sophisticated equipment have met this chal-
lenge by correctly and successfully performing these procedures. However, increased 
radiation doses, especially in the PET suite, are an unfortunate by-product of this 
success. It is therefore the responsibility of the authorized radiation user or clinician 
to maintain a program whereby the radiation dose received by patients and person-
nel is maintained as low as reasonably achievable. This can best be achieved by 
education combined with an institutional quality-management program dedicated 
to improving this environment.

References

 1. Schwaiger M, Ziegler S, Nekolla S. PET/CT: challenge for nuclear cardiology. J Nucl Med. 
2005;46:1664–1678.

 2. Bruken RC, DiFilippo FP, Howe WC, et al. Measurement of left ventricular ejection frac-
tion using gated cardiac PET with CT based attenuation correction [abstract]. J Nucl Med.
2005;46(suppl 2):173P. Abstract 499.

 3. Namdar M, Hany TF, Koepfl i P, et al. Integrated PET/CT for the assessment of coronary 
artery disease: a feasibility study. J Nucl Med. 2005;46:930–935.

 4. Nekolla S, Souvatzoglou M, Hausleiter J, et al. Integration of function and morphology in 
cardiac PET/CT: a feasibility study in patients with chronic and ischemic heart disease. J
Nucl Cardiol. 2005;2(suppl):S45.

 5. Hunold P, Vogt FM, Schmermind A, et al. Radiation exposure during cardiac CT: 
effective doses at multi-detector row CT and electron-beam CT. Radiology. 2003;226:
145–152.

 6. Wu TH, Huang YH, Lee JJ, et al. Radiation exposure during transmission measurements: 
comparison between CT- and germanium-based techniques with a current PET scanner. 
Eur J Nucl Med Mol Imaging. 2004;31:38–43.

 7. Gomez-Palacios M, Terron JA, Dominguez P, et al. Radiation doses in the surroundings 
of patients undergoing nuclear medicine diagnostic studies. Health Phys. 2005;89:
(suppl 2):S27-S34.

 8. Lundberg TM, Gray PJ, Bartlett ML. Measuring and minimizing the radiation dose to 
nuclear medicine technologists. J Nucl Med. 2002;30:25–30.

 9. BIER VII, Phase 2. Health Risks from Exposure to Low Levels of Ionizing Radiation.
Washington, DC: National Academies Press; 2005. Available at: http://www.nap.edu/
catalog/11340.html. Accessed January 24, 2006.

10. Marinelli LD, Quimby EH, Hine GJ. Dosage determinations with radioactive isotopes. 
II. Practical considerations in therapy and protection. AJR Am J Roentgenol. 1948;59:
260–280.

11. Society of Nuclear Medicine. Medical Internal Radiation Dose (MIRD) Publications. 
Suppl 1, Pamphlets 1–3. New York: Society of Nuclear Medicine; 1968.

12. Snyder WS, Ford MR, Warner GG, et al. “S” Absorbed Dose per Unit Cumulated Activity 
for Selected Radionuclides and Organs. New York: Society of Nuclear Medicine; 1975. 
MIRD Pamphlet 11.

13. Dillman LT, Von der Lage FP. Radionuclide Decay Schemes and Nuclear Parameters for 
Use in Radiation Dose Estimation. New York: Society of Nuclear Medicine; 1975. NM/
MIRD Pamphlet 10.

14. MIRDOSE 3, Oak Ridge, TN: Oak Ridge Internal Information Center, 1994.



8 Patient and Occupational Dosimetry 119

15. New Internal Radiation Dose and Modeling Software; FDA Approves Commercial 
MIRDOSE Successor. J Nucl Med. 2004;45:26N, 27N.

16. International Commission on Radiological Protection (ICRP). Radiation Dose to Patients 
from Radiopharmaceuticals. Oxford: Pergamon Press; 1987. ICRP Publication 53.

17. International Commission on Radiological Protection (ICRP). Summary of the Current 
ICRP Principles for Protection of the Patient in Nuclear Medicine. Oxford: Pergamon 
Press; 1993. A report by Committee 3.

18. International Commission on Radiological Protection (ICRP). Radiation Dose to Patients 
from Radiopharmaceuticals. Oxford: Pergamon Press; 1998. ICRP Publication 80.

19. International Commission on Radiological Protection (ICRP) Recommendations of the 
International Commission of Radiological Protection. Oxford: Pergamon Press; 1991. 
ICRP Publication 60.

20. Shleien B, Slaback LA, Kirky BK, eds. The Health Physics and Radiological Health Hand-
book. Baltimore: Williams & Wilkins; 1998.

21. Perisinakis K, Theocharopoules N, Korkavitsas N. Patient effective radiation dose and 
associated risks from transmission scans using 153Gd live sources in cardiac SPECT studies. 
Health Phys. 2002;83:66–74.

22. Hamberg LM, Rhea JT, Hunter GJ, et al. Multi-detector row CT: radiation dose charac-
teristics. Radiology. 2003;226:762–772.

23. International Commission on Radiological Protection (ICRP). Managing Patient Dose in 
Computed Tomography. Oxford: Pergamon Press; 2000. ICRP Publication 87.

24. Brix G, Lechel U, Veit R, et al. Assessment of a theoretical formalism for dose estimation 
in CT: an anthropomorphic phantom study. Eur Radiol. 2004:14:1275–1284.

25. McNitt-Grey M. AAPM/RSNA Physics Tutorial for Residents: Topics in CT. Radio-
graphics. 2002;22:1541–1553.

26. International Commission on Radiological Protection (ICRP). Exposure of the U.S. 
Population from Diagnostic Medical Radiation. Oxford, Pergamon Press; 1989. ICRP 
Publication 100.

27. European Commission. European Guidelines on Quality Criteria for Computed Tomog-
raphy. EUR 16262 EN, May 1999. Available at: http://www.drs.dk/guidelines/ct/quality/
index.htm. Accessed January 24, 2006.

28. Wagner LK, Eifel PJ, Geise RA. Potential biological effects following high x-ray dose 
interventional procedures. J Vasc Interv Radiol. 1994;5:71–84.

29. Parker MS, Hui FK, Camacho MA, et al. Female breast radiation exposure during CT 
pulmonary angiography. AJR Am J Roentgenol. 2005;185:1228–1233.

30. McCollough CH, Liu HH. Breast dose during electron beam CT: measurements with fi lm 
dosimetry. Radiology. 1995;196:1153–1157.

31. Nawfel, R, Yoshizumi T. Update on radiation CT. AAPM News Letter. March/April 
2005:12–13.

32. Thomas SR, Stabin MG, Castronovo FP. Radiation absorbed dose from (201) Tl-thallous 
chloride. J Nucl Med. 2005;46:502–508.

33. Hopper KD, King SH, Lobell ME, et al. The breast: in-plane x-ray protection during 
diagnostic thoracic CT shielding with bismuth radio-protective garments, Radiology.
1997;205:853–858.

34. Schnall MD. Breast imaging technology: application of magnetic resonance imaging to 
early detection of breast cancer. Breast Cancer Res. 2000;3:17–21.

35. Deji S, Nishizawa K. Abnormal responses of electronic pocket dosimeters caused by high 
frequency electromagnetic fi elds emitted from digital cellular telephones. Health Phys.
2004;87:539–544.

36. Biran T, Weininger J, Malchi S, et al. Measurement of occupational exposure for a tech-
nologist performing 18F-FDG PET scans. Health Phys. 2004;87:539–544.

37. US Nuclear Regulatory Commission (NRC). Program-Specifi c Guidance About Medical 
Use Licenses. Washington, DC: US Nuclear Regulatory Commission; 1998. NUREG-SR 
1556. Vol. 9.

38. Council of the European Union. Guideline 96/29/EURATOM laying down basic safety 
standards for the protection of the health of workers and the general public against the 
dangers arising from ionizing radiation. J Eur Comm. 1996;L159:0001–0114.

39. US Code of Federal Regulations. Annual Limits on Intake (ALIs) and Derived Air Con-
centrations (DACs) of Radionuclides for Occupational Exposure, Effl uent Concentrations 
for Release in Sewerage. 10 CFR Part 20, Appendix B. Available at: http://www.nrc.gov/



120 Part II General Considerations for Performing PET and Integrated PET/CT

reading-rm/doc-collections/cfr/part020/full-text.html#part020-appb. Accessed January 
24, 2006.

40. Chiesa C, De Sanctis V, Crippa F, et al. Radiation dose to technicians per nuclear medicine 
procedures: comparison between technetium-99m, gallium-67, and iodine-131 radiotracers 
and fl uorine-18 fl uorodeoxyglucose. Eur J Nucl Med. 1997;24:1380–1389.

41. Benatar NA, Cronin BF, O’Doherty MJ. Radiation dose rates from patients undergoing 
PET: implications for technologists and waiting areas. Eur J Nucl Med. 2000;27:
583–589.

42. Schleipman, AR, Castronovo FP, Di Carli, MF, et al. Occupational radiation dose associ-
ated with Rb-82 myocardial perfusion positron emission tomography imaging. J Nucl 
Cardiol. 2006;13:378–384.

43. Robinson CN, Young JG, Wallace AB, Ibbetson VJ. A study of the personal radiation 
dose received by nuclear medicine technologists working in a dedicated PET center. Health 
Phys. 2005;88(suppl 1):S17–S21.

44. Roberts FO, Gunawardana DH, Pathmaraj K, et al. Radiation dose to PET technologists 
and strategies to lower occupational exposure. J Nucl Med Tech. 2005;33:44–47.

45. Guillet B, Quentin P, Waultier S, et al. Technologist radiation exposure in routine clinical 
practice with 18F-FDG PET. J Nucl Med Tech. 2005;33:175–179.

46. Brown TF, Yasillo NJ. Radiation safety considerations for PET centers. J Nucl Med Tech.
1997;25:98–102.

47. Methé BM. Shielding design for a PET imaging suite: a case study. Health Phys.
2003;84(suppl 5):S83-S88.

48. Anderson JA, Matthews D. Site planning and radiation safety in the PET facility. Paper 
presented at: Proceedings of the 44th Annual Association of Physicists in Medicine; July 
14–18, 2002; Montreal, Canada.

49. Erdman M, King S, Miller K. Recent experiences with shielding a PET/CT facility. Health 
Phys. 2004;87(suppl 1):S537-S539.

50. Cao Z, Corley JH, Allison J. 18F protection issues: human and γ-camera considerations. J
Nucl Med Tech. 2003;31:210–215.

Appendix A: Radiological Units

Exposure: Amount of ionization produced in air from photons (x-rays and/or gamma 
rays). The conventional unit is the Roentgen (R), which is equivalent to 2.08E+09 
ion pairs/cm3 in air at STP, or 2.58E-04 coulombs/kg air. The SI unit is coulombs/kg 
air. 1R = 1000 mR.

Absorbed Dose: The amount of absorbed energy per gram of material from particu-
late radiation. The conventional unit is the rad, and it equals 100 ergs per gram. 
The SI unit is the gray (Gy), which equals 1 joule/kg. 1 rad = 0.01 Gy. 1 Gy = 100 rads. 
1 rad = 1000 mrad.

Dose Equivalent–Radiation Protection: A quantity that refl ects the modifying effects 
of different types of radiation and the relative radiosensitivity of the irradiated 
tissue. This unit is defi ned as the absorbed dose times a weighting factor for radia-
tion type, called a quality factor (QF). The conventional unit is the rem, and it equals 
the rad × QF. Since the radiation types in nuclear cardiology have the same weight-
ing factor, rad and rem are equivalent. The SI unit is the sievert (Sv), which equals 
100 rem. Radiation badge readings are expressed in terms of mrem or mSv.

Dose Equivalent-Radiation Risk: A double-weighted absorbed dose, using QF and a 
weighting factor for each tissue irradiated. The latter represents the fraction of the 
total fatal cancer and serious inherited disorders (stochastic risk) resulting from the 
irradiation of that organ or tissue, called the effective dose (ED). It is defi ned as a 
summation of the tissue equivalent doses, each multiplied by the appropriate tissue-
weighting factor. ED = sum (Wt × Ht). The conventional unit is the rem, and the SI 
unit is the sievert (Sv), with 1 Sv = 100 rem. The sum of fatal cancers for whole-body 
irradiation is 1 in 20,000 per mGy (100 mrem), with the baseline cancer mortality 
being 1 in 6.7 to 1 in 4.18
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Activity: Amount of radioactivity expressed as the nuclear transformation rate. The 
conventional unit is the Curie (Ci), which is defi ned as 3.7E+10 disintegrations/s 
(dps). The SI unit is the Bequerel (Bq), which is defi ned as 1 dps. 1 mCi =
37 MBq.

Appendix B: Patient Effective Dose Calculation for 18F-FDG

Organ Wt* mGy/MBq mSv/MBq

Bladder 0.05 1.6E-01 8.0E-03
Bone surface 0.01 1.1E-02 1.1E-04
Breast 0.05 8.6E-03 4.3E-04
Stomach 0.12 1.1E-02 1.3E-03
Colon 0.12 1.3E-02 1.6E-03
Liver 0.05 1.1E-02 5.5E-04
Lungs 0.12 1.0E-02 1.2E-03
Esophagus 0.05 1.1E-02 5.5E-04
Red marrow 0.12 1.1E-02 1.3E-03
Skin 0.01 8.0E-03 8.0E-05
Testes 0.20 1.2E-02 2.4E-03
Thyroid 0.05 1.0E-02 5.0E-04
Remaining organs 0.05 2.0E-02 1.0E-03
Effective dose   1.9E-02

Source: Data from References 18, 19.
*Wt = Weighting factor.

Appendix C: Patient Effective Dose Calculation for a PA Chest 
X-Ray

Effective Dose Calculation

Organ Absorbed Dose (mGy) Weighting Factor Effective Dose (mSv)

Marrow 0.021 0.12 0.003
Breast 0.059 0.05 0.003
Lung 0.124 0.12 0.015
Thyroid 0.079 0.05 0.004
Bone 0.082 0.01 0.001
Gonads 0.005 0.20 0.001

Total   0.027 (2.7 mrem)

Source: Data from The International Commission on Radiological Protection.26

Projection: PA (screen/fi lm).
Skin entrance exposure: 5.7E-06 C/kg (22 mrad).

Appendix D: Patient Effective Dose Calculation for a CT of 
the Lung 

Scan parameters: 120 kVp, 250 mAs, 5–7 mm collimation, pitch = 1
Length of scan: 25 cm
Phantom studies: CTDI100, center = 10 mGy
CTDI100, periphery: 18 mGy
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Calculations:
CTDIvol  = [1/3 CTDI100, center + 2/3 CTDI100, periphery]/pitch = (3.3 + 12)/1 

= 15 mGy
Dose-related product (DLP) = (CTDIvol)(length of scan) = (15)(25) = 375 mGy.cm.
ED  = (DLP)(Region-specifi c conversion factor) = (375 mGy.cm)(0.017 mSv/mGy.cm) 

= 6.4 mSv.

Data from References 23, 25.
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In the operation of a stress test laboratory, the foremost concerns are patient safety, 
study quality, and effi ciency. In addition to quality of care, customer service also plays 
a signifi cant role in ensuring that patients have a satisfying experience and that the 
referring physicians continue to utilize services. Myocardial positron emission tomo-
graphy (PET) and PET/computed tomography (CT) perfusion imaging are notewor-
thy for high effi ciency, rapid throughput, and, in a high-volume setting, low operational 
costs. This chapter reviews the requirements regarding equipment, personnel, patient 
screening and preparation, and stress protocols used in a cardiac PET and integrated 
PET/CT imaging laboratory.

Laboratory Equipment

The stress-testing equipment (Table 9.1) includes the electrocardiogram (ECG) cart, 
2 ECG modules with radiotranslucent wiring and electrode adaptors, and radiotrans-
lucent electrodes.1 Radiotranslucent wires, electrode grabbers, and electrodes are 
necessary only for cardiac PET/CT imaging and not for dedicated PET imaging. This 
is due to the streaking artifact that metal wires and electrodes may cause on the CT. 
The wires will ideally be at least 12 inches long. This will allow the attached module 
to remain far enough away from the chest so it does not alter the CT images.

An ECG cart with a full arrhythmia disclosure feature is highly recommended. The 
staff is often in the control room during the patient’s rest imaging as well as during 
some of the stress-testing infusions to decrease radiation exposure. A full-disclosure 
ECG will allow all ECG information to be retained. A direct ECG monitor in the 
console room (as in cardiac catheterization laboratories) is optimal.

Two ECG modules are suggested to ensure effi ciency of the laboratory. While one 
patient is having his or her exam in the PET room, the next patient can be evaluated 
and prepared with the second ECG module in the preparation room. This will opti-
mize effi ciency in the PET imaging room.

Of course, as in any stress-testing laboratory, emergency equipment must be readily 
available. This includes a code cart with a multifunction defi brillator/pacer, oxygen, 
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and suction. The defi brillator should be tested on a daily basis.1 It is also helpful to 
have a medication box for minor incidents that do not require a full code (e.g., supra-
ventricular tachycardia).

Laboratory Personnel

Exercise staff members may include exercise physiologists, exercise specialists, 
physical therapists, ECG technicians, nurses, and physician assistants.1 Appropriate 
training and performance skills for exercise-testing personnel are available in 
published guidelines.2 To ensure patient safety and satisfaction while maintaining 
effi cient throughput of the laboratory and excellent study quality, 4 essential personnel 
are optimal. First is a staff member trained to perform exercise and pharmacological 
stress testing. This is usually a physician (often a fellow) or nurse, who plays a 
dual role preparing and giving the medication necessary for testing. Second, a 
certifi ed nuclear medicine technologist who has been trained in cardiac PET or 
PET/CT is necessary to operate the camera as well as the rubidium-82 (82Rb) genera-
tor and infusion system. Third, an exercise physiologist whose role is to prescreen and 
prepare each patient for testing as well as perform the tests with the covering physi-
cian and recover the patients after testing. Last, a patient coordinator is helpful in 
maintaining the laboratory throughput and effi ciency. All staff members must have 
received training in basic life support.1 Because many patients referred for cardiac 
PET are at higher risk than those referred for cardiac single photon emission com-
puted tomography (SPECT), training in advanced cardiac life support is strongly 
encouraged.

Patient Preparation and Screening

Patient preparation and screening are key components for a successful cardiac PET 
or PET/CT laboratory. Patient preparation and screening begin at least 1 to 2 days 
prior to the study. The fi rst step is to review the referring physician’s order to correlate 

Table 9.1. Recommended Supplies for Cardiac PET/CT Stress Testing

 1. ECG stress cart with full arrhythmia disclosure capability
 2. Radiotranslucent ECG leads
 3. Radiotranslucent ECG lead adapters
 4. Radiotranslucent wires
 5. Automated blood pressure monitoring device
 6. ECG gating device
 7. ECG monitoring device in console room (optional)
 8. IV supplies, syringes and needles, intravenous tubing, solutions, stand, adhesive tape
 9. Pharmacological stress agents
10. Normal saline bags
11. 3-way stop cock
12. Medication box
13. Emergency crash cart with defi brillator
14. Oxygen
15. Suction equipment
16. Nasal cannula, ventimask, nonrebreathing mask, O2 mask
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the procedure with history to determine whether there are any contraindications to 
testing and to confi rm that the appropriate radiopharmaceuticals (e.g., fl uorine-18 
fl uoro-2-deoxyglucose [18F-FDG] when viability testing is required) are available for 
the exam. Second, the patient should be contacted (2 days prior to exam if possible) 
with instructions to fast (except for water) for a minimum of 6 hours prior to the exam 
and to refrain from caffeine-containing foods (e.g., chocolate) and beverages (e.g., 
tea, coffee) for a minimum of 12–24 hours prior to the exam. The patient must also 
discontinue theophylline-containing medications for at least 48 hours prior to the 
exam, and if the patient is diabetic, he or she should be instructed about insulin 
administration prior to the test according to institutional protocols. To perform a 
vasodilator stress test (adenosine or dipyridamole), oral dipyridamole, including 
dipyridamole-containing medications such as aggrenox, should be held for 48 hours 
prior to the test, if medically feasible. If not, these patients should be stressed using 
dobutamine. Last, patients should be given a brief overview of the exam. This helps 
reduce patient anxiety and also helps to identify those patients with claustrophobia 
prior to the exam day.

Patient preparation on the day of the exam begins on arrival. A patient’s fi rst 
encounter may be the most important in establishing trust and cooperation. A patient’s 
perception concerning the quality of his or her care is formed during the fi rst 30 
seconds of the encounter. It is important to remember that patients usually have 
limited knowledge of nuclear medicine and that the term nuclear alone as well as the 
term stress test can often cause uneasiness and fear. Therefore, it is important that 
each individual involved with the patient be professional and courteous. Patient co-
operation is essential to a quality outcome of the study.

Once the patient has arrived for the exam, he or she should be placed in a desig-
nated room for test preparation. In this room, the patient will have an intravenous 
(IV) line placed, ECG leads, and an ECG monitoring system placed using the modi-
fi ed Likar’s positioning (Figure 9.1). The patient is given a standard medical screening 
in preparation for the stress test3,4 (Figure 9.2). On completion of the medical screen-
ing, the patient will have a focused physical exam including vital signs and cardiopul-
monary exams. Once the patient has been completely evaluated for testing, 3 essential 
questions should be answered:

Placement of ECG leads:

RA

V1 V2
V3V4 V5 V6

RL LL

LA

Limb leads – Bilateral supraclavicular and
abdominal regions (adjacent to the pelvic
crest) bilaterally.

Chest leads – These leads are placed in
the following positions:

V1: right 4th intercostal space

V2: left 4th intercostal space

V3: halfway between V2 and V4

V4: left 5th intercostal space, 
mid-clavicular line

V5: horizontal to V4, anterior axillary line

V6: horizontal to V5, mid-axillary line

FIGURE 9.1. Recommended lead placement for stress testing (Mason-Likar modifi cation). 
RA, right arm lead; LA, left arm lead; LL, left leg lead; RL, right leg lead. (“Figure 12—lead 
ECG System on page 286”, from Bioelectromagnetism: Principles and Applications of Bio-
electric and Biomagnetic Fields by Jaakko Malmivuo and Robert Plonsey, copyright © 1995 
by Oxford University Press, Inc. Image adapted and reproduced by permission of Oxford 
University Press, Inc.)
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1. Is the correct test being performed?
2. Are there contraindications for testing? (see “Stress-Testing Protocols,” below)
3. What is the individualized patient risk associated with testing?

Once the patient has had a thorough screening, a detailed explanation of the test 
should be given. This is of particular importance not only to alleviate the patient’s 
anxiety but also to enhance patient cooperation. For instance, it is vital that the patient 
be aware of how movement and abnormal breathing will alter the exam results. The 
last step in the patient-screening procedures is the informed consent. At this point, 
the patient should have a clear understanding of the specifi c benefi ts and risks that 
are involved with the procedure and should provide written informed consent to 
proceed with the exam.

Nuclear Cardiology Laboratory, XYZ Hospital 

ID:    NAME: 

Date of test: __/__/__   [__] Outpatient [__] In-patient  

Test Location - Nuclear Medicine/Cardiology     

DEMOGRAPHICS:

DOB:   Age:         Sex:   Male  Female 

Height (in):______ Weight: (lbs)______ **(kg)_______  BSA:______ 

Address& Phone:_________________________________________________ 

STAFF PHYSICIAN: _______________, MD,  REFERRING PHYSICIAN:________________, MD 

FELLOW:    PHYSIOLOGIST:  TECHNOLOGIST: 

MOST RECENT STRESS TEST:

PATIENT 
IDENTIFICATION 
AREA

FIGURE 9.2. Standard medical screening form.
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Stress-Testing Protocols

Selection of the stress protocol for PET and PET/CT myocardial perfusion studies 
depends on the patient and the clinical question at hand. This section reviews the 
stressors and protocols, pharmacology, and contraindications.

Vasodilators

Adenosine is a direct coronary vasodilator, whereas dipyridamole blocks the cellular 
reuptake of adenosine, thereby increasing the plasma concentration of adenosine and 
causing vasodilation. Intravenous adenosine and dipyridamole cause maximal coro-
nary vasodilation by direct relaxation of vascular smooth muscle cells at both epicar-
dial and resistance vessels (primarily endothelium-independent mechanism). However, 
there is evidence that ∼20% of the maximal coronary vasodilator response caused 
by adenosine or dipyridamole is related to the release of nitric oxide (NO) from 
intact endothelium due to increased shear stress on endothelial cells caused by the 

BRIEF HISTORY:

Cardiac Risk  Factors Yes  Prior Cardiac History  Date  Chest Pain History

Hypertension No Cardiac Hx Substernal  Yes No 

Dyslipidemia Recent MI (< 1month) Exertional Yes No 

Diabetes mellitus Prior MI (>1 month) Relieved by rest / NTG Yes No 

Family Hx   CABG   NYHA   Class   

Tobacco PTCA   I   

Obesity CHF   II   

Postmenopausal Valvular Dz   III   

None Vascular Dz   IV   

STNEMMOCSEYSEYTSETROFNOSAER

Chest pain evaluation  Post-MI evaluation   

Dyspnea  Post-CABG   

ICP-tsoPsnoitatiplaP

Pre-op evaluation  Assess Myocardial Viability   

Pre-Transplant eval  Arrhythmias   

rehtOFHC

Allergies: 

MEDICATIONS YES YES COMMENTS 

setartiNnixogiD

Betablockers  ACE inhibitors   

Ca Blockers  Other

Figure 9.2. Continued.
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hyperemic response.5 The fl ow increase in response to adenosine is blunted in regions 
of the myocardium supplied by stenotic coronary arteries, resulting in a lower radio-
tracer concentration in those segments compared to those supplied by normal or 
nondiseased coronary arteries. There is also evidence that myocardial segments that 
are collateral dependent may experience an actual decrease in fl ow below resting fl ow 
(coronary steal) because of a decrease in collateral perfusion pressure.6 Previously, 
hand grip has been used in conjunction with vasodilator stress testing to improve 
myocardial blood fl ow.7 However, isometric exercise during vasodilator stress appears 
to result in blunting of peak hyperemic myocardial blood fl ow and hence is no longer 
used.8

Adenosine

Adenosine is infused through a peripheral IV line at 140 µg/kg/min (0.14 mg/kg/min) 
over 4 or 6 minutes using a pump. It induces peak hyperemia ∼1 to 2 minutes after 
the start of the infusion, and myocardial blood fl ow returns rapidly to the baseline 
state within 2 minutes after cessation of adenosine administration.9 The radiotracer 
is injected at midpoint into the infusion. It is optimal to have 2 intravenous lines for 
these patients so as to avoid bolusing or holding adenosine for the duration of radio-
tracer infusion (especially for the somewhat large 82Rb infusion, 15–30 mL). Heart 
rate, blood pressure, and ECG should be monitored and recorded every minute during 
the infusion and until the patient is back to baseline (usually within 5 minutes of 
termination).

Dipyridamole

Dipyridamole is infused through a peripheral IV line at 142 µg/kg/min (0.56 mg/kg 
total dose) over 4 minutes, using a pump or a manual injection. The FDA-approved 
maximal dose is 60 mg. Dipyridamole causes local irritation at the site of injection, 
which can be minimized by a 1 : 1 dilution with normal saline. Maximal hyperemia is 
achieved 2 to 3 minutes after termination of the 4-minute infusion, at which point 
radiotracer injection should be performed. Heart rate, blood pressure, and 12-lead 
ECG should be monitored and recorded every minute during the infusion and until 
the patient returns to baseline. Aminophylline is given at 1 mg/kg, as a slow IV bolus 
over 1 minute if the patient is symptomatic or if there are signs of ischemia (ST 
segment depression).

Inotropic Agents

Dobutamine is a potent β-1 agonist that increases myocardial oxygen demand by 
increasing myocardial contractility, heart rate, and blood pressure. The presence of a 
coronary stenosis can limit the fl ow increase in that vessel, leading to an imbalance 
in perfusion in that region compared to myocardium supplied by normal coronary 
arteries. Patients who cannot exercise and who are not good candidates for dipyri-
damole or adenosine because of contraindications, for example, chronic obstructive 
pulmonary disease, asthma, or high-degree atrioventricular block, would be good 
candidates for dobutamine-atropine stress.10 In addition, one of the advantages of 
dobutamine over the vasodilator agents is the ability to assess the ischemic threshold 
with dobutamine.

Dobutamine is a synthetic catecholamine with a half-life of approximately 2 minutes. 
It is infused using standard protocols in 2- to 3-minute increments starting at 10 µg/kg/
min to a maximum of 40 to 50 µg/kg/min. Additional IV atropine (increments of 
0.25 mg to a maximum of 2 mg) may be used to increase heart rate in individuals with 
submaximal heart-rate response (<85% age-predicted maximal heart rate). A prior 
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history of angle closure glaucoma, myasthenia gravis, obstructive gastrointestinal 
tract, and prostatism are relative contraindications to atropine administration.11 When 
maximal heart rate is achieved, the radiotracer is injected and dobutamine infusion 
continued for an additional 1 to 2 minutes. As with adenosine protocols, 2 intravenous 
lines are required for dobutamine protocols, so as to avoid bolusing or holding dobu-
tamine during the duration of radiotracer infusion.

Exercise

Circulatory and hemodynamic response to exercise is complex. Briefl y, in response 
to exercise, circulating catecholamines increase and lead to increased heart rate 
and myocardial contractility. This results in increased myocardial oxygen consump-
tion and in normal hearts increased myocardial blood fl ow. This response is abnormal 
in areas of the myocardium supplied by diseased coronary arteries, due to fi xed 
coronary stenosis, leading to reduced myocardial blood fl ow relative to demand and 
stress-induced ischemia. Exercise stress is physiological and provides clinical (chest 
pain), hemodynamic (blood pressure changes) and electrocardiographic (ST segment 
changes) information that is invaluable in the clinical management of patients 
with suspected or known coronary artery disease.12 Exercise protocols can also 
be tailored to the patient’s exercise capacity and the reason for the test. Treadmill 
exercise is widely used in the United States, while upright bicycle exercise is pre-
ferred in other countries. Supine bicycle exercise is more convenient to use with 
PET imaging,13 but patient motion remains a consideration, especially if dynamic 
imaging for absolute coronary blood fl ow quantitation is planned. Upright bicycle 
exercise or treadmill exercise14 have also been used with 82Rb14 and N-13 ammonia 
(13N-ammonia). However, attention to occupational radiation exposure to staff per-
sonnel is required, especially in connection with the large radioactive doses required 
for 82Rb.

Relative Effi cacy of Stressors on Hyperemic Myocardial Blood Flow

In normal coronary arteries, adenosine (and dipyridamole) induces coronary vasodi-
latation by activation of coronary adenosine A2A receptors and increases coronary 
blood fl ow to 4 to 5 times baseline levels. Theophylline and methylxanthine competi-
tively inhibit adenosine receptors. Consequently, caffeine intake can blunt increases 
in peak myocardial blood fl ow during hyperemia, resulting in artifi cially low coronary 
fl ow reserve.15 Thus, it is important to instruct patients to avoid intake of caffeinated 
food and beverages, including decaffeinated beverages or medications, 12 to 24 hours 
prior to vasodilator stress testing. The normal hyperemic myocardial blood response 
to vasodilator stressors16 was initially felt to be signifi cantly greater than that of exer-
cise or dobutamine stress.17 However, more recently, 20 normal volunteers were studied 
using oxygen-15 water (15O-water), and myocardial blood fl ow during maximal dobu-
tamine with atropine infusions was shown to be similar to that of dipyridamole infu-
sion (Figure 9.3).18 This difference of myocardial blood fl ow was caused partly by the 
increased heart rate associated with atropine infusion (mean heart rate of 110 bpm 
for dobutamine vs 163 bpm for dobutamine with atropine). Second, the prior study 
used 13N-ammonia, and myocardial blood fl ow estimated by this tracer is lower than 
that obtained by using 15O-water.18

Sympathetic stimulation caused by exercise causes an increase in heart rate and 
myocardial contractility, resulting in an increase in myocardial metabolism and a 
compensatory increase in coronary blood fl ow via metabolic autoregulation. This 
increase is not seen in diseased coronary arteries, due to baseline vasodilation result-
ing in lower coronary fl ow and reduced radiotracer delivery to myocardial segments 
supplied by stenosed coronary arteries.
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Side Effects of Pharmacologic Stressors

Adenosine is known to activate all 4 known adenosine receptor subtypes (A1, A2A, A2B,
and A3). Flushing and lightheadedness or dizziness may be seen due to stimulation of 
peripheral A2A and possibly A2B adenosine receptors. First- and second-degree atrio-
ventricular (AV) block (6%) may result from stimulation of Al receptors in the AV 
node. Bronchoconstriction may be seen in subjects with bronchospastic lung disease, 
due to stimulation of A2B and possibly A3 receptors. Side effects from adenosine, albeit 
minor, are reported in a large proportion of patients (∼60%–75%). However, they 
rarely require termination of infusion or administration of aminophylline. More serious 
side effects are rare and can be treated with intravenous aminophylline (1 mg/kg IV).19

Side effects from adenosine and dipyridamole have prompted development of newer 
selective adenosine A2A receptor agonists. Due to their selective activation of A2A

receptors, if approved these agents may potentially be tested in the future for patients 
with bronchoconstrictive diseases, in whom we currently we use dobutamine.

Side effects from dipyridamole are less intense compared to those of adenosine. 
Heart block is less commonly seen with dipyridamole, while headache and stinging 
at the site of injection are more frequent. If bothersome or serious, side effects can 
be treated with intravenous aminophylline as described above.20

Dobutamine infusion may result in nausea, vomiting, palpitations, chest pain, hypo-
tension, and arrhythmias.21 Since dobutamine increases myocardial oxygen demand, 
although uncommon, it can potentially induce true ischemia and angina. No incidence 
of myocardial infarction or death was reported in 2 studies.21,22 Dobutamine is avoided 
in patients with aortic aneurysms (>6 cm), patients immediately postmyocardial 
infarction, and patients with acute unstable angina.

Absolute contraindications for stress testing in general are listed below:

• Acute myocardial infarction (within 2 days)
• Unstable angina not previously stabilized by medical therapy. Appropriate timing 

of testing depends on level of risk of unstable angina, as defi ned by Agency for 
Healthcare Research and Quality (AHRQ) Unstable Angina Guidelines.

FIGURE 9.3. Line graph demonstrating higher peak stress myocardial blood fl ow in response 
to maximal dobutamine-atropine stress compared to dipyridamole. (From Tadamura E, Iida H, 
Matsumoto K, et al. Comparison of myocardial blood fl ow during butamine-atropine infusion 
with that after dipyridamole administration in normal men. J Amer Coll Cardiol. 2001;37:130–
136. Reprinted with permission from the American College of Cardiology Foundation (18).)
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• Uncontrolled cardiac arrhythmias causing symptoms or hemodynamic 
compromise

• Symptomatic severe aortic stenosis
• Uncontrolled symptomatic heart failure
• Acute pulmonary embolus or pulmonary infarction
• Acute myocarditis or pericarditis
• Acute aortic dissection

Relative contraindications can be superseded if the benefi ts of exercise outweigh the 
risks. Relative contraindications for stress testing include the following:

• Moderate stenotic valvular heart disease
• Electrolyte abnormalities
• Severe arterial hypertension (systolic blood pressure >220 mm Hg and/or diastolic 

blood pressure >110 mm Hg)
• Severe arterial hypotension (systolic blood pressure <90 mm Hg)
• Tachyarrhythmias or bradyarrhythmias
• Hypertrophic cardiomyopathy and other forms of outfl ow tract obstruction
(Absolute contraindications and relative contraindications for stress testing adapted 
from Gibbons et al.23 with permission from the American College of Cardiology 
Foundation.)

Specifi c contraindications to adenosine or dipyridamole include the following:

• Second- or third-degree AV block without a functioning artifi cial pacemaker
• Sinus node disease or symptomatic bradycardia without a functioning artifi cial 

pacemaker
• Bronchospastic lung disease (e.g., asthma, chronic obstructive pulmonary disease)
• Known hypersensitivity to adenosine or dipyridamole
• Intake of theophylline, oral dipyridamole, or dipyridamole-containing compounds 

(e.g., Aggrenox) within 48 hours of the test

Summary Points

• Cardiac PET and PET/CT will most certainly play a more signifi cant role in the 
future of nuclear cardiology. Ideally, all patients referred for pharmacologic stress 
testing will be referred for a cardiac PET study. However, when this is not possible, 
specifi c categories of patients, including the obese, females, and those with indeter-
minate SPECT exams could benefi t from PET myocardial perfusion imaging.

• Patient preparation plays an essential role in the effi ciency and satisfaction of any 
stress-testing laboratory.

• Together, cardiac SPECT and cardiac PET and PET/CT have the potential to 
become a gold standard in cardiac testing, decreasing the amount of diagnostic 
invasive procedures performed.
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The primary clinical applications of positron emission tomography (PET) myocardial 
perfusion imaging are to diagnose, localize, and quantify the severity of coronary 
artery stenoses. As a result, most clinical applications of myocardial perfusion imaging 
are performed in conjunction with stress testing. Exercise stress testing with single 
photon emission computed tomography (SPECT) is widely used in the evaluation of 
patients with known or suspected coronary artery disease.1–3 Although exercise stress 
testing offers several advantages, the short physical half-life of most PET radiotracers 
makes it logistically impractical for use in conjunction with PET imaging. In addition, 
a signifi cant proportion of patients referred for stress imaging are unable to exercise 
adequately due to diffi culties with ambulation related to prior stroke, peripheral vas-
cular disease, orthopedic problems or deconditioning.3 Submaximal exercise can 
reduce test sensitivity for detection of ischemic heart disease and should be avoided. 
Pharmacologic stress testing with dipyridamole,4,5 adenosine4,6,7 or dobutamine infu-
sions8–9 are useful to evaluate patients that are unable to exercise or have suboptimal 
exercise capicity.3 Chapter 9 provides a detailed discussion of stress protocols. The 
aim of this chapter is to provide a review of clinically useful imaging protocols for 
evaluation of CAD, along with guidelines for quality control of PET and PET/CT 
images. For a better understanding of protocols for PET myocardial perfusion imaging, 
the reader should be familiar with basic principles of PET and PET/CT (discussed in 
Chapters 1 and 3) and PET radiopharmaceuticals (discussed in Chapter 5).

Myocardial Perfusion Imaging Protocols

Imaging protocols are tailored to the clinical question and vary depending on the 
radiotracer and stress protocol used. The differences in imaging protocols among the 
3 PET perfusion tracers are summarized in Table 10.1.

Imaging protocols for PET and integrated PET/CT imaging using different myo-
cardial perfusion imaging agents are shown in Figures 10.1 through 10.3. Imaging 
protocols using adenosine stress are shown in Figure 10.2A-E. For clinical imaging, 
rubidium-82 (82Rb) or nitrogen-13 (13N)-ammonia is used, with either single-frame 
(gated or nongated) or multiframe (dynamic) imaging. Single-frame gated imaging is 
the standard for both rest and stress components of the study. This protocol allows 
measurements of left ventricular (LV) function at rest and during peak stress, thereby 
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Table 10.1. Differences in Imaging Protocols for the 3 Commonly Used PET Perfusion 
Radiotracers

Characteristic 13N-ammonia 82Rb 15O-water

Image acquisition Dynamic/static/gated Dynamic/static/gated Dynamic
Prescan delay* 3 minutes 70–90 seconds N/A
 4–7 minutes: longer 120 seconds: longer
  circulation time  circulation time
Dose-2D 15–25 mCi 40–60 mCi 40 mCi
Dose-3D 15 mCi 15–20 mCi 10 mCi
  30–40 m Ci 3D LSO
Interval between doses 50 minutes 10 minutes 7 minutes
Scan duration ∼20 minutes ∼6 minutes ∼5 minutes
Mode of stress Treadmill, bicycle Treadmill, bicycle Supine bicycle
 Adenosine, Adenosine, Adenosine,
  dipyridamole, or  dipyridamole, or  dipyridamole, or
  dobutamine  dobutamine  dobutamine
Laboratory throughput Good Excellent N/A
Cyclotron on-site Yes No Yes
Semiquantitative image Yes Yes No
 interpretation

*Longer circulation time: if left ventricular ejection fraction <30%, severe chronic obstructive pulmonary 
disease, occlusion of proximal vein.
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FIGURE 10.1. Schematic of protocols using PET and integrated PET/CT with different myocardial perfusion imaging agents, 
and adenosine or dobutamine stress. CTAC: CT attenuation correction and PET-AC: radionuclide transmission scan. Radio-
tracer dose: 82Rb—40–60 mCi for 2D; 15–20 mCi for 3D. 13N-ammonia: 15–25 mCi; recommended 50-minute delay between 
repeat injections or low and high dose (15 mCi for rest followed by 30 mCi for stress). *Delay: prescan delay from injection of
radiotracer to beginning of image acquisition. 82Rb: 70–90 seconds is standard; if longer circulation time is anticipated, 120 
seconds is applied (see text); for 3D acquisition 180 seconds is standard. 13N-ammonia: 3 minute is standard; if long circulation 
time, 4–7 minutes; for 3D acquisition, 7 minute prescan delay is used. Scout and CTAC are started at middle of adenosine infu-
sion and 1–2 minutes prior to stopping dobutamine infusion and may be obtained after injection of radiotracer for 13N-ammonia. 
Stress and rest image duration: 82Rb—5 minutes for 2D and 3 minutes for 3D acquisition; 13N-ammonia—15 minutes. CAC: 
calcium score, which is optional on PET/CT systems. Dynamic protocols: gated rest images recommended before stress to avoid 
effects of stunning. †Moving patient out of the gantry between rest and stress studies and repositioning with a repeat scout and 
if needed a repeat CTAC study as shown in Figures 10.1A and C, 10.2A and C, and 10.3B will improve patient tolerability of 
the test, particularly with 13N-ammonia imaging. ‡List mode acquisition is available with the latest generation PET/CT scanners 
eliminating the need for a separate dynamic and gated study.
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FIGURE 10.1. Continued.

providing a powerful adjunct to perfusion imaging for diagnosing and assessing risk 
in CAD. Multiframe imaging is used in protocols in which measurements of coronary 
blood fl ow and fl ow reserve are planned. As described in Chapter 5, laboratories using 
13N-ammonia require a very tight coordination between the timing of imaging and 
delivery of the radiotracer from the cyclotron laboratory. Adenosine protocols are 
simple to perform and quick. They require two intravenous (IV) lines, one for the 
adenosine infusion and the other for the radiotracer injection. Also, the more pro-
nounced side effects from adenosine infusion (as compared to dipyridamole) may 
predispose to artifacts from patient motion or breathing motion.

Imaging protocols using dipyridamole stress are shown in Figure 10.2A–E. The less 
intense side effects from the more gradual onset of hyperemia with dipyridamole 
make this protocol more acceptable to some patients. Peak hyperemia is achieved 
between 2 and 3 minutes after completing the dipyridamole infusion. Thus, the same 
IV line can be used for the radiotracer injection. In addition, this brief time delay 
makes it practical for technologists to sequentially complete all steps of image acquisi-
tion without time pressure.

Imaging protocols for dobutamine stress are shown in Figures 10.1A–E. As with 
vasodilators, gated dobutamine-stress images (especially with 82Rb) are obtained at 
very close to maximal stress and may demonstrate ischemic wall motion abnormalities 
and effects of global stunning on LV ejection fraction (EF). Like adenosine stress, 
dobutamine also requires two IV lines.

Imaging protocols for exercise PET exercise myocardial perfusion imaging 
are shown in Figures 10.3A and B. Treadmill exercise PET is best performed in 
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FIGURE 10.2. Schematic of protocols using PET and integrated PET/CT with different myo-
cardial perfusion imaging agents and dipyridamole stress. Defi nitions are identical to those in 
Figure 10.1.
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conjunction with 13N-ammonia (9.96-minute half-life) but is also feasible with 82Rb
imaging. The short half-life of 82Rb (76 seconds) makes it technically challenging to 
combine it with treadmill exercise.10–12 Supine bicycle stress imaging with single-frame 
or multiframe imaging is also possible for 13N-ammonia imaging.13,14 Exercise PET 
imaging is time ineffi cient compared to pharmacological stress testing. In addition, it 
may result in greater radiation exposure to staff personnel conducting the test. This 
may become the rate-limiting step as laboratory volume increases.

Performing Myocardial Perfusion Imaging

There are two important factors to consider in imaging obese individuals: the PET 
table weight limit and gantry diameter. Although these parameters may vary among 
the different manufacturers, the usual table weight limit is around 180 kg, and gantry 
diameter is larger for newer PET/CT systems compared to older, dedicated, PET-only 
systems (70 cm vs 55 cm). Other patient-related factors that may be important to con-
sider for PET myocardial perfusion imaging are claustrophobia, ability to follow 
commands and to raise the arms above shoulders, and ability to lie still for the dura-
tion of the scan.

Patient Positioning

Patients are usually imaged supine with arms raised above their shoulders. This can 
be achieved with arm support and is usually well tolerated. In patients unable to raise 
their arms, imaging could be performed with arms at the side of the patient. However, 
it is important to maintain the same arm position during transmission and emission 
imaging to avoid artifacts. Arms-down imaging can be problematic when using inte-
grated PET/CT systems because the dense bones in the arms may result in streak 
artifacts from beam hardening. These artifacts may adversely impact the quality of 
the CT transmission scan and consequently the emission images. In very large patients, 
arms-down imaging may result in a tight fi t within the gantry and lead to truncation 
artifacts. Finally, with arms-down imaging, residual activity within the IV line may 
be seen within the fi eld of view, resulting in diffi culties with image normalization.

Scout Scan

The scout scan is a simple topographic image of the body, used to ensure appropriate 
patient positioning. Using dedicated PET systems, a scout scan can be obtained with 

FIGURE 10.3. Schematic of protocols using PET and integrated PET/CT with different myo-
cardial perfusion imaging agents and exercise stress.
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a fast (∼2-minute) transmission scan with an external coincidence source of germa-
nium-68/gallium-68 (68Ge/68Ga). For laboratories using 82Rb, the scout scan can also 
be obtained with an emission image following a small amount of the radiotracer 
(∼10–20 mCi). With integrated PET/CT systems, a scout image is obtained in about 5 
seconds using a low-energy CT scan (10 mA). In patients with enlarged heart size, 
both an anteroposterior (AP) and a lateral scout may sometimes be necessary for 
appropriate localization of the heart volume in the chest. The typical landmarks used 
for the scout are bifurcation of the trachea as the upper margin; usually the lower 
margin of the heart fi ts well within the fi eld using this landmark (Figure 10.4). The 
size of the heart on the scout image in PET/CT systems can be used to estimate cir-
culation and blood pool clearance times and to assist in selection of optimum prescan 
delay time (described below).

Transmission Scan

Transmission scans can be obtained using 68Ge/68Ga rod sources in dedicated PET 
systems or using a CT scan or cesium-137 (137Cs) point sources in integrated PET/CT 
systems. As described in Chapter 1, this transmission tomogram provides anatomi-
cally specifi c density maps of the thorax that are used to correct PET image data for 
photon attenuation. Adequate coregistration between the transmission and emission 
data is key to obtaining artifact-free images. The clinical implications of using con-
ventional (gamma-ray sources) versus CT-based transmission imaging are summa-
rized in Table 10.2. The main advantages of CT-based transmission imaging are the 
consistent quality of transmission maps and the speed that results in greater patient 
tolerance and improved throughput. However, the main disadvantage relates to the 
relatively higher frequency of misregistration between transmission and emission 
images that often results in artifacts. Misregistration artifacts with CT are more fre-
quently seen during stress due to the differences in breathing patterns during peak 
hyperemic stress. In our experience, postemission (stress) transmission imaging mini-
mizes this problem.15 Metallic implants may lead to artifacts on CT transmission 
images.16 Although stents, surgical clips, and pacemaker wires do not usually pose a 
problem, implantable cardioverter defi brillator (ICD) wires appear to affect attenua-

FIGURE 10.4. Scout scan obtained on a hybrid PET/CT system illustrating the selection of 
fi eld of view for cardiac imaging.
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tion correction and result in increased PET counts (hot spots).17 Although it is theo-
retically possible that such hot spots may mask stress-induced perfusion defects, this 
has not been a problem in our practice. Impact of artifi cial heart valves on quality of 
transmission scans is not known, but is likely to be minimal.

Emission Scan

The duration of emission images and dose of injected radiotracer depend on a number 
of factors, such as the physical half-life of the radiotracer, the mode of acquisition 
(two-dimensional [2D] vs three-dimensional [3D]), and the type of scanner crystal 
(bismuth germanate [BGO] or lutetium oxyorthosilicate [LSO]/gadolinium oxyortho-
silicate [GSO]), as described in Chapter 1. Typical scan durations are described in 
Table 10.1.

Single-Frame Gated Imaging

Single-frame imaging refers to acquisition of PET images into 1 bin (nongated or static) 
or to acquisitions into 8 or 16 bins with electrocardiogram (ECG) triggering (gated). 
Cardiac PET images can be gated to patient respiration or to the ECG. Although 
respiratory gating is of value in improving image resolution for oncology applications18

and in radiation therapy planning, its value in cardiac imaging is not well established. 
A good ECG tracing will be necessary to ensure appropriate ECG triggering of image 
acquisition. Leads for gating ECG are placed with the patient’s arms raised above the 
head to ensure secure placement without baseline sway during acquisition. An 8-frame 
gating is usually adequate for assessment of LV function and volumes. Higher frame 
gating (16 frame) may result in larger LV end diastolic volume (EDV) with higher 
LVEF,19 without signifi cant differences in detection of regional wall motion abnormali-
ties.20 Gating could be performed prospectively, retrospectively, combined prospec-
tively and retrospectively, or using variable temporal resolution methods.21 In 
prospective gating, the most commonly used mode, an average R-R interval, is used to 
set up a fi xed gating interval. This mode has a fi xed temporal resolution and is prone 
to error when there are changes in R-R cycle length during the acquisition. A fi xed 
percentage of this R-R cycle is typically used to reject beats. Opening this gating 
window to accept counts within a wide range of the R-R interval may minimize count 
loss from gating errors, but this may result in wall-thickening errors and may adversely 
infl uence quantitative parameters, as shown with single photon emission computed 
tomography (SPECT) imaging.22 Other available gating approaches include a retro-
spective gating with fi xed temporal resolution, in which the gating is applied from the 

Table 10.2. Clinical Differences Between Conventional Gamma Ray and CT-Based Trans-
mission Imaging

Variable CT-Transmission Gamma Ray-Transmission

Source X-ray 68Ge/68Ga rods or 137Cs point
   source
Scan duration 10–20 seconds 4–15 minutes*
Breathing cycles ∼2–3 breathing cycles Many breathing cycles
Laboratory throughput Excellent Good
Misregistration from breathing More frequent Less frequent
Misregistration from patient motion Less frequent More frequent
Artifacts from metallic implants Yes No
Patient tolerance Excellent Good

*Depending on the age of sources.
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R wave backward and applied to data stored in memory, a combination of prospective 
and retrospective gating, and a variable temporal resolution method wherein an average 
of R-R intervals is adjusted dynamically to the last few heart beats. Gated images 
during pharmacological stress PET are acquired during peak stress and not poststress, 
as with SPECT imaging. This capability enables us to evaluate LV systolic function 
during peak stress, particularly with short-lived PET radiotracers such as 82Rb. We 
found a decrease in LVEF from rest to peak hyperemic stress, as assessed by 82Rb
imaging, to be a useful marker of extensive stress-induced ischemia15 and multivessel 
or left main CAD.15 Although not yet studied, it is likely that this effect will be more 
pronounced with dynamic exercise or dobutamine imaging. Thus, gated PET imaging 
both at rest and during peak stress is important in evaluation of patients with suspected 
CAD. A more detailed discussion on the use of rest and peak stress-gating PET 
imaging is provided in Chapter 11.

Multiframe Imaging

With multiframe or dynamic imaging, image acquisition starts at the time of the 
radiotracer injection. A series of images (frames) are obtained rapidly over time to 
follow a dynamic process such as the change in radiotracer distribution over time. As 
discussed in Chapter 4, this acquisition mode is required to construct time-activity 
curves of radiotracer distribution for absolute measurements of myocardial 
blood fl ow.

As shown in Table 10.3, simultaneous acquisition of dynamic and gated images 
would be optimal for combined evaluation of quantitative myocardial blood fl ow and 
LV function. This is possible using list mode acquisition. In newer generation PET/CT 
scanners, list mode acquisition is either required or an option. Advances in computer 
and software technology now allow users to take advantage of this important option 
within the constraints of busy clinical workfl ows.

2D Versus 3D Acquisition

As discussed in Chapter 1, a 2D acquisition mode is one in which the lead septa are 
left in place, limiting random counts and scattered counts; in the 3D mode, the septa 
are left out, resulting in increased sensitivity (and also scatter) compared to 2D mode. 
There is a growing interest in using the 3D mode of acquisition for cardiac PET due 
to the increased sensitivity and the potential for using lower radiotracer doses, result-
ing in lower radiation exposure and possibly cost savings. However, 3D mode is not 
widely used for cardiac imaging. First, 3D mode requires signifi cantly more acquisi-
tion and processing time and disc space,23 although that may not be a limiting factor 
in the newer PET systems. Second, although 3D mode in principle affords signifi cantly 

Table 10.3. Differences Between Dynamic and Gated PET Myocardial Perfusion Imaging

Characteristic Dynamic Imaging Gated Imaging

Absolute MBF quantifi cation Yes No
Frames Multiple Single
Estimation of LV function No (possible with list mode acquisition) Yes
Detection of ischemic WM abnl No (possible with list mode acquisition) Yes
Prescan delay Accurate Estimated
Image resolution Excellent Good
Clinical use Uncommon Widely used

Abbreviations: MBF, myocardial blood fl ow; LV, left ventricular; WM abnl, wall motion abnormality.
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higher sensitivity than 2D mode, random counts and scatter may reduce its effective 
sensitivity. On 3D images, the noise equivalent count rate (NEC) and image quality 
may be improved by using lower doses of radiotracer, and the higher background noise 
can be minimized by prolonging the prescan delay (180 seconds for 82Rb imaging). 
Despite these variations, 3D image quality may be suboptimal, particularly from PET 
systems with lower count-rate capabilities.23,24 However, the effects of 3D acquisition 
on image quality and overall diagnosis of CAD (especially for 82Rb) remain largely 
unknown.25 Newer-generation PET systems equipped with LSO, GSO, or LYSO 
crystal technology (see Chapter 1) provide signifi cantly higher count-rate capability 
and can potentially take full advantage of 3D imaging.

First-Pass Imaging

First-pass image acquisition has a high temporal resolution. Images are obtained in 
rapid succession to look at fi rst-pass transit of radiotracer through the circulation. 
Since we image the radiotracer bolus as it enters the circulation, these images have 
very high count rates. These images are best obtained using PET systems with high 
count rate performance. First-pass imaging using 82Rb has been validated to assess 
cardiac output and circulation times.26,27

Quality Assurance for PET and Integrated PET/CT Imaging

Adequate quality control of the imaging data is crucial to optimize clinical results. 
Quality control of the PET and PET/CT scanners is described in Chapters 1 and 3. 
Before the patient is allowed to leave the imaging room, images should be visually 
inspected to make sure that the quality is adequate. PET images are checked typically 
for the following features: count density, blood pool clearance, patient motion, attenu-
ation correction, and image reconstruction artifacts.

Count Density

Both emission and transmission images (on dedicated PET systems) should be checked 
for adequacy of counts. Count-poor transmission images may be seen in dedicated 
PET systems when the radioactive sources are old or when imaging a large patient. 
Changing the source activity or acquiring longer transmission images could be con-
sidered. Count-poor emission images with poor signal-to-noise ratio may be seen 
occasionally. Some of the causes for count-poor images are listed in Table 10.4. Image 
count density directly infl uences diagnostic quality and reliability of the study. 
Troubleshooting count-poor studies must include checking the IV line for patency and 
kinking (Figure 10.5).

Blood Pool Clearance

Acquisition of emission images prior to complete clearance of radiotracer from 
the blood pool may potentially degrade image quality (Figure 10.6). Following 

Table 10.4. Reasons for Count-Poor PET Images

1. High patient body mass index
2. Inadequate radiotracer dose
3. Poor scanner performance
4. Inadequate scan duration
5. Short half-life of radiotracer
6. Dietary and hormonal state in metabolic imaging



FIGURE 10.5. Count-poor 
rest and stress 82Rb study in a 
large patient studied with arms 
down. Fusion of the CT trans-
mission and emission images 
(right panel) demonstrates 
intense radiotracer activity in 
the chest wall. This was a 
patient with known occlusion 
of the proximal veins in the 
right arm that led to delivery 
of radiotracer to the heart via 
well-formed chest wall collat-
erals (seen on the fusion image 
and the CT image). This 
resulted in increased arm-to-
heart transit time and count-
poor images due to decay of 
82Rb.

FIGURE 10.6. Sequential rest 82Rb images obtained with a prescan delay of 90 seconds and 
120 seconds in alternate rows, respectively. Repeat imaging with longer prescan delay improved 
image resolution and made the extent of the apical inferior wall defect more apparent. Images 
show reoriented 82Rb images of the heart in short axis slices (top rows) extending from the left 
ventricular apex to base (from left to right), vertical long axis slices (middle rows) from the 
septum to the lateral wall (from left to right), and horizontal long axis slices (bottom rows) 
from inferior wall to anterior wall (from left to right). 
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intravenous injection, the radiotracer initially appears in the left ventricular blood 
pool and is subsequently taken up by the myocardium. Optimal image quality requires 
good signal-to-noise ratio, that is, good separation of blood pool activity from myo-
cardial activity. The major determinant of time delay between radiotracer injection 
and optimal heart-to-blood-pool ratio is the arm-to-left-heart circulation time. The 
optimal prescan delay for 13N-ammonia image acquisition is approximately 3 minutes 
and for 82Rb images is between 70 and 90 seconds in normal patients. The most 
common factors that prolong circulation time include severe systolic dysfunction 
(LVEF <30%, either chronic or acute due to severe ischemia during stress) and intrin-
sic lung disease. A more infrequent factor includes proximal venous occlusion with 
fl ow into the chest via collaterals. Increased prescan delay (120 seconds for 82Rb and 
4–7 minutes for 13N-ammonia) is helpful to improve image quality in cases of pro-
longed circulation time from any of the above factors.28 If LVEF is not known, we 
may assess heart size on the scout CT image as a rough guide to LV dysfunction. As 
mentioned above, multiframe (i.e., dynamic) imaging can be extremely helpful in 
these situations for optimizing image quality.

Patient Motion

PET images are obtained by circular arrays of scintillation detectors; thus, patient 
movement during imaging affects all projections and can be very diffi cult to detect 
by direct inspection of the rotating projections, as assessed with SPECT imaging. 
Because transmission and emission imaging are sequential, patient motion during the 
emission images will most likely lead to misalignment between the two (Figure 10.7). 
The extent and direction of this misalignment will determine whether artifacts will 
be present on the attenuation corrected images. Images should be inspected for 
motion immediately upon completion. If misalignment is obvious, images should be 
repeated. Repeat imaging can be straightforward with generator-produced radiotrac-
ers such as 82Rb but signifi cantly more complicated for cyclotron products.

FIGURE 10.7. Stress and rest 
82Rb images of the heart in 
short axis, vertical long axis, 
and horizontal long axis 
slices as explained in Figure 
10.6. The stress images show 
a severe perfusion defect 
throughout the anterolateral 
wall that is completely revers-
ible at rest. Inspection of the 
fused transaxial emission and 
CT transmission images dem-
onstrates a discontinuity in 
the lateral wall during stress 
related to patient motion, 
which was not seen on the rest 
images. The discontinuity in 
transmission images is also 
evident on the horizontal long 
axis images.
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Attenuation Correction

Accurate attenuation correction is critical for PET images. The transmission images 
and attenuation map should be checked for quality. Image quality of CT transmis-
sion images may be suboptimal in heavy patients, but this has been shown not to 
adversely infl uence attenuation correction. Hence, it is not necessary to increase the 
CT dose in heavy patients. However, transmission images using 68Ge/68Ga or 137Cs 
sources may require longer acquisition times to maintain quality as the strength of 
the radioactive source decreases. Because coincidence detection is the basis for PET 
imaging and each of the two photons is susceptible to attenuation, PET radiotracers 
are more prone to attenuation artifacts than SPECT radiotracers. Thus, reading of 
nonattenuation-corrected PET images is challenging and generally not recommended. 
Misregistration of transmission and emission images from respiration (Figures 10.8A 
and B) or from patient motion (Figure 10.7) can degrade image quality and result in 
false-positive scan results.29–31 An example of misregistration of transmission and 
emission images is seen in Figure 10.8A, associated with a reversible anterior and 
anterolateral defect. Reprocessing the emission images with the CT transmission 
images obtained 5 minutes after completion of dipyridamole infusion (Figure 10.8B) 
shows resolution of the reversible defect, confi rming that the previous image was an 
artifact from misregistration of transmission and emission images. Thus, checking for 
appropriate registration of transmission and emission images is crucial for interpreta-
tion of PET images.

Image Reconstruction Artifacts

Artifacts resulting from fi ltered backprojection reconstruction algorithms, image 
truncation, and beam hardening from CT transmission artifacts may be observed with 
cardiac PET and PET/CT imaging. As seen in SPECT myocardial perfusion imaging, 
excessive subdiaphragmatic activity from liver or bowel may result in decreased counts 
in the adjacent inferior wall myocardium when fi ltered backprojection is used for 
image reconstruction. This artifact may be particularly problematic if seen only on 
the stress images because it may cause an apparent reversible perfusion defect. Arti-
facts from fi ltered backprojection are not common with PET imaging since iterative 
methods are generally used for image reconstruction. Potential artifacts that could 
result from the position of the patient’s arms are briefl y discussed in the section on 
patient positioning. Image truncation artifacts appear as linear streaks through the 
reconstructed images. They can be seen in images of very large patients or images 
with a limited fi eld-of-view reconstruction and are usually resolved by using full fi eld-
of-view reconstruction. Streak artifacts may be seen in large patients with arms-down 
imaging (a result of beam hardening from the large bones or metallic implants in the 
arm) or with metal implants in the fi eld of view. In PET/CT systems that enable 
attenuation correction with either CT or an external radioactive source, a transmis-
sion scan with the radioactive source may be considered in these patients. There is 
preliminary evidence to suggest that a segmented reconstruction algorithm for the CT 
scan may help overcome artifacts from metallic implants.32 Residual radiotracer activ-
ity in the IV line within the fi eld of view may be an additional source of image recon-
struction artifacts that can be minimized by fl ushing the IV tubing. A summary of 
the steps involved in a systematic approach to performing myocardial perfusion PET 
imaging is shown in Table 10.5.

Summary Points

• Widespread availability of PET/CT equipment has led to an exponential increase 
in the use of myocardial perfusion imaging for evaluation of patients with known 
or suspected CAD.
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A

FIGURE 10.8. A and B. Stress and rest 82Rb images of the heart in short axis, vertical long 
axis, and horizontal long axis slices as explained in Figure 10.6. The stress images show a per-
fusion defect of moderate intensity throughout the anterolateral wall that is completely revers-
ible at rest. Inspection of the fused stress emission and CT transmission images show 
misregistration with emission image overlying the lung fi eld, resulting in undercorrection and 
an apparent perfusion defect in the anterolateral wall.

B
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• Use of CT for localizing the heart (scout) and transmission imaging has increased 
laboratory throughput signifi cantly.

• Both exercise and pharmacological stress are feasible for stress PET myocardial 
perfusion imaging. However, pharmacological stress protocols are simpler and more 
widely used.

• A single-frame 2D gated study is the most common mode of image acquisition, as 
3D protocols are currently not well validated in humans.

• A rest-stress protocol with gated imaging both at rest and at peak stress is recom-
mended. A decrease in LVEF from rest to peak hyperemic stress 82Rb imaging is 
a useful marker of extensive stress-induced ischemia and multivessel or left main 
CAD.

• Absolute measurements of myocardial blood fl ow are feasible with multiframe or 
dynamic PET imaging, although they are being used primarily in the research 
arena.

• Quality control of PET images for adequacy of counts, adequate clearance of blood 
pool activity, motion artifacts, and appropriate attenuation correction and image 
reconstruction artifacts are critical to optimum image quality.
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Over the past two decades, the experimental and clinical use of positron emission 
tomography (PET) has signifi cantly contributed to the knowledge of cardiac physiol-
ogy and metabolism. Positron tomography has emerged from the experimental arena 
and currently plays an important role in clinical cardiology.

Coronary stenoses may be diagnosed and located through PET myocardial perfu-
sion imaging in patients with suspected ischemic heart disease. In addition, the physi-
ological severity of known coronary stenoses may be precisely characterized since 
PET enables absolute quantifi cation of coronary fl ow reserve (CFR). This chapter 
provides a review of myocardial perfusion assessment with PET for identifi cation and 
characterization of clinical coronary artery disease (CAD), though we recognize that 
its clinical role continues to expand through ongoing research.

Myocardial Perfusion PET for Evaluating CAD

Chapter 10 provides a detailed discussion of the imaging protocols used in practice 
to evaluate myocardial perfusion with PET (Figures 10.1–10.3).

Preclinical CAD

The signifi cant advances in our understanding of the mechanisms that initiate and 
facilitate the progression of coronary atherosclerosis have greatly improved our ability 
to target therapies aimed at preventing, halting progression, or promoting regression 
of atherosclerosis before it becomes clinically overt. Thus, cardiovascular medicine is 
witnessing a dramatic shift from the traditional paradigm of diagnosing obstructive 
CAD to a new paradigm in which the central goal is to detect patients who are at 
risk for developing CAD or who already have preclinical (albeit not obstructive) 
disease.

In this broader application, the traditional relative assessments of regional myocar-
dial perfusion will likely be insensitive to identify preclinical CAD and thus will be 
of limited clinical value. It is now clear that endothelial dysfunction is an early event 
in atherosclerosis that precedes the development of structural changes in the coronary 
arteries; it is magnifi ed in the presence of coronary risk factors and obstructive CAD. 
Consequently, endothelial dysfunction and its resulting consequences on coronary 
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vasoreactivity are an attractive diagnostic target, especially for methods that can 
quantify coronary vasodilator dysfunction noninvasively, such as PET. Detection of 
patients at risk may offer an opportunity for early medical intervention aimed at 
halting the progression of atherogenesis and may ultimately lead to a reduction in 
cardiovascular events. In Chapter 12 the reader will fi nd an in-depth discussion on 
the relationship between quantitative estimates of myocardial perfusion with PET and 
coronary risk factors and other measures of clinical risk.

Clinical CAD

PET has proven to be a powerful and effi cient noninvasive imaging modality to evalu-
ate regional myocardial perfusion in patients with known or suspected obstructive 
CAD. Several technical advantages, discussed in Chapter 1, account for the improved 
diagnostic power of PET. In addition, the use of short-lived radiopharmaceuticals 
allows fast, sequential assessment of regional myocardial perfusion (e.g., rest and 
stress), thereby improving laboratory effi ciency and patient throughput (Figures 
10.1–10.3).

Although these technical advantages have been recognized for a long time, the lack 
of widespread availability of PET cameras and radiotracers, its increased cost, and 
the sparse data supporting its use and reimbursement have all contributed to the 
limited clinical acceptance of this imaging technology. However, important recent 
developments, including changes in reimbursement and widespread availability of 
PET cameras due to the important role of PET in oncology, are rapidly changing the 
acceptance of PET in cardiology.

Diagnostic Accuracy of PET and PET/CT for Diagnosing CAD

The experience with PET for detecting obstructive CAD has been documented in 9 
studies including 877 patients (Table 11.1). In these studies, regional myocardial 
perfusion was assessed with nitrogen-13 (13N)-ammonia or rubidium-82 (82Rb). The 
average sensitivity for detecting >50% angiographic stenosis was 91% (range, 83% to 
100%), whereas the average specifi city was 89% (range, 73% to 100%).

Comparative Studies of PET Versus SPECT

Three studies have performed a direct comparison of the diagnostic accuracy of 82Rb
PET and thallium-201 (201Tl) or technetium-99 (99mTc) single photon emission 

Table 11.1. Sensitivity and Specifi city of PET for Detecting Obstructive CAD

Year Author Radiotracer Prior MI (%) Sensitivity (%) Specifi city (%)

2006 Bateman et al4 82Rb 25  87  93
2006 Sampson et al5 82Rb None  93  83
1992 Marwick et al6 82Rb 49  90 100
1992 Grover-McKay et al7 82Rb 13 100  73
1991 Stewart et al8 82Rb 42  83  86
1990 Go et al9 82Rb 47  93  78
1989 Demer et al10 82Rb/13N-ammonia 34  83  95
1988 Tamaki et al11 13N-ammonia 75  98 100
1986 Gould et al12 82Rb/13N-ammonia NR  95 100

 Average    91  89

Source: Reprinted from Di Carli M. Advances in positron emission tomography. J Nucl Cardiol; 11:719–32, Copyright 2004, with permission
from The American Society of Nuclear Cardiology.
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computed tomography (SPECT) in the same or matched patient populations. Go and 
colleagues compared PET and SPECT in 202 patients.9 Their results showed a higher 
sensitivity with PET (76% vs 93%) and no signifi cant changes for specifi city (80% vs 
78% for SPECT and PET, respectively). In another study, Stewart et al compared 
PET and SPECT in 81 patients.8 They observed a higher specifi city for PET (53% vs 
83% for SPECT and PET, respectively) and no signifi cant differences in sensitivity 
(84% vs 86% for SPECT and PET, respectively). Diagnostic accuracy was higher with 
PET (89% vs 78%).

Bateman et al recently compared 82Rb PET and 99mTc sestamibi SPECT with respect 
to image quality, reader confi dence, and diagnostic accuracy in 2 matched patient 
cohorts undergoing clinically indicated pharmacologic-stress perfusion imaging using 
contemporary technology for both SPECT and PET.4 With respect to quality, summed 
rest and stress PET perfusion images were more frequently rated as excellent com-
pared to the corresponding SPECT images (79% vs 62%, respectively), but the quality 
of rest and stress gated images was considered comparable. Artifact-free images were 
more frequently observed with PET than with SPECT studies (44% vs 17%, respec-
tively). Signifi cant liver and/or bowel uptake affecting interpretation was more 
frequently observed on SPECT than on PET studies (41% vs 5%, respectively). Con-
sequently, reader certainty as defi ned by a defi nitely normal or abnormal imaging 
interpretation was also higher for PET than for SPECT (96% vs 81%, respectively). 
Importantly, differences in image quality and reader certainty between PET and 
SPECT were not infl uenced by either patient gender or body mass index.

Overall diagnostic accuracy using either a 50% (87% vs 71%) or a 70% (89% vs 
79%, respectively) angiographic threshold was higher for PET than for SPECT. Dif-
ferences in diagnostic accuracy refl ected primarily the increased specifi city (with a 
marginal advantage in sensitivity) of PET versus SPECT, and applied to both men 
and women, and to obese and nonobese individuals.

Diagnosing Multivessel CAD with Myocardial Perfusion PET

As depicted in Table 11.1, the relative assessment of myocardial perfusion with PET 
remains a sensitive means for diagnosing or ruling out the presence of obstructive 
CAD. As with SPECT, however, PET often uncovers only that territory supplied by 
the most severe stenosis. This is based on the fact that in patients with CAD, coronary 
vasodilator reserve is often abnormal even in territories supplied by noncritical 
angiographic stenoses,13,14 thereby reducing the heterogeneity of fl ow between 
“normal” and “abnormal” zones and limiting the ability to delineate the presence of 
multivessel CAD.

In a recent study, Bateman et al reported that PET was better than SPECT for 
diagnosing multivessel CAD (71% vs 48%, respectively). In this study, however, it 
was unclear what was the precise mix of patients with “multi-vessel CAD” (e.g., 2 vs 
3 vessels vs left main disease) and whether the two groups (PET and SPECT) were 
equally balanced (i.e., location and severity of coronary artery stenoses). The appar-
ent advantage of PET in this study may be related to differences in tracer kinetics 
between 82Rb and 99mTc sestamibi. The relatively higher extraction of the former at 
relatively high fl ow rates could explain, at least in part, the improved ability of PET 
to uncover other areas supplied by stenosed coronary arteries. Nonetheless, PET still 
misclassifi es ∼30% of the patients with multivessel CAD as having single-vessel 
disease, or presumably misses some patients with balanced ischemia (sensitivity for 
detecting 70% stenosis was 86%).

As discussed in Chapter 10, one advantage of PET is its distinct ability to assess 
left ventricular function at rest and during peak stress (as opposed to poststress with 
SPECT). Recent data from our laboratory suggest that in normal subjects, LVEF 
increases during peak vasodilator stress.1 In patients with CAD, however, changes in 
LVEF (from baseline to peak stress) are inversely related to the magnitude of perfu-
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FIGURE 11.1. Bar chart illustrating the inverse relationship 
between the delta change in left ventricular ejection fraction 
(LVEF) during peak vasodilator stress and the magnitude of 
myocardium ischemic as assessed by perfusion imaging. SDS, 
summed stress score. (Data from Dorbala S, Limaye A, Sampson 
U, et al. [1].)
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FIGURE 11.2. Bar chart illustrating the value of perfusion alone (left panel) and perfusion 
plus changes in left ventricular ejection fraction (LVEF) for ascertaining the anatomic extent 
of CAD as defi ned by coronary angiography. (Data from Dorbala S, Sampson U, Limaye A, 
et al. [2].)
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FIGURE 11.3. Scatter plot of the relation between myocardial 
fl ow reserve (peak/rest myocardial blood fl ow) and quantita-
tive coronary angiographic measurements of percent area 
stenosis (r = 0.78, p < 0.00001). (Reproduced with permission 
from Di Carli M, Czernin J, Hoh CK, et al. [3].)
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sion abnormalities during stress (refl ecting ischemic myocardium) (Figure 11.1). 
Indeed, patients with multivessel disease or left main disease show a frank drop in 
LVEF during peak stress even in the absence of apparent perfusion defects (see Part 
VI, Case 7). In contrast, patients without signifi cant CAD or with 1-vessel disease 
show a normal increase in LVEF (see Part VI, Cases 1 and 2). Consequently, the 
diagnostic sensitivity of gated PET for correctly ascertaining the presence of multives-
sel disease increases from 50% to 79% (Figure 11.2).2

Alternatively, PET measurements of myocardial blood fl ow and coronary vasodila-
tor reserve could also help improve detection of multivessel CAD. The reports evalu-
ating the diagnostic performance of myocardial perfusion PET to detect angiographic 
stenoses (Table 11.1) examined imaging results in terms of sensitivity and specifi city 
rather than as a continuous spectrum of severity. In patients with CAD, noninvasive 
measurements of coronary blood fl ow and vasodilator reserve by PET are inversely 
and nonlinearly related to stenosis severity, as defi ned by quantitative angiography 
(Figures 11.3 and 11.4). Importantly, coronary lesions of intermediate severity have a 
differential CFR that can be detected by PET, which decreases as stenosis severity 
increases, thereby allowing better defi nition of the functional importance of known 
coronary epicardial stenosis.3,15,16 Figure 11.5 illustrates the potential use of measure-
ments of myocardial blood fl ow and coronary vasodilator reserve to better delineate 
the extent of underlying CAD. In patients with so-called balanced ischemia or diffuse 
CAD, measurements of coronary vasodilator reserve would uncover areas of myocar-
dium at risk that would generally be missed by performing only relative assessments 
of myocardial perfusion.

Two recent reports demonstrate the potential clinical value of measures of coronary 
vasodilator reserve as assessed by PET to delineate the extent of underlying CAD. 
Yoshinaga et al compared the clinical value of measures of coronary vasodilator 
reserve as assessed by PET to relative assessments of myocardial perfusion by SPECT 
in 27 patients with CAD.14 They showed good agreement between SPECT defects and 
PET measures of vasodilator reserve in only 16 of 58 (28%) myocardial regions sup-
plied by coronary stenosis >50% as assessed by quantitative angiography. The remain-
ing 42 of 58 (72%) regions with angiographic stenoses showed no regional perfusion 
defects by SPECT but a defi nitely abnormal vasodilator reserve by PET. Similarly, 
Parkash et al recently reported on the value of quantifi cation of coronary fl ow reserve 
versus the traditional relative assessment of myocardial perfusion to delineate the 
extent of CAD in a relatively small group of 23 patients.17 In patients with 3-vessel 
CAD, they found that defect sizes were signifi cantly larger using quantifi cation 
methods as compared with the traditional method (44 ± 18% vs 69 ± 24%). In patients 
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FIGURE 11.4. Scatter plot of the relation between coronary vascular resistance and quantita-
tive coronary angiographic measurements of percent area stenosis (r = 0.78, p < 0.00001). 
(Reproduced with permission from Di Carli M, Czernin J, Hoh CK, et al. [3].)
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with single-vessel CAD, defect sizes were smaller using quantifi cation methods than 
with the traditional method (10 ± 12% vs 18 ± 17%). Thus, this is clearly an area of 
great clinical interest, and future studies are warranted to evaluate the added value 
of quantitative fl ow measurements for the noninvasive diagnosis of CAD.

Myocardial Perfusion PET to Monitor Progression and 
Regression of CAD

Lipid-lowering trials in patients with coronary atherosclerosis have demonstrated no 
progression or only modest regression of anatomic coronary artery stenoses compared 
to control patients.18–21 Despite the lack of progression or modest regression in coro-
nary artery stenoses, these studies have reported a proportionately greater decrease 
in coronary events in treated than in control patients.18–22 This has led to the hypoth-
esis that stabilization of atherosclerotic plaques, reduction of inducible myocardial 
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FIGURE 11.5. Example of a stress and rest myocardial perfusion PET study with 82Rb as the 
fl ow tracer. The images (top panel) demonstrate a medium-size and severe perfusion defect 
throughout the inferior and inferolateral walls, which is fi xed and consistent with myocardial 
infarction. The quantitative data (lower panel) demonstrate impaired coronary vasodilator 
reserve (peak fl ow/baseline fl ow) in all 3 coronary territories. Subsequent coronary angiogra-
phy demonstrated signifi cant 3-vessel CAD. This case illustrates the potential use of blood 
fl ow quantitation to better ascertain the extent of anatomic CAD. (Reprinted from Di Carli 
M. Advances in positron emission tomography. J Nucl Cardiol; 11:719–32, Copyright 2004, 
with permission from The American Society of Nuclear Cardiology.)
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ischemia (caused by an improvement in coronary vasodilator function), or both effects 
combined may be more closely related to improved clinical outcomes than the ana-
tomic change in plaque burden. There is mounting evidence that the functional abnor-
malities in coronary vascular function described above can be improved by therapeutic 
interventions designed to improve the risk factor profi le, and that these changes can 
be measured noninvasively with PET.

Selecting Patients for Myocardial Perfusion PET

The ACC/AHA/ASNC radionuclide guidelines from 200327 defi ned the following role 
for PET:

Recommendations for Diagnosis of Patients with an Intermediate Likelihood of CAD 
and/or Risk Stratifi cation of Patients with an Intermediate or High Likelihood of CAD

Class I

(Conditions for which there is evidence and/or general agreement that a given procedure 
or treatment is useful and effective)

Adenosine or dipyridamole myocardial perfusion PET in patients in whom an appro-
priately indicated myocardial perfusion SPECT study has been found to be equivocal for 
diagnostic or risk stratifi cation purposes. (Level of Evidence: B, indicating that the data 
is derived from a single randomized trial, or from nonrandomized studies)

Class IIa

(Conditions for which there is confl icting evidence and/or a divergence of opinion about 
the usefulness/effi cacy of a procedure or treatment, but the weight of evidence/opinion 
is in favor of usefulness/effi cacy)

1. Adenosine or dipyridamole myocardial perfusion PET to identify the extent, severity, 
and location of ischemia as the initial diagnostic test in patients who are unable to 
exercise. (Level of Evidence: B)

2. Adenosine or dipyridamole myocardial perfusion PET to identify the extent, severity, 
and location of ischemia as the initial diagnostic test in patients who are able to exercise 
but have LBBB or an electronically paced rhythm. (Level of Evidence: B)

(Reprinted with permission, ACC/AHA/ASNC Guidelines for the Clinical Use of 
Cardiac Radionuclide Imaging © 2003, American Heart Association, Inc.)

Nonetheless, the emerging data with PET and integrated PET/CT suggest that this 
modality could potentially expand its application in the following patient subgroups:

• Patients requiring pharmacologic stress: These are often the most challenging 
patients for SPECT, as they tend to be overweight or obese, older, and generally not 
able to withstand longer imaging times. Attenuation correction with SPECT, espe-
cially in the overweight and obese patients, appears to perform best in patients under-
going exercise protocols. In the setting of pharmacologic stress, the concomitant 
correction of areas in intense radiotracer concentration such as liver and bowel results 
in increased scatter into the inferior wall and degradation of SPECT image quality.23,24

In fact, preliminary data from Bateman et al suggest that up to 50% of attenuation 
corrected postpharmacologic stress sestamibi SPECT images may have compromised 
quality and diagnostic accuracy compared to nonattenuation corrected images.25

• Overweight and obese patients: For the reasons delineated above, PET may be the 
fi rst line of testing in these patient groups.

• Women: The improved diagnostic accuracy with PET and PET/CT may prove to be an 
advantage in women compared to SPECT. Indeed, data from Bateman et al discussed 
above and from our laboratory (Table 11.1) suggest that the diagnostic accuracy in 
women is probably superior with PET. This awaits confi rmation by larger studies.
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• Patients with new-onset heart failure: Integrated PET/CT, with its ability to delin-
eate myocardial ischemia and viability and coronary anatomy, may become an 
important indication for PET because it can ascertain etiology of heart failure 
(ischemic vs nonischemic) and defi ne management (medical therapy vs 
revascularization).

• Symptomatic diabetics: The ability of PET to more accurately delineate the pres-
ence of multivessel CAD may become very important in identifying high-risk sub-
groups among patients who are generally regarded as high risk, such as diabetics. 
The higher prevalence of obesity in this population may be another reason to select 
PET over SPECT.

Summary Points

• PET provides accurate diagnosis of the extent, severity, and anatomic location of 
coronary artery disease. A review of the current literature indicates that the sensi-
tivity and specifi city of myocardial perfusion with pharmacological stress vary from 
90% to 95% in both men and women.

• An additional advantage of PET is the possibility of quantifying regional perfusion 
and coronary fl ow reserve. Experimental and clinical evidence indicates that these 
measurements of coronary fl ow reserve have a nonlinear inverse correlation with 
the anatomic severity of stenosis. These measurements are useful for assessing the 
functional implications of coronary stenoses of intermediate severity (50%–80%), 
especially in patients with extensive CAD.

• The high relative cost of PET requires careful selection of patients.
• The great sensitivity and, above all, the high specifi city of PET for diagnosing coro-

nary heart disease make it a particularly useful tool for the assessment of obese 
patients and women with a low-intermediate probability of having coronary disease. 
This important clinical role is expected to grow with the availability of integrated 
PET/CT scanners that allow a true integration (fusion) of structure and function,26

which will allow a comprehensive examination of the heart’s anatomy and function 
in ways never before possible.
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Estimates of regional myocardial blood fl ow contain information on morphologic 
alterations of the myocardium itself but also, and importantly, on the structure and 
function of the upstream coronary circulation. Loss of myocytes, replacement fi brosis, 
and scar tissue formation are associated with regional reductions of blood fl ow at rest 
per unit mass. Conversely, regional fl ow at rest may also be diminished in the absence 
of structural alterations but in the presence of, for example, a high-grade stenosis of 
the epicardial conduit vessel that impinges on fl ow. Such fl ow reductions then refl ect 
structural or functional disturbances of the upstream coronary circulation. Myocar-
dial blood fl ow depends on a complex interplay between the coronary driving pressure 
(the pressure gradient from the aorta to the right atrium) and resistance forces that 
adjust the supply of blood to the energy needs of the myocardium. Besides extravas-
cular resistive forces due to intramyocardial and intracavitary pressures and their 
cardiac cycle-related changes, most of the resistance to fl ow and its regulation resides 
at the level of the coronary resistance vessels. Vascular smooth muscle relaxation or 
constriction in the resistance vessels mediated by metabolic, neuronal, and endocrine 
mechanisms raises or lowers coronary and, accordingly, myocardial blood fl ow. The 
vascular-smooth-muscle-initiated changes in blood fl ow are modulated by endothe-
lium-related factors that depend on fl ow-velocity-related shear stresses as well as on 
neuronal, endocrine, and paracrine factors.

Myocardial blood fl ow, measured in absolute units, thus serves as a measure of the 
functional state of the coronary circulation. This is especially true for estimates of 
fl ow responses to physiologic or pharmacologic challenges. If abnormal, these fl ow 
responses aid in identifying sites of abnormal function. Measurements of fl ow responses 
are now available noninvasively with positron emission tomography (PET) and have 
proved useful for identifying functional consequences of early as well as advanced 
stages of coronary atherosclerosis. These measurements also hold promise for explor-
ing and defi ning effects of therapeutic interventions. This chapter briefl y reviews 
methodological aspects of PET-based measurements of myocardial blood fl ow, exam-
ines interventions for challenging the circulatory system and for evaluating the sys-
tem’s responses, and then explores the potential usefulness of such measurements in 
individuals without but at risk for coronary artery disease.



 12 Quantifying Myocardial Perfusion for the Assessment of Preclinical CAD 161

Methodological Aspects

First, features of PET fundamental to the noninvasive quantifi cation of myocardial 
blood fl ow include (1) its high spatial, depth-independent resolution (in the range of 
8–12 mm full-width at half-maximum), (2) its quantitative imaging capability (where 
tissue radioactivity concentrations are determined in units of radioactivity per unit 
mass), and (3) its high temporal resolution capability (in the order of seconds), which 
affords measurements of rapidly changing radiotracer activity concentrations in arte-
rial blood and myocardium. Second, several positron emitting tracers of myocardial 
blood fl ow are available. Foremost are nitrogen-13-labeled ammonia (13N-ammonia), 
oxygen-15 labeled water (15O-water), and, to a lesser extent, rubidium-82 chloride 
(82Rb). The net uptake of each radiotracer as the product of its fi rst-pass extraction 
fraction and myocardial blood fl ow correlates with myocardial blood fl ow (Figure 
12.1) yet, with the exception of 15O-water, in a nonlinear manner. Third, the tissue 
kinetics of the radiotracer derived from serially acquired PET images are fi tted with 
experimentally validated tracer kinetic models for computing estimates of regional 
myocardial blood fl ow in milliliters of blood per minute per gram myocardium.

Measurements of Myocardial Blood Flow with 13N-Ammonia

After a transmission image for correction of photon attenuation is recorded, acquisi-
tion of serial emission images commences while a 10-second bolus of typically 20 to 
30 mCi 13N-ammonia is administered intravenously. The sequence of serially acquired 
images typically consists of 12 frames of 10 seconds each, followed by 2 frames of 30 
seconds each, followed by 1 frame of 60 seconds, and, fi nally, by 1 frame of 900 
seconds, amounting to a total acquisition time of 19 minutes.1–3 The fi nal, 900-second 
transaxial image data set is reoriented into short and long axis slices of the left ven-
tricular myocardium. They depict the relative distribution of myocardial blood fl ow 
and, once assembled into polar map displays, provide for semiquantitative determina-
tions of extent and severity of perfusion defects.4 The polar map also serves as a tem-
plate for assigning regions of interest to the myocardium. The reorientation parameters 
applied to the late “static” image set are then applied to the serial transaxial image 
sets acquired during the initial 2 minutes after radiotracer injection; the reoriented 
short axis slices are each assembled into polar maps onto which the regions of interest 
assigned initially to the “static” polar map are copied. An additional 25 mm2 region 
of interest is assigned to the center of the left ventricle blood pool (Figure 12.2).3,4
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FIGURE 12.1. Net uptake of 13N-ammonia, 15O-water, and 82Rb as a function of myocardial 
blood fl ow. 
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The arterial radiotracer input function as derived from the blood pool region of 
interest and the myocardial tissue response derived from the myocardial regions of 
interest are fi tted with a 2-compartment tracer kinetic model that mathematically 
describes the time-dependent exchange of 13N-ammonia between blood and myocar-
dium, which has been validated in animal experiments (Figure 12.3).2,5 As shown in 
Figure 12.4, 13N-ammonia (NH3) in blood exists mostly in its ionic species of 13N-
ammonium (NH4

+). It converts into 13N-ammonia for diffusion across the capillary 
membrane. Because the capillary membrane exerts only a negligible barrier effect to 
the exchange of 13N-ammonia, its fi rst-pass extraction fraction approaches 100%. In 
tissue, metabolic trapping competes with fl ow-dependent back diffusion of the radio-
tracer. Once converted back to the ionic 13N-ammonium, the radiotracer label becomes 
incorporated into glutamine via the glutamine synthase reaction and is thus effectively 
trapped in the myocardium.6 Different from the rate of the glutamine synthase activ-
ity, which appears to be relatively constant over a wide range of metabolic conditions, 
the rate of backdiffusion of 13N-ammonia from tissue into blood depends on fl ow. 
Because the fraction that diffuses back into blood increases with fl ow, the tracer net 
retention progressively declines with increasing myocardial blood fl ows, though in a 
nonlinear fashion.6 The tracer kinetic model accounts for the fl ow-dependent decline 
of the “retention fraction” and corrects for spillover of activity from the blood pool 
into the myocardial region of interest (due to misplacements of registered counts), for 
radiotracer activity in the vascular space of the myocardium, and for partial volume-
related underestimation of the true myocardial radiotracer activity concentration, and 
yields estimates of myocardial blood fl ow in milliliters per minute per gram.

FIGURE 12.2. Determination of the arterial radiotracer input function and the myocardial response from a region of interest 
assigned to the left ventricular blood pool (A) and from regions of interest assigned on a polar map to the territories of the left 
anterior descending (LAD), left circumfl ex (LCX), and right coronary artery (RCA) territory for a study at baseline (upper 
row) and during adenosine stimulation (lower row). (B) The corresponding time-activity curves show arterial input function, 
LAD, and LCX and RCA myocardium. Note the markedly higher tracer uptake in myocardium in the adenosine as compared 
to the baseline study when related to the arterial input function. 

A B

LV Blood Pool LV Myocardium Time Activity Curves

Input TACs
2.5×105

2.0×105

1.5×105

1.0×105

5.0×104

0
0 20 40 60

time (sec)

BP
LAD
LCX
RCA

80 100 120

Input TACs
1.2×105

1.0×105

4.0×104

6.0×104

8.0×104

2.0×104

0
0 20 40 60

time (sec)

BP
LAD
LCX
RCA

80 100 120

Baseline

Adenosine



 12 Quantifying Myocardial Perfusion for the Assessment of Preclinical CAD 163

Correction for partial volume-related underestimations of the true tissue-activity 
concentration (in mCi per gram myocardium) requires a “recovery coeffi cient.” This 
correction factor is a function of both the spatial resolution of the imaging device and 
the thickness of the left ventricular myocardium.7,8 The latter can be measured in each 
patient with echocardiography, gated magnetic resonance imaging, or, when hybrid 
PET/CT is employed, from gated contrast CT ventriculograms.9,10 For convenience, 
most laboratories assume an average wall thickness of 10 mm. This value may result 
in over- or underestimations of true fl ows in patients with hypertrophic or dilated 
cardiomyopathies. Its use appears acceptable, however, when left ventricular dimen-
sions are normal or for intraindividual comparisons of repeat fl ow measurements.

Comparison measurements of myocardial blood fl ow with, for example, the micro-
sphere technique in experimental animals have confi rmed the validity and accuracy 
of the noninvasive estimates of myocardial blood fl ow over a range from 0.5 to 
5.0 mL/min/g.2,5

Qi(t) = Q1(t) + Q2(t) + SPbt × Ca(t)

Q2

Q1

SPbt

K1 K2

V

MBF Ca(t)

freely diffusible
tracer

FIGURE 12.3. Three-compartment tracer kinetic models for 13N-ammonia. The large box 
refl ects the total activity present in the myocardium, and the 2 smaller compartments describe 
the activity present in freely diffusible form (Q1) and in metabolically bound form (Q2). V, 
volume of distribution; MBF, myocardial blood fl ow; SP, spillover of activity from blood 
into myocardium. The rate constants K1 and k2 describe the rates of exchange between 
the 2 pools.

Blood

Diffusion

Intracellular space Glutamine synthase

Cation Exchange

glutamate

K+

1

2

13NH4
+

13NH4
+

13NH3

13NH3

13N-glutamine

FIGURE 12.4. Tissue kinetics of 13N-ammonia (see text).
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Measurements of Myocardial Blood Flow with 15O-Water

Flow determinations with this tracer are technically more demanding. Because of its 
short physical half-life of only 2.4 minutes, the radiotracer can be used only in close 
proximity to a cyclotron. Further, the tracer rapidly distributes into the water spaces 
of tissues. Accordingly, 15O-water does not selectively accumulate in the myocardium. 
Separation of tracer activity in the myocardium from that in blood requires additional 
blood pool imaging with, for example, 15O- or carbon-11-labeled carbon monoxide.11–14

As an alternate and more practical approach, factor analysis has been successfully 
employed for discriminating between blood pool and myocardial radioactivity con-
centrations and their changes over time, thus obviating the need for separate blood 
pool imaging.15

After intravenous administration, 15O-water rapidly distributes into and clears from 
the myocardium in proportion to blood fl ow and its concentration in blood. Using a 
1-compartment tracer kinetic model, rates of myocardial blood fl ow are then obtained 
from the rate of clearance of 15O-water from the myocardium.11,16 Similar to the 13N-
ammonia approach, estimates of myocardial blood fl ow with 15O-water have been 
found to correlate well with independent comparison measurements for example, as 
in animals with the microsphere technique.13,16

In normal human myocardium, both the 15O-water and the 13N-ammonia approaches 
yield comparable estimates of myocardial blood fl ows.17 However, as an important and 
distinct difference, the 15O-water approach selectively measures fl ow in myocardium 
capable of rapid water exchange, whereas the 13N-ammonia approach measures fl ow 
across the entire myocardial wall. If normal myocardium coexists with scar tissue, 
then the 13N-ammonia approach measures the average transmural fl ow, while the 
15O-water technique estimates fl ow only in the “water exchanging” myocardium or 
tissue.14,18 When applied to dysfunctional myocardium with scar tissue formation, fl ow 
estimates in the hypoperfused infarct region will be diminished with 13N-ammonia 
but may be normal or near normal with 15O-water.19 The two approaches also differ 
for evaluations of the relative distributions of blood fl ow. Because 15O-water equili-
brates with the water spaces of myocardium and blood, and because of rapidly chang-
ing radiotracer concentrations and its short physical half-life, “static” 15O-water 
perfusion images are of limited value for analyzing the relative distribution of myo-
cardial blood fl ow. Conversely, because 13N-ammonia is selectively retained by 
myocardium and has a longer physical half-life, it affords perfusion images of high 
diagnostic quality.

Measurements of Myocardial Blood Flow with 82Rb Chloride

Rubidium-82 offers distinct advantages for clinical studies of myocardial blood fl ow. 
First, it is available through a generator system with a 4- to 5-week shelf life and 
eliminates the need for an on-site cyclotron. Second, push-button-operated infusion 
systems provide for intravenous administrations of precalibrated tracer activity doses 
at preselected infusion rates. The ultrashort physical half-time of 82Rb of only 76 
seconds affords serial evaluations of myocardial perfusion at short time intervals (i.e., 
10 minutes) but requires delivery of high activity doses (range, 50–60 mCi) for ade-
quate visualization of the myocardium after 1 to 2 physical half-lives have been 
allowed for tracer clearance from blood. High-activity doses cause substantial dead-
time-related count losses, thereby limiting accurate measurements of the radiotracer 
input function and the myocardial tissue response. Estimates of fl ow responses to 
pharmacological vasodilation have therefore remained “semiquantitative,” where the 
myocardial 82Rb activity concentration is normalized to the dose of activity adminis-
tered.20–22 The approach does not correct for fl ow-related nonlinear increases in tracer 
activity and thus underestimates the true fl ow response. Recent investigations suggest, 
however, the possibility of true quantifi cation of myocardial blood fl ow with this 
radiotracer.23–25
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Assessment of Coronary Circulatory Function

In normal individuals at low risk for coronary artery disease, average values of myo-
cardial blood fl ow at rest are reported to range from 0.60 to 1.2 mL/min/g.1,12,26–30 Some 
of the interstudy and interinstitutional variability relates to differences in measure-
ment approaches including radiotracers, tracer kinetic models, and image analysis. 
Differences in study conditions and study populations including gender and age con-
tribute further to the variability. Whether myocardial blood fl ows differ between 
males and females remains undetermined. Some but not all studies have observed 
higher fl ows at rest in females than in males.27,31,32 Myocardial blood fl ow at rest 
depends on the left ventricular myocardial work and thus on the hemodynamic 
state.27,32 Most investigations report statistically signifi cant correlations between myo-
cardial blood fl ow at rest and the rate pressure product (RPP; product of heart rate 
and systolic blood pressure) as a readily available index of cardiac work. Accordingly, 
increases in RPP and, thus, in myocardial work with supine bicycle exercise or with 
low-dose dobutamine infusion were similarly associated with proportionate increases 
in myocardial blood fl ow.1,33,34 Differences in myocardial blood fl ow at rest between 
sedentary and trained individuals have also been reported and correspond to differ-
ences in heart rate and arterial blood pressures.35 Moreover, age-related increases in 
resting myocardial blood fl ow as reported in several studies also depend on differences 
in cardiac work as refl ected by an age-related increase in the RPP.27,36,37 The depen-
dence of blood fl ow on cardiac work has therefore prompted some investigators to 
report values of myocardial blood fl ow that are normalized through cardiac work (by 
dividing the fl ow estimate by the RPP).

With the exception of regional fl ow reductions at rest due to a critical stenosis 
upstream in the epicardial coronary artery or of fl ows that are signifi cantly higher 
than predicted by the RPP, as observed, for example, in rejecting cardiac allografts,38

measurements of myocardial blood fl ow at rest provide only limited information on 
the functional state of the coronary circulation. Fundamental to the evaluation of 
the coronary circulatory functions, therefore, are measurements of fl ow responses to 
physiological or pharmacological challenges, as, for example, pharmacologic stimula-
tion of vascular smooth muscle relaxation or sympathetic stimulation with cold pressor 
testing. Additional information on the functional state of the epicardial conduit vessel 
is available through evaluation of the distribution of myocardial blood fl ow in the 
base-to-apex direction of the left ventricle.

Assessment of the Total Integrated Vasodilator Capacity

Assessment of the total integrated vasodilator capacity entails the intravenous admin-
istration of vascular smooth muscle relaxing agents, for example, adenosine, adenos-
ine-triphosphate, dipyridamole, or specifi c adenosine receptor stimulating agents, and 
measurement of the hyperemic fl ow response. As illustrated in Figure 12.5, the vas-
cular-smooth-muscle-mediated decrease in resistance at the level of the coronary 
microcirculation prompts an increase in coronary fl ow. Higher fl ow velocities lead to 
shear-stress-mediated endothelium-dependent dilation of the coronary vessels. Resis-
tance to fl ow depends on its velocity, the length of the vessel and, importantly, on its 
diameter. The fl ow-related dilation can therefore be considered as a compensatory 
adjustment that minimizes the resistance to high-velocity fl ow in the conduit and 
resistance vessels. This adjustment is mediated through shear-stress-dependent 
increases in endothelial nitric oxide synthase (eNOS) activity and release of nitric 
oxide (NO). The fl ow-related vasodilation involves both the coronary conduit and the 
coronary resistance vessels and thus augments the total hyperemic fl ow initiated by 
selective smooth muscle relaxation. The endothelial contribution to the total hyper-
emic response has been confi rmed in normal volunteers where pharmacologic inhibi-
tion of eNOS activity with NG–nitro-L-arginine methyl ester (L-NAME) diminished 
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hyperemic fl ows by 21% or attenuated the adenosine-stimulated fl ow response by 
31%.39 Pharmacologically stimulated hyperemic fl ows therefore represent smooth 
muscle and endothelium-related vasodilator effects and thus refl ect the total inte-
grated coronary vasodilator capacity.

Sympathetic Stimulation with Cold Pressor Testing

Flow responses to sympathetic stimulation provide more direct information on endo-
thelial function than do fl ow responses to pharmacological vasodilation. Exposure to 
cold by immersing a hand in ice water prompts a sympathetically mediated increase 
in heart rate and blood pressure. Thus myocardial work is normally associated with 
a proportionate, metabolically mediated increase in myocardial blood fl ow (Figure 
12.6). In patients with coronary artery disease or at risk for coronary artery disease, 
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FIGURE 12.5. Schematic representation of the regulation of coronary blood fl ow (see text).
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however, cold-induced fl ow responses may no longer correlate with changes in cardiac 
work. The fl ow response may diminished, absent, or even paradoxical; that is, fl ow 
declines rather than increases.

Several lines of evidence support the validity of the fl ow response to cold pressor 
testing as an indicator of coronary endothelial function. Cold-induced changes in 
coronary fl ow velocity were closely though inversely correlated with decreases in 
coronary resistance in response to endothelial stimulation with intracoronary acetyl-
choline.41 Further, acetylcholine-stimulated endothelium-dependent diameter changes 
corresponded to diameter changes produced by cold pressor testing.42 Moreover, PET-
measured fl ow responses to cold were signifi cantly correlated with cold-induced and 
fl ow-related changes in coronary artery diameter on quantitative coronary angiogra-
phy in individuals with angiographically normal coronary arteries.40 Finally, intrave-
nous administration of L-arginine, the substrate for eNOS, fully restored impaired 
fl ow responses to cold in long-term smokers,43 suggesting that an increase in NO avail-
ability accounted for the improvement of the fl ow response and in turn implicating 
diminished NO bioavailability as a determinant of the smoking-related impaired fl ow 
response.

The fl ow response to sympathetic stimulation refl ects a delicate balance between 
opposing vasodilator and vasoconstrictor effects (Figure 12.7). As sympathetic stimu-
lation raises heart rate and blood pressure, myocardial work increases. In response, 
a metabolically mediated decrease in coronary resistance initiates an increase in coro-
nary fl ow that under normal conditions leads to a shear-stress-mediated increase in 
eNOS activity and release of NO. Stimulation of α-adrenergic smooth muscle recep-
tors by the predominantly α-adrenergic norepinephrine causes smooth muscle con-
striction. The vasoconstrictor effect is normally offset by the endothelium-related 
vasodilator effects so that overall fl ow increases. If, however, the availability of NO 
is diminished due to decreased synthesis or increased breakdown or both, then the 
vasoconstrictor effect of sympathetic stimulation may prevail so that fl ow increases 
only inappropriately or actually declines. Other endothelium-related vasoactive sub-
stances are likely involved in the fl ow response; yet actions of NO appear to dominate. 
The fl ow response may depend further on efferent cardiac sympathetic neuronal 
pathways, as suggested by fi ndings in diabetic neuropathy.44,45 However, effects of 
sympathetic denervation or dysfunction await further clarifi cation, as they probably 
involve both endothelium-related vasodilator and smooth-muscle-related vasocon-
strictor effects.
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Methodological Considerations of Cold Pressor Testing

The increase in heart rate and blood pressure during exposure to cold reaches a 
“plateau” within about 30 to 45 seconds, at which time the serial PET image acquisi-
tion commences and the radiotracer of blood fl ow is injected intravenously. To allow 
for suffi cient trapping of the radiotracer in the myocardium, exposure to cold is main-
tained for at least another 60 seconds. Increases in heart rate and systolic blood pres-
sure usually average about 15% to 20% and produce about a 40% to 50% increase 
in RPP. The increase in mean blood pressure was found to correlate with the muscle 
sympathetic activity during cold pressor testing46 and thus may serve as a measure of 
the degree of sympathetic stimulation. Accordingly, heart rate and blood pressure 
should be monitored and recorded at 1-minute intervals; monitoring should continue 
for several minutes after termination of the cold pressor test, as posttest bradycardic 
hypotensive episodes may occasionally occur.

Patients should fi rst rest comfortably and quietly on the scanner bed for at least 15 
to 20 minutes to achieve a more basal hemodynamic state. Myocardial blood fl ow is 
then measured, typically fi rst at baseline and then again during cold pressor testing. 
The fl ow response to sympathetic stimulation is defi ned as the fl ow difference between 
cold pressor testing and baseline and is expressed as a percentage of the baseline blood 
fl ow (% MBF) or as the fl ow difference between the two conditions in absolute units 
(∆MBF).47 Percent changes in fl ow are highly dependent on baseline fl ows and decline 
with higher baseline fl ows. Conversely, defi ned in absolute units of milliliters per 
minute per gram, the fl ow response was found to be independent of baseline fl ows 
and cardiac work.

Distribution of Myocardial Blood Flow in the Longitudinal, 
Base-to-Apex Direction of the Left Ventricular Myocardium

There is little resistance to fl ow in the normal coronary conduit vessel so that 
intracoronary pressures remain constant over the length of the epicardial coronary 
artery.48 The resistance to high-velocity fl ows during hyperemia similarly remains 
low due to the fl ow-related dilation of the epicardial coronary arteries. A progressive 
decline in perfusion in the base-to-apex direction of the left ventricular myocardium 
in patients with coronary artery disease but without discrete coronary stenosis has 
therefore been attributed to diffuse luminal narrowing of the epicardial coronary 
arteries that presumably resulted in a progressive, proximal-to-distal decline in 
intracoronary pressure and thus in myocardial perfusion.49 Subsequently confi rmed 
through direct pressure measurements in coronary vessels without discrete stenosis 
of patients with coronary artery disease, the progressive intracoronary pressure 
decline was attributed to increased resistance to fl ow along the coronary conduit 
vessels.48 Besides diffuse luminal narrowing, it is conceivable that functional altera-
tions alone, especially at the level of the coronary endothelium, could result in a 
similar pressure decline. For example, attenuation or absence of the normal, fl ow-
related dilation of the epicardial conduit vessel, as observed in endothelial dysfunc-
tion, increases the resistance to higher-velocity fl ows during pharmacologic vasodilation 
and leads to a progressive decline in intracoronary pressures. Similarly, during cold 
pressor testing, a decrease in conduit vessel diameter, as observed in individuals with 
risk factors for coronary artery disease, would also raise the resistance to fl ow, even 
though coronary fl ow by itself might not increase.50 Accordingly, adenosine-stimu-
lated increases in myocardial blood fl ow were noted to be attenuated in the apical 
relative to the basal portion of the left ventricular myocardium in individuals with 
risk factors for coronary artery disease.51 Similar base-to-apex perfusion gradients 
have been noted during cold pressor testing.52 This longitudinal perfusion gradient, 
observed during pharmacologically stimulated hyperemia as well as cold pressor 
testing, may thus offer additional unique information on the functional state of the 
epicardial conduit vessel.
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Findings in Patients at Risk for Coronary Atherosclerosis

Several investigations have examined possible effects of coronary risk factors on coro-
nary vasomotion, including long-term smoking, hypercholesteremia, estrogen with-
drawal, and obesity.3,53–55 Some but not all of these investigations observed moderate 
though statistically signifi cant reductions in the total vasodilator capacity. Although 
hyperemic fl ows tended to be diminished in long-term smokers or in postmenopausal 
women with or without additional risk factors, these reductions in vasodilator capacity 
did not achieve statistical signifi cance.3,54 More consistent, however, were observations 
of an attenuated or absent fl ow response to sympathetic stimulation in long-term 
smokers, postmenopausal women, and obese individuals without other risk factors. 
Thus, estimates of fl ow responses to sympathetic stimulation appear to be more sensi-
tive than those to pharmacological vasodilation for identifying adverse effects of risk 
factors on coronary function.

Most consistent have been observations in patients with hypercholesteremia.28,53,56,57

Several studies found signifi cant reductions in hyperemic fl ow responses that were 
correlated inversely with total or LDL cholesterol levels or with the total cholesterol 
to HDL cholesterol ratio.53,57 Compared to normal controls, average reductions of 
hyperemic fl ows in hypercholesteremic patients range from 17% to 60%. Because the 
presence of coronary artery disease was not defi nitively excluded in some study popu-
lations, it remains uncertain whether the observed fl ow attenuations were related to 
hypercholesteremia alone or whether coronary artery disease contributed.

Importantly, fl ow measurements afford studies on the effects of risk reduction on 
coronary vasomotion. For example, cardiovascular conditioning including lifestyle 
modifi cation, low cholesterol diet, and regular exercise for 6 weeks resulted in a 12% 
reduction in resting myocardial blood fl ows while at the same time increasing the total 
vasodilator capacity by about 10%.58 Pharmacologic cholesterol lowering alone also 
improved hyperemic fl ow responses and thus enhanced the total vasodilator capacity. 
In hypercholesteremic but otherwise normal young volunteers with mildly reduced 
hyperemic blood fl ows in baseline, 6 months of pravastatin treatment (40 mg daily) 
raised hyperemic myocardial blood fl ows by an average of 27%.59 Similar 31% increases 
in hyperemic fl ows were achieved in another investigation in hypercholesteremic 
patients with minimally diseased or normal coronary arteries.60 Hyperemic myocar-
dial blood fl ows increased from 1.82 ± 0.36 mL/min/g at baseline to 2.38 ± 0.58 mL/
min/g after 6 months of cholesterol lowering with simvastatin. Of interest, the improve-
ment of coronary vasodilator function was found to be related only indirectly to 
decreases in plasma cholesterol levels, as shown in another study where despite sig-
nifi cant reductions in total and LDL plasma cholesterol levels after 2 months of fl uv-
astatin, the hyperemic fl ow remained reduced initially but had improved when 
reexamined after 6 months of treatment.61

Other studies explored the effects of acute and long-term administration of vitamin 
C on the endothelium-dependent coronary vasomotion.62 An acute challenge with the 
free radical scavenger vitamin C normalized the fl ow response to cold in long-term 
smokers but not in hypercholesteremic or hypertensive patients. After oral vitamin C 
administration for 2 years, the fl ow response to cold in smokers remained normal; 
there was also an improvement in the fl ow response in hypertensive but not in hyper-
cholesteremic patients.

Findings in Diabetes Mellitus and in Insulin-Resistant States

Diabetes mellitus itself but also prediabetic states of insulin resistance are associated 
with signifi cant increases in cardiovascular morbidity and mortality. The possibility 
of endothelial dysfunction as the mechanistic link between insulin resistance and 
cardiovascular risk has been explored in several investigations with noninvasive 
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measurements of myocardial blood fl ow. Type 1 and type 2 diabetes mellitus patients 
consistently revealed an attenuation of the total vasodilator capacity that in degree 
paralleled the severity of the diabetic state.45,47,63,64 For example, hyperemic fl ows were 
more severely depressed in diabetic patients with autonomic neuropathy, microangi-
opathy, or arterial hypertension. These investigations also observed diminished fl ow 
responses to sympathetic stimulation with cold pressor testing.45,47,65 Again, the fl ow 
response to cold was most severely diminished in diabetic patients with evidence of 
microangiopathy or autonomic sympathetic neuropathy.

Prediabetic states of insulin resistance are also associated with functional altera-
tions of the coronary circulation.47 Compared to normal controls, fl ow responses 
to cold were signifi cantly reduced in individuals with euglycemic insulin resistance 
(determined by glucose disposal rates on glucose-insulin clamping). The cold-related 
fl ow responses tended to progressively decline with more severe states of insulin 
resistance, while hyperemic myocardial blood fl ows and thus the total vasodilator 
capacity remained normal and declined only signifi cantly in type 2 diabetes patients 
(Figure 12.8). The fi ndings thus suggest a progressive worsening of coronary circula-
tory function with more severe states of insulin resistance where functional alterations 
are initially confi ned to the endothelium but subsequently also involve the total, 
smooth muscle, and endothelium-dependent coronary vasomotion.

Flow measurements have also been employed for evaluating responses to therapeu-
tic interventions that, at the same time, provided information on mechanistic explana-
tions for the functional abnormalities. For example, restoration of the fl ow response 
to cold pressor testing through intravenous administration of the iron chelator defer-
oxamine may implicate hydroxyl radicals as possible reasons for reductions in NO 
bioavailability.66 Similarly, normalization of the fl ow response to cold stimulation after 
3 months of treatment with the insulin-sensitizing thiazolidinediones implicates 
insulin resistance per se as a mechanism of endothelial dysfunction.67

Considerations for the Evaluation of Coronary Vasomotion

Measurements of fl ow responses to both sympathetic stimulation and pharmacologic 
vasodilation allow for a more comprehensive characterization of the functional state 
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of the coronary circulation as compared to measurements of the vasodilator capacity 
only. As the estimates of hyperemic fl ows across the spectrum of insulin resistance 
demonstrated, the total vasodilator capacity may initially be fully maintained and 
decline only with diabetes as the most severe state of insulin resistance. Conversely, 
as evident from the attenuated fl ow responses to cold, milder forms of insulin resis-
tance are already associated with alterations of the endothelium-related coronary 
vasomotion that would have remained undetected had only hyperemic fl ows been 
measured. Endothelial dysfunction might worsen with increased severity of insulin 
resistance, possibly due to additive effects of increased plasma cholesterol and triglyc-
eride levels on cell signaling of eNOS activity and of free radicals on NO bioavail-
ability or even on vascular smooth muscle function itself. Attenuation of the total 
vasodilator response may further refl ect structural alterations of the microcirculation 
as fi ndings in diabetes angiopathy suggest. Combined assessment of fl ow responses to 
cold and to vasodilation complemented by estimates of the longitudinal, base-to-apex 
distribution of myocardial blood fl ow may further allow a more defi nitive identifi ca-
tion of a true impairment in coronary circulatory function, especially in view of the 
considerable variability of hyperemic blood fl ows in normal individuals.

Prognostic Value of Flow Measurements

Both the total vasodilator capacity and the fl ow response to cold contain predictive 
information on future cardiovascular events. In 51 patients with hypertrophic cardio-
myopathy who were prospectively followed for a mean of 8.1 ± 2.1 years, severely 
reduced myocardial blood fl ows during dipyridamole stimulation and measured with 
PET were highly predictive of an unfavorable outcome including cardiac death, pro-
gression to severe congestive heart failure symptoms, or ventricular arrhythmias.68

Another study reported on the predictive value of responses to a cold pressor stimula-
tion. In 72 patients with angiographically normal coronary arteries, patients with 
attenuated or paradoxical fl ow responses to cold pressor testing were signifi cantly 
more likely to experience, during the follow-up period of 66 ± 8 months, a cardiac 
event including death, acute coronary syndrome, myocardial infarction, ischemic 
strokes, or coronary artery bypass grafting, as compared to individuals with normal 
fl ow responses (Figure 12.9).69
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In the patients with hypertrophic cardiomyopathy, the reduced vasodilator capacity 
was attributed to functional and, more important, structural alterations of the coro-
nary microvasculature that presumably cause myocardial ischemia. By contrast, in the 
study with cold pressor testing in patients with normal coronary angiograms, the PET-
measured fl ow response appeared to identify coronary vasomotor abnormalities indic-
ative of endothelial dysfunction, thus identifying those individuals who were at the 
highest risk of developing atherosclerosis. The observation of endothelial dysfunction 
as a predictor of future cardiovascular events in that study is consistent with those of 
several investigations in which invasively identifi ed endothelial dysfunction was simi-
larly predictive of future cardiovascular events.70–72

It is important to emphasize that the myocardial perfusion images at rest and during 
cold pressor testing or vasodilator-stimulated hyperemia were normal and were free 
of regional perfusion defects. This appears to be at odds with fi ndings on stress-rest 
myocardial perfusion imaging with single photon emission computed tomography 
(SPECT) and the favorable outcome of a normal perfusion scan. Importantly, however, 
cardiovascular events predicted by SPECT myocardial perfusion imaging occur within 
2 to 3 years, whereas cardiovascular events predicted by PET measurements of myo-
cardial blood fl ow or by invasively obtained parameters of endothelial function occur 
after longer time periods. The PET-derived indices of abnormal coronary vasomotor 
function may therefore identify those patients at the greatest risk of developing coro-
nary atherosclerosis rather than identifying the presence of coronary artery disease.

Summary Points

• Estimates of regional myocardial blood fl ow yield information on structural and 
functional disturbances of the upstream coronary circulation.

• Abnormalities in myocardial blood fl ow have been consistently reported in patients 
with coronary risk factors without clinically overt cardiovascular disease, suggest-
ing that they could be used as a preclinical marker of atherosclerosis.

• PET-based measurements of myocardial blood fl ow have also been used success-
fully to monitor responses to therapeutic interventions.

• Both the adenosine-stimulated vasodilator capacity and the fl ow response to cold 
contain predictive information on future cardiovascular events.
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Computed tomography (CT) has long been used for the evaluation of both normal 
and pathologic human anatomy. In the setting of atherosclerosis (AS) and cardio-
vascular disease (CVD), CT angiography has a well-established role for the detec-
tion of luminal stenoses and aneurysms in various vascular territories such as the 
aorta, carotid, renal, and lower-extremity arteries. Although of indisputable value in 
clinical practice, such fi ndings refl ect an already advanced stage of the disease. The 
atherosclerotic changes of the arterial wall in fact commence much earlier, as micro-
scopic lesions progressing slowly into macroscopic plaques that often grow eccentri-
cally without compromising the vessel lumen.1 Reliance on changes in luminal caliber 
is therefore insuffi cient for estimating the extent and severity of atherosclerotic burden. 
In fact, clinical events are often caused by acute complications (rupture and throm-
bosis) of specifi c plaques that may not produce a signifi cant luminal narrowing, par-
ticularly in the coronary tree.2 Because AS is a systemic disorder involving multiple 
vascular territories, it is important not to restrict the evaluation to a single arterial 
system. The visualization of the coronary arteries with CT has, however, been tradi-
tionally limited by their continuous motion from both cardiac and respiratory 
origins.

These limitations of CT for the evaluation of CVD have been overcome to a great 
extent with the rapid technical improvements of ultrafast scanners during the last few 
years. Two modalities, described in detail in other sections of this book, are currently 
available for cardiac CT imaging: electron beam computed tomography (EBCT) and, 
more recently, multidetector-row spiral computed tomography (MDCT). Although 
the application of EBCT has been limited almost exclusively to the heart, MDCT 
offers the capability of evaluating other vascular territories. The improved volume 
coverage associated with MDCT enables imaging large anatomic regions in a single 
exam. As an example, the latest generation of 64-slice MDCT scanners can perform 
a whole-body angiography with submillimeter resolution in <25 seconds.3 In addition, 
the increased spatial resolution achievable with newer equipment, particularly with 
MDCT, opens the possibility of detecting and, to a certain extent, characterizing 
atherosclerotic plaques at different locations, including the coronary tree. In this 
chapter we review the capabilities of CT imaging for the assessment of vascular cal-
cifi cations (using noncontrast techniques) and noncalcifi ed lesions (using contrast) in 
the coronary and extracoronary vascular systems.
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Coronary Atherosclerosis

Coronary Artery Calcifi cation

Signifi cance

Coronary artery calcifi cation (CAC) is absent in normal coronary arteries, and its 
presence is very indicative of AS,4 although nonatherosclerotic medial dystrophic cal-
cifi cation has been described.5 The prevalence of CAC increases with age, is higher in 
males, and is associated with traditional cardiovascular risk factors.4 The signifi cance 
of calcifi cation in plaque biology remains incompletely understood. Once regarded as 
a passive phenomenon, it is known today that calcifi cation is a complex and active 
process intimately related to different components of AS.6 Calcifi cation is most common 
in advanced atherosclerotic plaques, although it may be rarely observed in early type 
III lesions (pre-atheroma).7 The role of calcium on plaque-surface susceptibility to 
shear stress and rupture is controversial. Observations of smaller amounts of calcium 
in patients with acute coronary syndromes versus stable disease8 suggest that CAC 
occurs in the context of clinical stability and that calcifi cation represents a healing 
response. However, both pathology and intravascular ultrasound (IVUS) studies have 
shown that culprit lesions in acute syndromes often have calcifi cations, which tend to 
be small and in a spotty pattern.9,10 Moreover, the evidence derived from prospective 
studies shows that high calcium scores are associated with increased probability of 
events (see section Prognostic Value of CAC Scoring in Asymptomatic Subjects 
below). It is possible that maximal stress occurs at the areas of interface between com-
ponents of different stiffness, and that small amounts of calcium result in increased 
vulnerability. As the calcium content progresses beyond a certain level, there could be 
a diminution of such areas and theoretically a reduction in stress.6 In addition, there is 
a direct linear relation between the amount of CAC and total coronary plaque burden; 
it is estimated that for every calcifi ed lesion there are 4 noncalcifi ed plaques.11

Detection and Quantifi cation of CAC

The high density of calcium results in pronounced x-ray attenuation. In general, most 
investigators use an attenuation coeffi cient value ≥130 Hounsfi eld units (HU) to 
defi ne calcifi cation with CT (Figure 13.1).12 This threshold represents approximately 

FIGURE 13.1. Coronary calcium scoring using noncontrast axial images of the thorax acquired 
with electrocardiographic synchronization. The pixels containing calcifi cation (attenuation 
≥130 HU) along the left main and left anterior descending arteries are highlighted in yellow.
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2 standard deviations of the attenuation of blood and correlates well with histomor-
phometric measurements of calcifi ed plaque.13 Both MDCT and EBCT can be 
employed for CAC detection and quantifi cation. Most of the diagnostic and prognostic 
data on CAC scoring have been obtained with EBCT, currently considered the stan-
dard of reference.12 In direct comparisons, however, both modalities demonstrate 
excellent agreement in calcium quantifi cation.14 Interstudy reproducibility of calcium 
measurements, a factor that critically infl uences the interpretation of changes in CAC 
scores detected over a period of time, has been a matter of concern, especially for low 
scores. With newer scanners and optimized methodology, variability can be reduced 
below 10%.15

Three methods for calcium scoring are currently used, and reference ranges for each 
approach have been reported.16 The Agatston score17 is obtained by the summation 
of areas of the calcifi ed lesions multiplied by a scaling cofactor derived from the peak 
attenuation in each plaque (factor of 1 for attenuation between 130 and 200 HU, 2 for 
attenuation between 200 and 300 HU, 3 for attenuation between 300 and 400 HU, and 
4 for attenuation >400 HU). This score can be subsequently normalized for different 
imaging parameters such as slice thickness or reconstruction increment.18 The Agatston 
score has been the most common method used in clinical and epidemiological inves-
tigations. A second approach is the volumetric method, which measures the volume 
of the calcifi ed voxels and performs a continuous isotropic interpolation to avoid the 
nonlinearity associated with the Agatston scaling factors.19 A third approach is the 
quantifi cation of calcium mass, combining volumetric calculations with density infor-
mation derived from the mean attenuation of the lesion (typically by using a calibra-
tion phantom).18 Reproducibility is worst for the Agatston method, intermediate for 
the volumetric approach, and best for the mass score.18 Interestingly, all 3 methods 
appear to stratify cardiovascular risk similarly.16 A new, recently proposed approach 
is the analysis of calcifi cation indexes in individual plaques rather than in the whole 
coronary tree.20 Whether this method provides additional information over global 
scores will require further research.

Although the “normal” score is 0, there is no clear cutoff of what represents a high 
score. A common, simplifi ed classifi cation defi nes Agatston scores as absent (0), low 
(1 to 100), intermediate (101 to 400), or high (>400). However, more refi ned stratifi ca-
tion in a continuous scale with age- and gender-adjusted values is recommended.12

Diagnostic Value of CAC Scoring

Voluminous plaques are more prone to calcifi cation, and stenotic lesions frequently 
contain large amounts of calcium.4 Therefore, quantifi cation of CAC may be used to 
estimate the likelihood of signifi cant stenoses (usually defi ned as luminal diameter 
reduction >50%). With very high sensitivity (91%), however, the practical value of 
this approach is limited by poor specifi city (52%).21 Nonetheless, this translates into 
a very low likelihood of signifi cant luminal narrowing if the score is 0, a fi nding of 
special clinical usefulness.12 It is important to emphasize that there is a relatively poor 
correlation between the site of calcifi cation and the actual location of the stenosis, so 
the information provided by the calcium score is in essence an estimate of probability. 
In a small percentage of subjects (probably <1%), particularly at younger ages, there 
may still be signifi cant stenoses caused by noncalcifi ed plaque in the absence of 
CAC.22 The global diagnostic accuracy of calcium scoring approaches 70%, similar 
to that of treadmill testing and slightly lower than perfusion scintigraphy or stress 
echocardiography.12 Selecting the highest quartile (adjusted for age and gender) as a 
threshold results in less sensitivity but higher specifi city and may represent a reason-
able compromise.22

CAC scoring provides additional information to conventional risk factors in the 
prediction of both signifi cant and nonsignifi cant luminal narrowing on angiogra-
phy.23,24 Not surprisingly, exercise testing and CT seem to refl ect different aspects of 
the disease and offer complementary information.24,25 As an example, one study 
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reported a negative predictive value of 93% for the presence of signifi cant coronary 
stenosis if the score was 0, even in the presence of a positive stress test, and a specifi c-
ity of 100% for scores >1000.25 CT also has been proposed as a triage method in the 
emergency department. A coronary origin for chest pain appears to be very unlikely 
in the absence of CAC,26 although scores of 0 may be observed in the specifi c subset 
of young male smokers presenting with acute ischemic events.27 In addition, the rate 
of cardiac events during subsequent midterm follow-up is very low in the subgroup of 
patients with chest pain and no calcifi cation, suggesting that it is safe to discharge 
them from the emergency department.28

Evaluation of Disease Progression or Regression

Temporal variations in calcium scores may be considered surrogates of atherosclerotic 
disease progression or regression. In an unselected population, the mean annual 
progression of CAC is close to 25%, although with large interindividual variations.29

This growth is faster in individuals with obstructive coronary disease.30 Among the 
factors that drive CAC progression, the degree of baseline calcifi cation appears to be 
the leading determinant, with lesser infl uence of age, gender, or conventional risk 
factors.30,31 Notably, an accelerated increase rate may identify subjects with a higher 
probability of clinical events.32,33

In agreement with the favorable effect of statins on AS, several investigators have 
reported slowed progression of CAC under therapy with these drugs (5% to 10% per 
year).34,35 Although net reductions were observed for subsets of patients, the degree 
of change is usually within the range of interstudy variability, and it is diffi cult to 
establish with certainty whether statins may actually result in “removal” of calcium 
from the plaque.

Prognostic Value of CAC Scoring in Asymptomatic Subjects

It is well known that the likelihood of both hard (death and myocardial infarction) 
and soft (revascularization or stroke) cardiovascular events increases as CAC rises. 
A meta-analysis of 5 prospective studies calculated risk ratios of 4.2 and 8.7 for hard 
events alone or in combination with revascularization, respectively, when the calcium 
scores were elevated above a certain threshold (variable among studies).36 Interest-
ingly, the risk is particularly increased for very large scores,37 challenging the notion 
that calcifi ed coronary disease represents a scenario of clinical stability. Very high 
absolute scores are, however, relatively uncommon in the population, with the major-
ity of events taking place in those individuals with scores >75th percentile, adjusted 
for their age and gender.38

Current approaches for risk stratifi cation in CVD are based on the presence of the 
so-called traditional risk factors (i.e., the Framingham risk score). Such scales possess 
demonstrated predictive value, but they are too gross to accurately identify the minor-
ity of individuals who will actually develop clinical events. CAC quantifi cation may 
help place intermediate-risk individuals in a higher or lower category (Table 13.1);33,39

however, this approach is not currently recommended for systematic use.12 In the 
setting of high baseline risk (i.e., diabetes mellitus), there is some controversy on the 
prognostic utility of CAC measurement, whose relative “weight” might be diluted by 
the stronger infl uence of traditional risk factors.40,41 Nonetheless, the recently pub-
lished St. Francis Heart Study has demonstrated additive value for calcium scoring in 
the setting of low, intermediate, and high risk as defi ned by the Framingham index, 
at least for Caucasian individuals.33 Interestingly, among low-risk individuals, only 
those with elevated calcium score (in the third tertile) experienced events.33 These 
fi ndings agree with a meta-analysis of those studies in which calcium scores were 
adjusted for traditional risk factors and where calcifi cation levels were still able to 
predict increased risk (Figure 13.2).33,42 Comparable results can be applied to the 
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aging population.43 Moreover, CAC may be superior to conventional risk assessment 
and C-reactive protein for the prediction of cardiovascular events.33 Although both 
CAC scoring and C-reactive protein refi ne risk stratifi cation beyond the Framingham 
index, they provide independent and complementary information, suggesting that they 
refl ect different physiopathologic aspects of the disease (infl ammatory activity versus 
anatomic burden of AS).33,44

Prognostic Value of CAC Scoring in Symptomatic Patients

There is a paucity of evidence on the implications of CAC in the setting of symptom-
atic ischemic heart disease or secondary prevention. Nonetheless, available reports 
suggest that the prognostic value is maintained in this context. In subjects with chest 
pain, detectable calcifi cation is associated with signifi cantly increased likelihood of 
coronary hard events.4 The prognostic ability may be similar or superior to the number 
of vessels with signifi cant disease or a prior history of coronary events.45

Table 13.1. Probability of Coronary Events (in percent) Within 10 Years, Based on Traditional 
Risk Factors Before and After Coronary Calcium Scoring

Pretest Probability
Posttest Probability (CAC Score)

(Framingham Score) CAC Score ≥80 CAC Score <80

 1.0 3.0 0.2
 2.0 6.5 0.4
 3.0 9.5 0.6
 4.0 12.5 0.9
 5.0 15.0 1.0
 6.0 18.0 1.2
 7.0 20.0 1.4
10.0 27.0 2.2
15.0 38.0 3.4
20.0 46.0 4.8

Source: Data from Greenland and Gaziano.39
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FIGURE 13.2. Incremental prognostic value of coronary calcium scoring after adjustment for 
conventional risk factors. The columns represent the odds ratios of cardiovascular events for 
different Agatston scores in relation to the patients with zero calcifi cation, after an average 
follow-up of 3.5 years. (Data from Pletcher et al.42)
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Coronary Noncalcifi ed Plaque

Plaque Detection and Quantifi cation

The improvements in both spatial and temporal resolution in newer MDCT scanners 
have enabled the visualization of changes in the vessel wall when intravenous iodin-
ated contrast agents are administered. MDCT can also provide some insights into the 
composition of the plaque, opening the possibility of noninvasive characterization of 
coronary atherosclerosis. There are virtually no data on the application of EBCT for 
this purpose, probably in relation to its inferior spatial resolution. In healthy subjects, 
the coronary arterial wall is very thin (<1 mm) and cannot be discerned from perivas-
cular structures. However, when wall thickening occurs in the presence of atheroscle-
rotic disease, it is possible to visualize plaques even in the absence of calcium or 
luminal narrowing.46 Plaques are seen as areas of thickening of the arterial wall and 
exhibit attenuation properties of soft tissue (lower than the contrast–enhanced lumen 
but higher then the surrounding fat), as demonstrated in Figure 13.3. Atherosclerotic 
lesion types I and II are usually not identifi ed due to their small size, and the sensitivi-
ties to detect types III, IV, and Va-c range from 56% to 100% ex vivo.47,48 In an in vivo 
comparison with IVUS, the reported sensitivity and specifi city were 82% and 88%, 
respectively, for the detection of any coronary plaque, which in turn became 78% and 
87% when only noncalcifi ed lesions were considered.49 Similar results were commu-
nicated in a subsequent investigation with a sensitivity of 78% and specifi city of 92%.50

Not surprisingly, the technique has limited ability to detect small plaques that may be 
beyond its spatial resolution.50,51 The accuracy for the quantifi cation of lumen or vessel 
wall cross-sectional areas is nonetheless satisfactory when plaques are actually visual-
ized.51,52 It is therefore possible to obtain indexes of global coronary disease burden 
by quantifying the volume of visualized plaque at multiple segments. As expected 
from the still-limited spatial resolution of MDCT, total plaque volume is underesti-
mated,49 but such measurements correlate with the extent of coronary calcifi cation 
and the severity of disease.53

Plaque Characterization

Several features of plaque morphology, such as eccentricity and disruption, are 
detected with MDCT.54 Preliminary reports confi rmed the feasibility of differentiat-
ing various carotid plaque components based on their distinct x-ray attenuation prop-

FIGURE 13.3. Contrast-enhanced coronary angiography demonstrating an eccentric plaque 
(arrows) that does not cause signifi cant luminal narrowing. The plaque is mostly noncalcifi ed, 
with a small central area of calcifi cation.
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erties.55 These observations were soon translated to the fi eld of cardiac imaging once 
MDCT scanners became available.56 So far, investigations have demonstrated the 
possibility to differentiate “soft” (lipid-rich) from fi brous lesions in ex vivo human 
hearts and also in vivo, in both animal models and humans. Areas rich in lipid com-
ponents within the plaque, often associated with increased plaque vulnerability, have 
lower attenuation coeffi cients than fi brotic tissue (see Table 13.2).

Extracoronary Atherosclerosis

Many of the aforementioned implications of CT fi ndings in the coronary tree can be 
extrapolated to other arterial systems. It is important to recognize, however, that there 
are territorial variations in the frequency of involvement, clinical signifi cance, and 
histopathologic features of lesions. As an example, vulnerable plaques in the carotids 
or the lower extremities tend to be more stenotic and fi brotic than those in the aorta 
or coronaries.2

Association with CAC

When calcifi cation is present in the coronary arteries, simultaneous although hetero-
geneous atherosclerotic involvement (including calcifi cation) can be identifi ed in other 
vascular territories.59 Calcium in extracoronary locations is detected in approximately 
60% of individuals above middle age.60 Again age appears to be the main determinant 
for calcifi cation (particularly in the aorta), although gender and traditional risk factors 
do exert some infl uence.60,61 In subjects above 70 years old, the prevalence approaches 
100% and affects all vascular beds in more than two thirds of cases.60 Calcifi cation 
in men appears to initiate more often in the coronaries, whereas in women the 
abdominal aorta and iliac arteries are also affected early.60

Aortic Atherosclerosis

In general, the aorta is the artery with a higher prevalence of calcifi cation, a fi nding 
that indicates advanced atherosclerotic disease.60 Aortic calcifi cation is associated 
with CAC and with increased Framingham risk scores regardless of the level of coro-
nary calcium.61 Whether aortic calcifi cation per se provides information regarding 
cardiovascular risk is less established than in the case of CAC, although there also 
appears to be a direct relation between risk and aortic calcium.43 Two studies (which 

Table 13.2. Differences in Attenuation Coeffi cients Between Predominantly Lipid-Rich and Fibrous Atherosclerotic Plaques

Reference
 Attenuation (HU) Methods

Source Lipid-rich Fibrous Territory Reference Test Other

Estes et al55 39 ± 12 90 ± 24 Carotid Pathology In vivo (EA)
Schroeder et al57 14 ± 26 91 ± 21 Coronary IVUS In vivo
Becker et al47 49 ± 22 91 ± 22 Coronary Pathology Ex vivo
Nikolaou et al48 47 ± 13 87 ± 29 Coronary Pathology Ex vivo
Schroeder et al58 42 ± 22 70 ± 21 Coronary Pathology Ex vivo
Viles-Gonzalez et al51 51 ± 25 116 ± 27 Aortic Pathology, MRI In vivo (rabbit)
Leber et al50 49 ± 22 91 ± 22 Coronary IVUS In vivo

Abbreviations: HU, Hounsfi eld units; EA, endarterectomy; IVUS, intravascular ultrasound; MRI, magnetic resonance imaging.
Attenuation values expressed as mean ± standard deviation.
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employed plain x-ray for the detection of calcifi cation) demonstrated increased risk 
for stroke in particular or cardiovascular diseases in general even after controlling for 
traditional risk factors.62,63 Determination of the degree of aortic calcifi cation may 
also play a role in the diagnosis of obstructive coronary disease. In a comparison with 
invasive angiography, the presence of calcium thoracic descending aorta improved the 
diagnostic performance (specifi city) of CAC scoring for the prediction of signifi cant 
coronary stenoses.64 Interestingly, the amount of both calcifi ed and noncalcifi ed 
plaque after the administration of contrast may represent a better predictor for this 
purpose (Figure 13.4).65 It is likely that the amount of atherosclerosis detected by this 
method correlates with traditional risk factors and allows for estimation of the sub-
ject’s burden of disease, as already demonstrated with magnetic resonance imaging 
(MRI).66 Further investigation will need to concentrate on the possible additional 
prognostic value of such indexes of disease in overall risk assessment. Contrast-
enhanced CT may also serve as a roadmap that will delineate the presence and extent 
of both calcifi ed and noncalcifi ed atherosclerotic lesions. Once lesions are detected, 
further characterization can be performed with targeted, high-resolution MRI, which 
currently shows superior capabilities for discrimination of plaque composition.51

Carotid Atherosclerosis

Carotid calcifi cation is readily detected using CT techniques and is also associated 
with CAC.67 Again, there is less evidence on its signifi cance than in the case of CAC, 
but it appears to be more common in asymptomatic lesions.68,69 In addition, there is 
a negative correlation between the degree of plaque infl ammation and calcium extent.69

Contrast-enhanced CT has similarly been used to evaluate the presence, size, mor-
phology, and composition of noncalcifi ed atherosclerotic lesions in the carotid 
arteries.55,70,71

Other Territories

The capability of MDCT to evaluate plaque characteristics in human popliteal arter-
ies was recently reported in an ex vivo investigation,72 with fi ndings comparable to 

FIGURE 13.4. Maximum-intensity projection of the thoracic aorta as imaged during a contrast-
enhanced coronary study. Diffuse thickening with both calcifi ed and noncalcifi ed plaques is 
clearly visible along the descending thoracic aorta (arrows).



 13 Assessing Atherosclerotic Burden with CT 185

those in other vascular territories (Figure 13.5). A special case may be that of valvular 
calcifi cation. Both mitral annular calcifi cation and especially calcifi ed aortic valve 
disease show associations with cardiovascular risk factors, are linked to AS, and 
have been identifi ed as predictors of cardiovascular events.73,74 CT may play a role in 
detecting and quantifying valvular calcium, providing useful information in these 
patients.

Current and Future Perspectives

Noncontrast CT has demonstrated ability to detect and quantify the amount of calci-
fi cation in the coronary arteries and other vascular territories. From a diagnostic 
perspective, this modality depicts the presence and extent of AS and, in the coronary 
tree, has a high negative predictive value in ruling out signifi cant stenoses, providing 
a reasonable alternative to conventional stress testing. Particularly useful is the prog-
nostic information derived from calcium scoring, which is of incremental value over 
traditional risk factors and newer biomarkers. These features of CT will probably 
result in growing interest in the technique during the next years. The issues of acces-
sibility, radiation exposure, and cost-effectiveness may, however, preclude its system-
atic application in the general population. In addition, the calcium score does not 
provide important additional information for the evaluation of CVD, such as degree 
of stenosis, ventricular function, functional class or site, and extent of ischemia. The 
increasing availability of MDCT and fusion technologies (such as PET/CT or, perhaps 
in the future, MRI/CT) may overcome some of these limitations and further promote 
the use of this imaging modality.

In the context of noncalcifi ed plaque, although it is feasible to visualize, measure, 
and characterize such lesions in humans, several existing limitations must be accounted 
for before application in clinical practice. In the coronary arteries, this approach is 
currently limited to proximal and midcoronary segments with suffi cient image quality. 
Accurate delineation of plaque boundaries (particularly the outer limit) can be 
challenging and, although interobserver agreement appears to be good,8,49 data on 

FIGURE 13.5. Axial image below the level of the aortic bifurcation. A large plaque (arrows) 
with extensive wall remodeling can be noted in the left common iliac artery. A normal appear-
ance can be observed in the contralateral vessel.
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interstudy reproducibility are lacking. Determination of plaque composition is still 
rudimentary, as evidenced by the overlap in attenuation coeffi cients in Table 13.2, and 
density values are also infl uenced by scanning or image analysis methods.51,75 In the 
next few years, it will be necessary to optimize and standardize acquisition and analy-
sis methods before comparing results from different studies or centers. Some of the 
current challenges also may be overcome in part with improved spatial resolution 
(64-slice MDCT scanners and beyond) or quantitative approaches for plaque compo-
sition determination.76 Today, concomitant evaluation with high-resolution MRI can 
provide a practical and noninvasive combination for rapid lesion detection (with CT) 
and plaque characterization (with MRI), resulting in a more detailed evaluation of 
AS and probably more refi ned assessment of individual risk. In the future, as some 
of the limitations are addressed, MDCT-determined assessment of noncalcifi ed plaque 
may become a useful tool in the evaluation of the natural history of disease or of the 
effects of different therapeutic interventions, and provide supplementary prognostic 
information over current risk stratifi cation approaches.

Summary Points

• Imaging modalities for noninvasive assessment of atherosclerosis must be able to 
evaluate multiple vascular territories, including the coronary tree. EBCT and 
MDCT currently offer such potential.

• CT imaging without the use of contrast agents accurately detects the presence of 
arterial calcifi cation, a specifi c marker of atherosclerosis. When calcium is detected 
in one vascular system, atherosclerotic involvement is often present in other terri-
tories. Contrast-enhanced CT can also be employed to visualize noncalcifi ed 
plaques.

• The presence of coronary calcifi cation has high sensitivity (and negative predictive 
value) for the detection of signifi cant coronary stenoses, although its use in clinical 
practice is limited by poor specifi city.

• Serial quantifi cation of coronary calcium can estimate the rate of progression of 
atherosclerotic disease in different patient groups or under specifi c therapeutic 
interventions.

• The likelihood of both hard and soft cardiovascular events increases with coronary 
calcium scores. This predictive value is additive to traditional cardiovascular risk 
stratifi cation.

• Contrast-enhanced CT can detect the presence and quantify the extent of noncalci-
fi ed lesions both in the coronary arteries and in extracoronary locations. Prelimi-
nary results suggest a potential role of CT in noninvasive plaque characterization.

• CT offers the potential to provide an overall assessment of the presence, location, 
and extent of atherosclerotic disease at multiple levels. These estimates of burden 
of disease may prove useful in the early detection of subclinical disease or the 
identifi cation of those subjects with increased cardiovascular risk.
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Direct visualization of the epicardial coronary arteries is currently the reference 
standard to confi rm the presence or focal severity of coronary luminal disease, or 
both. For more than 50 years1 the coronary angiogram has been used to defi ne epi-
cardial coronary disease. While conventional coronary arteriography provides ex-
ceptional spatial resolution and a general road map of the coronary system for 
catheter-based or surgical intervention to the heart, its chambers, and the individual 
arteries, it is expensive, has a small but defi nite risk of complications, and requires 
either a brief hospitalization or a period of observation for several hours after the 
procedure in a specialized monitored unit. When it is used for diagnosis of coronary 
disease, a mechanical intervention is required only about half the time.

Over the past 20 years, stress testing coupled most commonly with direct cardiac 
imaging (two-dimensional [2D] echocardiography or perfusion mapping) often has 
become the de facto arbitrator of decisions to forgo or proceed with direct, catheter-
based angiography. The tacit assumptions are that stress testing with imaging is a 
viable substitute for determining whether a given patient does or does not have suffi -
cient evidence for a fl ow-limiting (e.g., 50% to 70%) coronary stenosis. However, even 
in the best of hands, these tests have an accuracy of generally <90%, with, in some 
series, combined false-positive and false-negative rates up to 20%,2–4 depending on 
the pretest likelihood ratio.5

For a great number of symptomatic patients with known or suspected luminal coro-
nary disease, a convenient, noninvasive, and safe means to visualize the coronary 
arteries directly would be of signifi cant clinical and economic benefi t. The following 
discussion examines the current and future role of modern cardiac computed tomog-
raphy (CT) as a viable alternative to direct coronary angiography as well as for stress 
testing for the diagnosis of obstructive coronary disease in selected patients.

Methods

The evolution of CT instrumentation for cardiac imaging is discussed in detail in 
Chapter 2, which also provides basic concepts on how to construct CT protocols for 
cardiac imaging. This section provides a detailed, yet practical description of how to 
apply the basic concepts described in Chapter 2 to clinically relevant protocols for 
cardiac CT imaging.
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Scan Acquisition

The following is a short synopsis of CT coronary angiography data acquisition using 
either electron beam computed tomography (EBCT; e-Speed) or multidetector com-
puted tomography (MDCT) (Table 14.1).

Preprocedure

1. Load the single-barreled powered contrast injector (200-cc syringe) with 100 cc 
of nonionic contrast media (choose contrast with iodine concentrations of 350 to 
370 mg/cc) layered with 50 to 100 cc saline. When using a dual-barreled powered con-
trast injector, load one 100-cc syringe with nonionic contrast media in one barrel and 
100 cc of saline in the other barrel.

2. Place an 18- to 20-gauge intravenous (IV) cannula in the right arm.
3. For MDCT: Most clinicians feel at the present time that a heart rate <60 to 65 

beats per minute produces the best, motion-free images. Although some vendors offer 
“partial-scan” reconstruction algorithms so that imaging can be done at higher heart 
rates, this reduces the potential to perform simultaneous multiphase ventricular func-
tion analysis and increases the radiation exposure by about 1.5-fold. The usual pro-
tocol is to administer β-blockers (be sure there is no contraindication) orally (50 mg 
metoprolol the night before and 50 mg 1 hour prior to the procedure) and/or intra-
venously (metoprolol 5 mg), with continuous electrocardiogram (ECG) monitoring, 
checking blood pressure every 2 minutes; if the heart rate remains above 65 to 70 
beats per minute without hypotension, 5 mg to a total of 10 mg additionally of intra-
venous metoprolol can be administered every 5 to 15 minutes, as needed to maintain 
heart rate steady.

4. For EBCT—Heart rate is less of an issue and no premedications are generally 
given. Using the C-150/C-300 scanners (but not for the e-Speed), a heart rate faster 
than 70 beats per minute is desirable and sometimes 0.6 mg up to 3 mg of intravenous 
atropine may be given during continuous monitoring. The e-Speed scanner shortens 
the entire EBCT angiogram breath-hold time by 50% by acquiring dual 1.5–mm-thick 
slices at each scan time.

Table 14.1. Technical Statistics for Currently Available CT Angiography Scanners

 EBCT MDCT

Parameter C-150, C-300 e-Speed 16-slice 32-64-slice

Spatial resolution (line pairs/cm) 6 9 12 14 
Spatial resolution (mm) 1.5–2.0 1.0–1.5 0.75 0.4–0.6 
Image acquisition time (rotation 100 100 450 330–350 
speed, msec)
True temporal resolution (msec)* 100 50 and 100 ∼250 ∼210 
Radiation dose (mSv)† 1.5–3.0 1.5–3.0 8–12 12–25 
ECG-based display Prospective Prospective Retrospective Retrospective
Slice thickness (mm) 3.0 1.5 0.75 0.4–0.6 
Overlap (mm) 1 0–1.0 0 0

Abbreviations: EBCT, electron beam computed tomography; MDCT, multidetector computed 
tomography.
*True temporal resolution is not the same as rotational speed. Imaging requires that at least 180 degrees 
of data be acquired plus the width of the fan or x-ray beam (30 degrees for EBCT; 50 degrees for MDCT). 
So true temporal resolution is related to individual sweep (EBCT) or rotational (MDCT) speed, and the 
time required to acquire data from 180 + 30 = 210 degrees of arc (EBCT) or 180 + 50 = 230 degrees of 
arc (MDCT).
†This range is for various imaging protocols; radiation dose for CT depends on x-ray energy (kV), tube 
current (mA), exposure time, and, nominally, slice thickness. The numbers given are for CT angiography 
studies only and not for coronary artery calcium assessment in noncontrast studies.
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5. Determine the starting (most cephalad/superior) and ending (most caudad/
distal) scan positions. Generally for CT angiography of the native coronary arteries, 
the average scan range is approximately 120 mm. Be sure to account for the midleft 
anterior descending artery often to be 10 to 15 mm cephalad to the origin of the left 
main artery. For CT angiography of bypass grafts, the average scan range is approxi-
mately 200 mm; imaging must include the origins of the saphenous veins from the 
aorta, noting that in most instances the graft to the region of the left circumfl ex is 
often the most cephalad (this is also suffi cient to include superior portions of any 
internal mammary grafts). It is advisable to plan the scanning range to be 10 mm 
above the superior image selected and 10 mm below the inferior image selected in case 
the patient’s breath holding is inconsistent.

6. Adjust the exposure to the patient’s body size and weight. Larger patients can 
be problematic in imaging. For the older EBCT scanners (C-150/C-300), the kV is 
fi xed at 130 and the mA is also fi xed at 750. For the e-Speed, the kV operates at either 
130 or 140 and the mA at 750 or 1000. For MDCT, the kV is generally at 120 and the 
mA is variable and should be increased from 300 in a patient weighing <60 kg up to 
450–500 in a patient weighing >100 kg.

7. Access the “circulation time,” that is, the time for intravenous contrast to travel 
from the injection site (peripheral vein) to produce maximum opacifi cation in the 
systemic circulation. For EBCT, this requires injecting about 10 cc of contrast at a rate 
of 3.5 cc/s and acquiring a “fl ow mode” set of images. This image set can then defi ne 
a contrast clearance curve for the ascending aorta, which then determines the “circu-
lation time.” For most MDCT, this step is not necessary, as “bolus-tracking” software 
is in place to start image acquisition for the CT angiogram at a point when the CT 
number in the aorta generally exceeds 200 Hounsfi eld units (HU). All CT scanners 
will provide feedback on the time required to complete the CT angiogram imaging 
prior to actually performing the study, once the scan parameters are set. Generally, 
contrast (layered or followed with saline) should be administered throughout the scan 
time. Nominal infusion rates of 3.5 cc/s have been used in most published studies. This 
time can be reduced to 2.5 cc/s in some individuals and may need to be increased to 
5.0 cc/s in larger patients. As a quick rule of thumb, the total injection time (contrast 
and saline included) should be approximately 15 seconds longer than the scan time. 
This allows for contrast to reach maximum or adequate opacifi cation in the systemic 
circulation prior to commencing scanning, because in the average person the “circula-
tion time” is about 12 to 15 seconds. However, note that the circulation time can be 
as long as 50 seconds in a patient with congestive heart failure.

8. Approximately 2 to 3 minutes before commencing the actual scan examination, 
the patient can be given one sublingual standard nitroglycerine tablet or nitroglycer-
ine spray (0.2 to 0.4 mg). It is the opinion and experience of the author that this dilates 
the coronary arteries, reduces the chances of any coronary spasm, and improves the 
diagnostic accuracy of the study.

9. As with all CT contrast studies, breath holding should be practiced with the 
patient prior to contrast injection. For EBCT, the scan acquisition time for the C-
150/C-300 can be as long as 50 to 60 seconds; for the e-Speed, this is cut in half. 
MDCT using the 32–64-slice scanners can accomplish the entire CT angiogram in as 
little as 5 to 10 seconds.

Image Viewing and 3D Reconstruction

The ability to have cubic or nearly cubic image voxel dimensions extends the potential 
array of image displays from standard 2D images to a variety of three-dimensional 
(3D) representations (in virtually any imaging plane) while allowing for preservation 
of linear dimensions. Although there are a number of image presentations that 
can be accomplished, this author uses almost exclusively the maximum-intensity 
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projection (MIP) and the volume-rendering technique (VRT). Alternating between 
both image presentation types while viewing a coronary segment or a larger portion 
of the cardiac anatomy is a valuable ability that can be found on most modern com-
puter workstations. It is beyond the scope of the present discussion to individually 
discuss the attributes and liabilities of the workstations offered by various CT vendors 
as well as the various independent CT/MR workstations offered. However, it is this 
author’s experience that not all workstations are created equal. When my laboratory 
at the Mayo Clinic fi rst began to look at electron beam (coronary) angiography (EBA) 
nearly a decade ago, it would take on the order of 15 minutes or longer to “generate” 
one 3D view, and navigational tools for MIP imaging were crude and cumbersome. 
This is primarily the reason for the number of “nonevaluable” segments in the early 
EBCT studies (noted later). Using current workstation technology, these images are 
now generated on the fl y with instant feedback and superlative editing and display 
tools. In the catheterization laboratory, a 3D feel for the overall spatial localization 
of the vessels and luminal disease becomes second nature, although this is usually 
garnered by viewing orthogonal projection-type images. However, it is often disorient-
ing even for senior angiographers to be presented with a data set that can be viewed 
from any possible angle and displayed using a variety of presentation styles.

MIP is one of the most powerful 3D techniques available. Using MIP, a “slab” can 
be defi ned and oriented in the data set such that an appropriate thickness is combined 
into one image. A MIP image can have a thickness that is variable by the interpreter; 
both thick and thin MIP images are useful for diagnostic purposes. These types of 
data manipulation also are the closest to the presentation that might be found in the 
catheterization laboratory, because the subsequent image appears to be a projection 
of a single plane (i.e. a 2D image) at one time. A technique similar to MIP is multi-
planar reconstruction (MPR). This technique allows the interpreter to place an 
oblique slice through the data set and view the resulting cut. The workstation software 
allows one to manipulate this oblique slice by rotating or translating. This allows 
investigation of the data set from any angle. Combinations of all 3D methods are 
helpful to display the anatomy, although the author recommends using only the MIP 
(or MRP) images for “diagnostic” purposes defi ning luminal abnormalities.

Many of the presentations of 3D images using EBCT and other CT methods as well 
as MRI are presented as a shaded surface display (SSD) in publications. However, 
although they provide a dramatic view of overall anatomy, they are not considered 
suffi cient for diagnostic purposes of lumen topology. Where an SSD image provides 
a “hard” surface of the selected densities, VRT uses a “blending” approach to create 
a 3D image, such that rather than a particular surface, a combination of information 
from some depth around that surface contributes to the image. In this way, the image 
of the contrasted blood in a vessel is generated by a blend of information from and 
around the boundary of the lumen.

The VRT method allows for a general 3D view of the anatomy under concern; there 
are a variety of predesigned density ranges provided as templates on most workstations 
for almost any particular section of the vascular or body anatomy. MIP images can be 
thin or thick but represent basically a “sliding slab” view through any region. Specifi c 
coronary segments can then be brought into view during navigation, while other seg-
ments fade over the “horizon” (using a globe analogy). A MIP image is generated by 
knowledge that the maximum value encountered by each ray can be encoded in a 2D 
projection display. MIP grayscale thus refl ects relative x-ray attenuation. The absence 
of a thresholding step, as is the case for VRT, ensures that no information is lost and 
subtle variations in attenuation can be appreciated. This has tremendous importance 
in the differentiation of calcifi ed atheromata versus intraluminal contrast. An interac-
tive tool, MIP can provide valuable information about the condition of a vessel by 
enabling the reading physician to present the CT angiographic data in an appropriate 
context. A disadvantage of the MIP is that a single projection image does not encode 
depth relationships; thus, there is value in using both MIP and VRT.
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Results of Published Studies

The goal of CT angiography is to have the look and feel of standard invasive angiog-
raphy (albeit with the ability to look not only at the lumen but also at the arterial 
mural surfaces). Thus, interpretation should proceed along established guidelines and 
in a systematic fashion. The author recommends using the standardized American 
Heart Association 15-segment model (Figure 14.1) for interpretation of the native 
coronary arteries. A variety of MIP and VRT images of the native coronary arteries 
and bypass grafts are shown in Figures 14.1 through 14.8.

The author’s procedure is to start reading the left main (LM) and then proceed 
down the left anterior descending (LAD). Once review of the LAD is accomplished, 
the author returns to the LM and proceeds down the left circumfl ex (LCX) and its 
branches. Finally, the author returns to the right coronary artery (RCA) ostium and 
then proceeds distally to the most inferior segments. Coronary bypass grafts are best 
interpreted with knowledge of the operative note. Surgical clips, especially for in situ 
left and right internal mammary artery grafts, can be problematic in viewing the 
entire vessel, but patency can almost always be determined. Special attention is paid 
to the origin, body, and anastomotic site of all bypass grafts.

Both EBCT and 16-slice or greater MDCT have been validated against the 
reference standard of invasive coronary angiography for native coronary arteries and 
for bypass grafts. Using a 50% or greater stenosis as the defi nition of obstructive 
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FIGURE 14.1. American Heart Association 15-segment cor-
onary artery anatomy denotation.

FIGURE 14.2. MIP images of the left main coronary artery 
(LM). LM (arrow) in standard transaxial (superior) view 
(top); LM (arrow) as viewed from an anterior view 
(bottom).
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FIGURE 14.3. Images of the left anterior descend-
ing (LAD). (A) VRT anterior image showing the 
LAD (left arrow) and fi rst diagonal (D1) branch 
(right arrow); (B) MIP view from superior angle 
of proximal LAD (arrow); (C) MIP view from a 
superior angle of the proximal and mid-LAD 
(arrow); (D) MIP view from an inferior angle of 
the distal LAD (right arrow); note the position of 
a portion of the posterior descending artery (PDA; 
left arrow).

FIGURE 14.4. Images of the left circumfl ex (LCX). 
(A) MIP image of the proximal LCX from a supe-
rior view; (B) VRT image of the proximal LCX 
from an anterior view; (C) VRT image of two mar-
ginal branches of the LCX (arrows) and the mid-
LCX from a shallow lateral view; (D) VRT image 
of the distal LCX from a lateral view.
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FIGURE 14.5. Images of a dominant right coronary artery (RCA). (A) 
VRT image from the proximal and mid-RCA segments from an anterior 
view; (B) thick section MIP of the entire RCA showing the proximal 
segment, midsegment, distal segment, and PDA (arrows); (C) MIP image 
of the distal RCA from an inferior view (arrow shows PDA); (D) VRT 
image of the distal RCA and the PDA (bottom arrow) from an inferior 
view, not the distal LAD (top arrow).

FIGURE 14.6. MIP (top) and VRT (bottom) 
images of a patient with a complex proximal 
RCA lesion.

FIGURE 14.7. Images from electron 
beam angiography of “soft” plaque in 
three separate patients. LM (top); 
proximal LAD (bottom left); proxi-
mal RCA (bottom right).
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FIGURE 14.8. MIP (top) and VRT (bottom) 
images from electron beam angiography of 
target vessels and saphenous vein bypass 
grafts. Arrows in the top panel point to target 
vessels (fi rst diagonal [right] and LAD 
[middle]). Arrows in the bottom panel point 
to saphenous bypass grafts (fi rst diagonal 
[right] and LAD [middle]).

coronary/bypass disease, the overall accuracy for EBCT is now on the order of 92% 
to 93%; for MDCT the accuracy is on the order of 94% to 95%. The negative predic-
tive value for both approaches is 100% in multiple studies. Table 14.2 lists summary 
statistics for published studies. Note that the number of “nonevaluable” segments was 
greater in the earlier studies than in the more recent ones. This is due to improvements 
in scanner technology, thinner CT slice thicknesses, improvements in CT angiography 
contrast and acquisition protocols, and, most of all, newer workstations. The changes 
to thinner CT scanning for all current systems have allowed visualization in nearly 
all studies to include the proximal and distal portions of the LCX and distal branches 
of the RCA. Views of the LCX and to some extent the posterior descending artery 
(PDA) were hindered for some time in the original studies by 3D rendering tools that 
did not allow suffi cient navigation to facilitate “unveiling” of the anterior cardiac 
vein/coronary sinus or the middle cardiac veins that course across and often parallel 
to these vessels, respectively. As with all things in digital imaging, CT angiography 
methods have improved and the 3D rendering and workstation tools have advanced 
considerably.

Currently, defi nition of coronary in-stent stenosis remains problematic, although 
stent patency is straightforward in nearly all cases. Although there have been indi-
vidual case reports of performing very thin CT sectioning through coronary stents, 
demonstrating in-stent narrowing, these methods remain currently clinically impracti-
cal. In addition, extensive coronary mural calcifi cation can also confound focal 
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stenosis defi nition. Although there are no set rules for when there is too much coro-
nary calcifi cation to provide global native coronary accuracy with CT angiography, a 
good rule of thumb is that the value of the test decreases as the coronary scores 
(Agatston scale) become >400. Additionally, in a symptomatic patient, data have 
shown that high coronary calcium scores have specifi city for signifi cant coronary 
obstructive disease above 90%, even in the absence of a companion CT angiography 
study.

CT (EBCT and MDCT) provide information on calcifi ed plaque that specifi cally 
applies to prediction of coronary artery plaque burden and extent. Histologic,24,25

ultrasonic,26 and angiographic27 studies have confi rmed that coronary calcium quanti-
fi ed by x-ray CT is related to the extent of atherosclerotic plaque disease in a 
direct fashion, regardless of age or gender, although it is not a substitute for actual 
angiographic stenosis severity.28 Furthermore, these measures have been shown to 
provide cardiac prognostic information that is separate and incremental to conven-
tionally based risk factor analysis.29–31

A common issue of discussion in coronary artery calcium (CAC) quantitation by 
CT has been the general misunderstanding of what it actually measures; that is, it 
only defi nes “hard” plaque and provides no information on “soft” (and potentially 

Table 14.2. Correlations of CT Angiography with Conventional Angiography for Detection 
of Luminal Coronary Stenoses >50% (EBCT and MDCT)

Reference Year Published No. of Subjects Se (%) Sp (%) NE (%)

EBCT

Nakanishi6 1997 37 74 91 —
Schmermund7 1998 28 82 88 12
Reddy8 1998 23 88 79  8
Rensing9 1998 37 77 94 19
Achenbach10 1998 125 92 94 25
Budoff11 1999 52 78 71 11
Achenbach12 2000 36 92 93 20
Leber13 2001 87 78 93 24
Ropers14 2002 118 90 82 24
Nikolau15 2002 20 85 77 11
Rasouli16 2003 10 94 88  8

MDCT

Nieman17 2003 59 95 86 —
Ropers18 2003 77 92 93 12
Mollet19 2004 128 94 91  0

Bypass Grafts—EBCT

Achenbach20 1999 (occlusion) 56 100 100  0
 1999 (stenosis)  100 97 16

Bypass Grafts—MDCT

Ropers21 2002 (occlusion) 65 97 98  0
 2002 (stenosis)  75 92 —
Schlosser22 2004 (occlusion 51 96 95  6
  and stenosis)
Martuscelli23 2004 (occlusion 84 97 100  9
  and stenosis)

Abbreviations: Se, sensitivity; Sp, specifi city; NE, nonevaluable coronary segments; –, not published.
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vulnerable) plaque. Rumberger32 initially studied autopsy hearts defi ning the use of 
CAC as an estimate of coronary atherosclerotic plaque burden, when looking at the 
coronary arteries as a whole. In nondecalcifi ed coronary artery segments using contact 
microradiography, the relationship between coronary artery calcium and total athero-
sclerotic plaque area on a segment-by-segment basis, however, is variable; at times the 
tracking is intimate and at other times somewhat dissociated.33

Contrast-enhanced CT using both EBCT and MDCT has been shown to have the 
potential to defi ne noncalcifi ed (so-called soft) plaque on a segmental basis (Figure 
14.7). Two studies have been published to support this fi nding. Achenbach and col-
leagues34 compared intravascular ultrasound (IVUS) obtained during cardiac cathe-
terization with noninvasive contrast-enhanced coronary studies using MDCT. They 
found that CT had a sensitivity of about 82% to detect coronary segments with ath-
erosclerotic plaque but had only a 53% sensitivity of defi ning segments with noncalci-
fi ed atherosclerotic plaque. Thus, combining CAC and contrast-enhanced segmental 
defi nition of “soft” plaque still resulted in signifi cant underestimation of true total 
atherosclerotic plaque burden.

Leber et al35 also performed a comparison between IVUS and contrast-enhanced 
CT. They reported a sensitivity for “soft” plaque at about 78%, a sensitivity for 
fi brous plaque at about 78%, while maintaining a sensitivity for “calcifi ed” plaque 
(as had been shown in prior EBCT noncontrast-enhanced studies) of about 95%. 
Thus in about 80% of the cases, contrast-enhanced CT can be used to provide addi-
tional information about noncalcifi ed plaque, but the total “atherosclerotic plaque 
burden” remains underdefi ned. Such studies are possible using both EBCT and 
MDCT, but both have specifi c defi ciencies. EBCT is limited currently by spatial reso-
lution on the order of 1 to 1.5 mm, as compared with submillimeter defi nition by 
MDCT. Conversely, EBCT can be used for heart rates from 50 to 120 beats/min 
without the need for β-blockade to lower resting heart rate because of its superior 
temporal resolution, which is 2 to 3 times greater than that of MDCT. All published 
studies using MDCT have required resting heart rates <65 beats/min for adequate 
image resolution.

Contrast-enhanced CT, although possessing great potential as a diagnostic 
catheterization for defi ning the absence or presence of “signifi cant” coronary stenotic 
lesions, is still somewhat limited in defi ning “noncalcifi ed” plaque and has not yet 
been shown to provide incremental value in predicting the potential for preventing 
heart attack.

Applications in Clinical Practice

Nobody would have imagined 30 years ago the current wide applicability of echocar-
diography in clinical practice, and, likewise, we may not have yet begun to fully com-
prehend the place of cardiac CT in patient care. Already in some sites the workup of 
“chest pain” in the emergency department can be supplanted with contrast-enhanced 
EBCT and 16+-slice MDCT. In a single test one can examine the pericardium; defi ne 
global and regional left ventricular function; quantify the presence or absence of 
coronary calcifi cation; examine the lumen of the major epicardial coronary arteries; 
obtain qualitative information about the atria, pulmonary arteries, and pulmonary 
veins; and examine portions of the ascending and descending aorta to rule out dis-
section. Following is a list of current clinical applications for CT angiography that are 
now possible:36

• Defi ning the origin and anatomic course of anomalous coronary artery anatomy37

• Serving as an alternative to conventional stress testing in a patient with atypical 
chest pain

• Functioning as an alternative to diagnostic catheterization in a patient with a prior 
equivocal stress test
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• Functioning as an alternative to stress testing or diagnostic catheterization in a 
symptomatic patient with a mild to moderate coronary calcium score

• Serving as an alternative to stress testing or diagnostic catheterization in a patient 
with a newly diagnosed cardiomyopathy

• Functioning as a direct method to follow-up in a patient for coronary artery stent 
patency or evaluation of nonstented segments

• Functioning as a follow-up in a patient with atypical symptoms who has had prior 
coronary artery bypass surgery

• Functioning as an alternative to stress testing or diagnostic catheterization for 
preoperative noncardiac surgical clearance in an intermediate coronary risk 
patient

Summary Points

• Cardiac CT has been studied and validated in patients for over 20 years. Initially, 
it was used to defi ne cardiac size and function and as an estimator of myocardial 
perfusion.

• In the 1990s, research turned to noncontrast CT and quantifi cation of coronary 
artery calcium, now recognized as the most powerful means to defi ne risk for 
untoward cardiac events, above and incremental to conventional risk factors.

• Within the last decade, studies have turned to CT as a means to defi ne luminal 
coronary anatomy. This has been a maturation process that has been the result of 
improvements in scanner technology and, not inconsequently, in cardiac computer 
workstation technology.

• The American College of Radiology and the American College of Cardiology38

have both now provided accreditation guidelines for radiologists and cardiologists 
in performing cardiac CT, especially in performing CT coronary angiography.
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Computed tomography angiography (CTA) and magnetic resonance imaging (MRI) 
and angiography (MRA) have now replaced x-ray angiography for many vascular 
beds, but only recently has the technology advanced suffi ciently for these modalities 
to interrogate and display coronary artery morphology.

Technical obstacles to noninvasive coronary artery imaging are similar for both 
CTA and MRI, but their approaches to overcoming these obstacles differ. The coro-
nary arteries are relatively small in caliber (2–5 mm), demonstrate a tortuous course, 
and display near-constant motion with the cardiac cycle and superimposed respira-
tion. Thus, an imaging modality with high temporal and spatial resolution is required 
with respiratory motion compensation. The arteries are also surrounded by epicardial 
fat and underlying myocardium, necessitating methods to enhance contrast-to-noise 
ratio (CNR) of the coronary lumen.

Both CTA and MRI have much in common, including the ability to display the 
arterial lumen and its wall in cross section in any three-dimensional (3D) plane by 
postprocessing of the originally acquired scan data sets. Furthermore, there is no need 
for a prolonged hospital stay or arterial access. This chapter discusses the state-of-
the-art, clinical indications and current limitations of these two minimally invasive 
techniques, as well as their potential role in the future.

Relative Strengths and Weaknesses of Noninvasive Coronary Artery 
Imaging with CT and MR

Multidetector CT (MDCT) is rapidly becoming widely available and is the primary 
modality for diagnosing patients with a wide spectrum of diseases other than coronary 
artery atherosclerosis. Electrocardiogram (ECG) gating is essential for cardiac CT 
applications, and it is generally agreed that 16-slice (at the minimum) and preferably 
64-slice scanners can be expected to display the coronary arteries consistently and 
adequately.1,2

As discussed in Chapter 14, major limitations of CT include motion artifacts with 
heart rates of over 70 beats per minute related to gantry rotation speed; hence, β-
blockade is commonly employed prior to scanning. However, β-blockade may be 
contraindicated in patients with pulmonary disease and in those with prolonged atrio-
ventricular conduction abnormalities. Because it requires ECG gating and a regular 



 15 Relative Merits of Coronary CTA and Coronary MRI 205

rhythm, patients with atrial fi brillation and other irregular arrhythmias are not ideal 
candidates for CTA. Retrospective gating allows postscan ECG editing to improve 
image quality by manually excluding abnormal beats and their associated CT data. 
This acquisition is also necessary to obtain left ventricular data for useful analysis by 
providing multiphasic reconstruction of the ECG-gated CT data.3 However, the radia-
tion dose is several times greater than that of a conventional x-ray coronary arterio-
gram and considerably greater than prospective ECG-gated CT acquisition. 
Nevertheless, coronary angiography with MDCT may be performed in a single 10- to 
20-second breath hold with total examination time less than 15 minutes. The fi eld of 
view includes the whole chest if necessary for evaluating chest pain, for example, in 
the emergency room, or to evaluate bypass grafts including internal mammary grafts 
artery. In cooperative patients with appropriate heart rate and rhythm, the technique 
provides high-resolution images of the heart, lungs, and mediastinum as well as the 
bony thorax with one acquisition sequence.

A signifi cant issue is the presence of dense, extensive epicardial calcifi cation, which 
makes evaluation of arterial stenosis very diffi cult. Contrast-media allergy and neph-
rotoxicity are relative contraindications to CTA, just as they are for invasive coronary 
angiography. Patients with a creatinine >2.0 mg/dL are excluded unless they are 
receiving renal dialysis. Radiation is always a concern, particularly in younger patients, 
and has implications when repeat CT scans are necessary.

Coronary MRI must overcome technical hurdles similar to those of coronary CTA. 
Though two-dimensional (2D) coronary MRI acquisitions predominated in the 
1990s,4 targeted 3D5 and “whole heart”6 coronary MRI methods now predominate, 
using either ECG-triggered “bright blood” segmented gradient echo or steady-state 
free precession imaging methods.

To suppress motion related to respiration, prolonged breath holding or free breath-
ing with MRI navigators (monitoring of diaphragmatic motion) is employed while 
prospective ECG triggering is used to acquire data during diastasis period (usually 
mid-diastole). No β-blockade is needed, as the coronary MRI acquisition period can 
be adjusted (lengthened or shortened) to be tailored to the patient’s heart rate and 
diastasis period. No exogenous contrast or intravenous access is needed. For coronary 
lumen contrast, specifi c prepulses suppress signal from surrounding epicardial fat and 
myocardium.7 Since no ionizing radiation or iodinated contrast is used, concerns 
regarding repeated examinations and studies in patients with renal dysfunction are 
not applicable. In addition, coronary MRI images appear to be less sensitive to the 
confounding impact of epicardial calcium. Another advantage of MRI is the ability 
to combine coronary artery imaging with assessments of LV function, myocardial 
perfusion, and viability in a single examination;8,9 however, discussion of this feature 
is beyond the scope of this chapter.

Disadvantages of coronary MRI (vs coronary CTA) include an inferior spatial reso-
lution with nonisotropic voxels and a greater technical burden on both the operator 
and the patient, as coronary MRI acquisitions often exceed 20 to 30 minutes. MRI 
studies also remain relatively contraindicated in the presence of pacemakers, retained 
pacemaker leads, and implanted cardiodefi brillators. Current free breathing methods 
are dependent on a regular respiratory pattern.

Relative Accuracy of CTA and Coronary MRI for Diagnosing CAD

As the number of detectors has increased, the number of coronary artery segments 
that can be evaluated has progressively increased, along with the precision and accu-
racy of CTA. Problems in assessing the degree of luminal stenosis by MDCT can be 
expected when compared with selective coronary angiography based on the combina-
tion of higher temporal resolution of invasive catheterization without ECG-gating 
motion artifacts, projection imaging, and high-contrast enhancement of the arterial 
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lumen due to selective arterial injection. A major limitation of CT is in its capability 
to determine luminal size in regions of heavy calcifi ed plaque, which are particularly 
time-consuming to interpret when calcifi cation is extensive.

The feasibility of 2D coronary MRI for identifying stenoses in the proximal and 
midcoronary segments has been demonstrated in several single-center studies.4,10 Sub-
sequently, 3D free-breathing segmented k-space gradient echo sequences have pre-
dominated due to their more favorable postprocessing capabilities and improved 
signal-to-noise ration (SNR). These have generally demonstrated sensitivities and 
specifi cities of 85% to 90%.11,12 A multicenter trial of more than 100 patients from 7 
international sites demonstrated high sensitivity but only modest specifi city for iden-
tifying focal stenoses (Table 15.1), with very high accuracy for discriminating between 
patients with multivessel disease and no disease,14 and preliminary data suggest it to 
be superior to delayed-enhancement MRI.15 Data from “whole-heart” steady-state 
free precession (SSFP) methodology somewhat analogous to MDCT acquisitions 
(though inferior in spatial resolution) have shown longer vessel segments identifi ed, 
with improved SNR and CNR6 but similar diagnostic results of 82% and 91%, respec-
tively (Figures 15.1 and 15.2).16 Preliminary data suggest similar overall results with 
3T coronary MRI.17

Few studies have directly compared coronary CTA and coronary MRI for evaluat-
ing the coronary arteries in the same patient (Figure 15.3). Gerber et al in Belgium 
reported that coronary MRI was superior to 4-slice MDCT.18 Subsequently, these 
authors studied 56 patients comparing 16-slice MDCT with navigator-gated coronary 
MRI in the same patients.19 Accuracy was similar, but MDCT showed better diagnos-

Table 15.1. Multicenter Coronary MRI Data for Coronary MRI Identifi cation of a <50% 
Diameter Angiographic Stenosis by Quantitative X-Ray Coronary Angiography

 Patient Vessel LM/Multivessel

Sensitivity 93% 83% 100%
Specifi city 42% 73%  85%
Prevalence 59% 25%  17%
Positive predictive value 70% 51%  54%
Negative predictive value 81% 93% 100%

Abbreviation: LM, left main.

FIGURE 15.1. Whole-heart coronary MRI and corresponding x-ray angiogram in a 56-year-old 
man with a proximal right coronary artery stenosis (arrows).
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tic accuracy when quantitative assessment of stenosis was applied. This was true for 
segmental (Figure 15.4) and per-vessel analysis (Figure 15.5). Measurements of plaque 
and lumen areas derived by CT correlated well with intravascular ultrasound.

While the technologies of both coronary CTA and coronary MRI continue to 
advance, neither technology is currently ready to replace invasive x-ray arteriography, 
because the positive predictive value of both techniques falls short of near 100%19 and 
neither has been studied as a screening test for low- to moderate-risk patients.

FIGURE 15.2. Whole-heart coronary MRI (left panel) with 3D software reconstruction 
(middle panel) and x-ray angiogram (right panel) in a patient with a proximal left anterior 
descending stenosis (arrows).

FIGURE 15.3. Example of reformatted magnetic resonance (MR; left panels), multidetector 
row computed tomography (MDCT; center panels), and corresponding coronary angiography 
images (right panels) of the right (RCA; top) and left coronary artery (LCA; bottom). The 
mid-RCA stenosis (arrows) was evaluated at 40% diameter stenosis using MR, 58% using 
MDCT, and 86% by quantitative coronary angiography. The LCA was normal.
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Evaluation of Congenital Anomalies

There is considerable variation in coronary artery anatomy.13,20 Both CT and MRI 
techniques can demonstrate congenital anomalies of the coronary arteries.21–26 Con-
genital heart disease, most notably tetralogy of Fallot and transposition of the great 
arteries, is commonly associated with abnormal coronary artery anatomy, which may 
be diffi cult to demonstrate precisely by conventional projection x-ray coronary arte-
riography but may be readily identifi ed by MR.27 These variants may be of critical 
importance to the surgeon, depending on the anatomical relationships of the coronary 
arteries to the sternum.

Patients with anomalous coronary arteries may have no other associated congenital 
heart disease.20 The incidence of coronary artery anomalies in the general population 
is shown in Table 15.2. Figures 15.6, 15.7, and 15.8 show examples of anomalies on 
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FIGURE 15.4. Receiver-operator characteristic curves dem-
onstrating the diagnostic accuracy of visual and quantitative 
measurements of coronary diameter stenosis severity by MR 
and MDCT on a segment-by-segment analysis. Quantitative 
analysis of stenosis severity (>50%) signifi cantly improved 
the diagnostic accuracy of MDCT but not MR. (Kefer J, 
et al. [19]. Reprinted with permission from The American 
College of Cardiology Foundation.)

FIGURE 15.5. Receiver-operator characteristic curves dem-
onstrating the diagnostic accuracy of visual and quantitative 
measurements of coronary diameter stenosis severity by MR 
and MDCT on a patient-by-patient analysis. Quantitative 
analysis of stenosis severity (>50%) signifi cantly improved 
the diagnostic accuracy of MDCT but not MR. N.S., not sig-
nifi cant. (Kefer J, et al. [19]. Reprinted with permission from 
The American College of Cardiology Foundation.)

Table 15.2. Congenital Anomalies of the Coronary Arteries

Separate origins of LAD and CX (1 in 2000)
Separate origin of conus artery (up to 60%)
Origin of CX from RCA (<0.67%)—50% have other cardiac anomalies
Origin of LAD from RCA or right sinus, associated with sudden death
Origin of LCA from right sinus, associated with sudden death
Origin of LCA from a main pulmonary artery, associated with neonatal cardiac failure
Single coronary artery frequency is 0.024
Coronary artery fi stulae, congenital stenosis, and atresia also occur

Abbreviations: LAD, left anterior descending artery; CX, circumfl ex artery; RCA, right coronary artery; 
LCA, left coronary artery.
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CTA. Despite all these anomalies, only 3 are usually life threatening. The fi rst is a 
large coronary artery fi stula. The second is the origin of a left main coronary artery 
from a pulmonary artery. The third is when a left main coronary artery or a single 
coronary artery passes between the two great vessels.28,29

Coronary MRI for identifi cation and characterization of anomalous coronary arter-
ies is widely accepted as a clinical tool (Figures 15.9 and 15.10). Several studies have 
now reported on the value of MRI in this condition,24,25,27 including the fi nding of 
initial misinterpretation by conventional x-ray angiography.25 Coronary anomalies are 
more of a concern in younger patients, which makes the absence of radiation or need 
for intravenous contrast a particular advantage for coronary MRI. Though coronary 
MRI data for anomalous disease are quite extensive, in the absence of a strong 
suspicion, data are insuffi cient to support routine coronary MRI screening among 
children or young adults.

FIGURE 15.6. Axial (left) and coronal (right) cardiac CT study demonstrating a myocardial 
bridge over the left anterior descending (LAD) artery entering the interventricular septum. 
LA, left atrium; LV, left ventricle; RV, right ventricle. (Courtesy of Lawrence Boxt, MD, 
Northshore University Hospital, NY.)

FIGURE 15.7. An axial image from an MDCT study illustrat-
ing the RCA (arrow) arising anomalously from the noncoro-
nary aortic sinus and coursing anteriorly into the right 
atrioventricular groove, where it normally lies. RA, right 
atrial appendage; LA, left atrium.

FIGURE 15.8. CTA image showing the origins of a large 
normal left main (LM) coronary artery and the separate 
origin of a small anomalous right coronary artery (RCA), 
both arising from the left aortic sinus. The RCA courses 
anteriorly between the great vessels, which can be associated 
with sudden death syndrome. SVC, superior vena cava; asc 
Aorta, ascending aorta; desc Aorta, descending aorta.
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FIGURE 15.10. Coronary MRI in the axial (left panel) and oblique coronal imaging (right 
panel) planes in a patient with anomalous left main (LM) coronary artery originating from 
the right sinus of Valsalva and traversing between the pulmonary artery anteriorly and the 
aorta posteriorly. LA, left atrium; RCA, right coronary artery.

Evaluation of Coronary Artery Aneurysms

Although coronary artery aneurysms are relatively uncommon, data indicate an 
important role for coronary MRI for assessment of this condition.30 The vast majority 
of acquired coronary aneurysms in children and younger adults are due to muco-
cutaneous lymph node syndrome (Kawasaki disease), a generalized vasculitis of 
unknown etiology usually occurring in children under 5 years old. Infants and chil-
dren with this syndrome may show evidence of myocarditis, pericarditis, or both, and 

FIGURE 15.9. Coronary MRI in a patient with anomalous right coronary artery (RCA) arising 
from the left sinus of Valsalva (L). The left coronary artery (LCA) is also seen. LA, left atrium; 
R, right sinus of Valsalva; RV, right ventricle.
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nearly 20% will develop coronary artery aneurysms. These aneurysms are the source 
of both short- and long-term morbidity and mortality. For affl icted young children, 
transthoracic echocardiography is usually adequate for diagnosing and following these 
aneurysms, but echocardiography is often inadequate after adolescence and in obese 
children. These patients are therefore often referred for serial x-ray coronary angiog-
raphy. Data from a series of adolescents and young adults with coronary artery aneu-
rysms (Figure 15.11) defi ned on x-ray angiography have confi rmed the high accuracy 
of coronary MRI for both the identifi cation and the characterization (diameter and 
length) of these aneurysms.31,32 Good correlation between coronary MRI and x-ray 
coronary angiography has also been reported for ectatic coronary arteries (distinct 
from Kawaski disease) among adults.31,32

Evaluation After Revascularization

The patency of bypass grafts has been extensively studied and may present diagnostic 
diffi culty for the cardiologist.33 The anatomy of both saphenous vein and internal 
mammary artery grafts is readily displayed with MDCT. The procedure has the 
advantage of requiring as little actual scan time as 20 to 30 seconds; usually the total 
procedure can be completed within 15 minutes. Further advantages of CT include the 
large fi eld of view, which can be tailored to a specifi c area or can include the whole 
chest, allowing appraisal in 3D not only of graft locations, calcifi cations, graft and 
native coronary artery patency and quality but also of the position of these vessels 
relative to the sternum, which may be critical when repeat surgery is being considered 
(Figure 15.12). Furthermore, the spatial resolution is uniformly excellent and allows 
precise measurements to guide the surgeon.34 Feasibility studies measuring relative 
graft fl ow by CT have also been reported.35

FIGURE 15.11. Coronary MRI and corresponding x-ray coronary angiogram in a patient with 
Kawasaki disease and left coronary artery aneurysms involving the proximal left anterior 
descending (LAD) and left circumfl ex (LCX) arteries. SVC, superior vena cava; Asc Aorta, 
ascending aorta; RV, right ventricle; LM, left main coronary artery.
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In comparison with the native coronary arteries imaging, coronary MRI of reverse 
saphenous vein and internal mammary artery grafts is relatively easy (in the absence 
of adjacent vascular clips) due to their relatively stationary position during the cardiac 
and respiratory cycle and their larger lumen.

If information regarding graft patency versus occlusion data are desired, conven-
tional free-breathing ECG-gated 2D spin-echo33,34,36 and 2D gradient-echo MRI in 
the transverse plane have both been reliably utilized to assess bypass graft patency 
(Figure 15.13). Patency is generally determined by visualizing a patent graft lumen in 
at least two contiguous transverse levels along its expected course (presence of fl ow 
appearing as signal void for spin-echo techniques and bright signal for gradient-echo 
approaches). If signal consistent with fl ow is identifi ed in the area of the graft lumen 
on two levels, it is likely to be patent. If a patent graft lumen is not seen at any level, 
the graft is considered occluded. Combining spin-echo and gradient-echo imaging in 
the same patient does not appear to improve accuracy.37 Both 3D noncontrast and 
contrast-enhanced coronary MRI have also been described for the assessment of graft 
patency, with slightly improved results.

A practical limitation of coronary MRI bypass graft assessment is related to local 
signal loss or artifacts due to nearby metallic objects (hemostatic clips, ostial stainless 
steel graft markers, sternal wires, coexistent prosthetic valves and supporting struts 
or rings, and graft stents). The inability to identify severely diseased yet patent grafts 
is also a hindrance to clinical utility and acceptance.

Summary Points

• Both CTA and coronary MRI are still in their adolescence compared with estab-
lished cardiac imaging modalities such as echocardiography and radionuclide 
methods.

FIGURE 15.12. Cardiac MDCT study with 3D 
reconstruction showing patent left internal 
mammary artery (LIMA) graft and left anterior 
descending (LAD) artery.

FIGURE 15.13. Coronary MRI gradient-echo image in a patient 
with a widely patent reverse saphenous vein graft (arrow). Ao, aorta, 
PA, main pulmonary artery. (Courtesy of Albert de Roos, MD, 
Leiden University.)
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• Considerable potential exists for further improvements in coronary CTA and coro-
nary MRI methods.

• CTA and MRI are useful for coronary anomalies, aneurysms, and graft patency.
• The interest in cardiac CT and MR by radiologists, cardiologists, and surgeons 

continues to increase. Further developments and clinical trials are under way, and 
the results of these are awaited with great interest.
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The integration of positron emission tomography (PET) and multidetector CT 
(PET/CT) technology provides a potential opportunity to delineate the anatomic 
extent and physiologic severity of coronary atherosclerosis and obstructive disease 
in a single setting. It allows detection and quantifi cation of the burden of the ex-
tent of calcifi ed and noncalcifi ed plaques, quantifi cation of vascular reactivity and 
endothelial health, and identifi cation of fl ow-limiting coronary stenoses. PET/CT 
also has the potential to identify high-risk plaques in the coronary and other arte-
rial beds. Together, by revealing the degree and location of anatomic stenoses and 
their physiologic signifi cance, and the plaque burden and its composition, inte-
grated PET/CT can provide unique information that may improve noninvasive diag-
nosis of coronary artery disease (CAD) and the prediction of cardiovascular risk. 
In addition, this approach expands the diagnostic capability of nuclear cardiology 
to include atherosclerosis and may facilitate further study of atherothrombosis 
progression and its response to therapy, thus allowing assessment of subclinical 
disease.

Imaging Protocols

Figure 16.1 illustrates the protocol used in our laboratory for the integrated assess-
ment of myocardial perfusion and coronary anatomy with PET/CT. The details of 
the myocardial perfusion protocols used are discussed in Chapter 10. Immediately 
after myocardial perfusion imaging, the tomograph’s table is moved back into the 
CT position for coronary angiography. Heart-rate control is achieved by a combina-
tion of oral and IV β-blockers. Sublingual nitroglycerin is routinely used prior to 
contrast administration. The integrated protocol is completed in approximately 45 
minutes.

Portions of the text are reporduced from Di Carli M, et al. Integrated cardiac PET-CT for 
diagnosis and management of CAD. J Nucl Cardiol 2006;13:139–44, with permission from The 
American Society of Nuclear Cardiology.
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Limitations of Single-Modality Approaches to Routine Diagnosis and 
Management of CAD

Computed Tomography

Lack of Access to Functional Signifi cance

In general, decisions regarding revascularization are governed by the severity of 
patient symptoms and the magnitude of inducible myocardial ischemia.1,2 This 
approach is based on the fact that revascularization procedures are very effective for 
symptomatic relief and for reducing risk of cardiac death among those with extensive 
inducible ischemia.3 However, they are not effective at reducing future risk of myo-
cardial infarction. While in general the anatomic severity of epicardial coronary ste-
nosis is a predictor of the degree of downstream myocardial ischemia, there is great 
individual variability.4,5 This is based on the fact that isolated angiographic measures 
of stenosis severity (i.e., diameter stenosis) are relatively modest indicators of coro-
nary resistance, a key determinant of myocardial blood fl ow. Numerous other ana-
tomic and physiologic factors that are important determinants of coronary blood fl ow 
are not accounted for by measures of stenosis severity, including factors related to 
plaque (shape, eccentricity), cardiac hemodynamics (left ventricular end-diastolic 
pressure and contractility), arterial physiology (vasomotor tone, endothelial function), 
stenosis characteristics (composition, stenoses in series) and collateral blood fl ow.4

The effectiveness of stress perfusion imaging is based on the fact that it offers an 
integrated measure of the consequence of anatomic and physiologic parameters on 
myocardial perfusion.
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Diffi culties with Coronary Calcium and Stents

As described in Chapter 14, high-density objects such as calcifi ed coronary plaques 
and stent struts limit the ability to accurately delineate the degree of coronary luminal 
narrowing. The bright (blooming) signal from such high-density objects extends 
beyond their true size into neighboring volume voxels, thereby leading to overestima-
tion of stenosis severity. In addition, photon fl ux through such high-density areas 
occasionally leads to a signal void adjacent to calcifi ed plaques or within stents that 
can be interpreted as “soft” (noncalcifi ed) plaque, which could cause overestimation 
of plaque burden in individual patients. Although improvements in spatial resolution 
would decrease the impact of high-density objects, with current technology this would 
signifi cantly increase radiation exposure. Thus, coronary calcifi cations would limit the 
role of multidetector computed tomography (MDCT) in some patient groups, includ-
ing the elderly (>70 years)6 and those with end-stage renal disease and diabetes in 
whom the prevalence of coronary calcium is increased.7

Limited Temporal Resolution

Clinical data show that the standard currently available temporal resolution is inade-
quate to cover the normal range of resting heart rates.8 Although administration of 
β-blockers prior to testing seems to overcome this problem in most patients, it still 
remains a cause of image degradation and blurring that could lead to false-positive 
or false-negative results in some patients (as one tries to read “through” motion arti-
facts) or simply to nondiagnostic studies.

Irregular Heart Rhythm

Because of the need to acquire a gated scan, patients with atrial fi brillation and other 
forms of irregular heart rhythm are not candidates for CT coronary angiography. This 
effectively excludes CT as a diagnostic option in a signifi cant number of patients over 
the age of 65.9

Incorporating CT Angiography into Testing Strategies

Establishing or ruling out the presence of CAD is an important goal of testing. 
However, this information alone is insuffi cient for identifying optimal patient manage-
ment. Ideally, the results of noninvasive testing should also provide information 
regarding the risk of adverse outcomes (i.e., death and myocardial infarction) and, if 
possible, the risk associated with multiple potential treatment strategies.

While stress myocardial perfusion imaging has been shown to have the capability 
to achieve this goal,2 this may be the most challenging limitation of CT. For example, 
data from the Coronary Artery Surgery Study (CASS) registry suggest that measures 
of ischemia and exercise performance were more useful indicators of treatment benefi t 
than anatomic indices of CAD extent.3 Patients with low-risk stress electrocardio-
gram (ECG) results (<1 mm ST segment depression able to exercise for >6 minutes) 
showed no survival advantage from revascularization over medical therapy, regardless 
of the angiographic extent of CAD.1 Furthermore, even among those with high-risk
stress electrocardiogram (ECG) results (>1 mm ST segment depression able to exer-
cise for <6 minutes), revascularization showed improved survival over medical therapy 
only in patients with three-vessel CAD.1 In keeping with these fi ndings, more recent 
data in a large cohort of patients with suspected CAD who were undergoing stress 
single photon emission computed tomography (SPECT) imaging suggest that revas-
cularization improves survival over medical therapy only in patients with moderate 
to severe ischemia.10 Together, these fi ndings would suggest that management deci-
sions based solely on the extent of angiographic CAD by CT may lead to inappropriate 
revascularization in a considerable number of patients with stable CAD.



218 Part III Diagnostic Approaches to Patients with CAD

Positron Emission Tomography

Underestimation of the Extent of Anatomic CAD

As shown in Table 16.1, the relative assessment of myocardial perfusion with PET 
remains a sensitive means for diagnosing CAD. As with SPECT, however, PET often 
uncovers only that territory supplied by the most severe stenosis. This is based on the 
fact that, in patients with CAD, coronary vasodilator reserve is often abnormal even 
in territories supplied by noncritical angiographic stenoses,23,24 thereby reducing the 
heterogeneity of fl ow between “normal” and “abnormal” zones and limiting the ability 
to delineate the presence of multivessel CAD.

Detection of CAD Versus Identifi cation of Subclinical Atherosclerosis

While conventional stress perfusion imaging excels at the identifi cation of CAD, its 
extent and severity, and the associated risks of adverse events, it fails to describe the 
presence and extent of atherosclerosis. The incorporation of CT technology with PET 
permits routine evaluation for the presence of subclinical coronary atherosclerosis in 
patients presenting for stress perfusion imaging. Whether incremental information 
can be gained by the combination of these two distinct physiologic phenomena is as 
yet unknown.

Value Added of Integrated PET/CT and Clinical Applications

Assessing Subclinical Atherosclerosis

Stress perfusion imaging alone fails to uncover the presence and extent of atheroscle-
rosis. Integrated PET/CT offers an opportunity to assess the presence and magnitude 
of subclinical atherosclerotic disease burden (Figure 16.2) and to measure myocardial 
blood fl ow (in milliliters per minute per gram of myocardium) as a marker of endo-
thelial health and atherosclerotic disease activity, as described in Chapters 11 and 12. 
As discussed in Chapter 23, image fusion with integrated PET/CT may also allow 
identifi cation of so-called vulnerable plaques by enabling image fusion of structure 
and function (biology) (Figure 16.3). Such imaging tools would provide mechanistic 
insights into atherothrombotic processes, better risk stratifi cation, optimal selection 
of therapeutic targets, and the means for monitoring therapeutic responses.

Table 16.1. Diagnostic Accuracy of CTA

   Vessel Size Sensitivity Specifi city
 MDCT Patients (mm)  (%) (%)

Nieman et al11 16  59 2.0 95 86
Ropers et al12 16  77 1.5 93 92
Martuscelli et al13 16  64 1.5 89 98
Mollet et al14 16 128 2.0 92 95
Hoffman U et al15 16  33 2.0 89 95
Kuettner et al16 16  72 All 82 98
Mollet et al17 16  51 2.0 95 98
Morgan-Hughes et al18 16  57 All 83 97
Achenbach et al19 16  50 1.5 93 95
Hoffman et al20 16 103 1.5 97 96
Leschka et al21 64  67 1.5 94 97
Leber et al22 64  59 All 73 97

Abbreviation: MDCT, multidetector computed tomography.
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FIGURE 16.2. Integrated 82Rb myocardial perfusion and noncontrast gated CT scan to evalu-
ate coronary calcium content. The images demonstrate extensive (albeit nonfl ow limiting) 
coronary atherosclerosis in a patient with risk factors. Integrated PET/CT offers a more com-
plete approach to diagnosis, risk stratifi cation, and management than either modality alone.

FIGURE 16.3. The upper row (from left to right) shows PET, contrast CT, and coregistered 
PET/CT images in the sagittal plane, from a 63-year-old man who had experienced 2 episodes 
of left-sided hemiparesis. Angiography demonstrated stenosis of the proximal right internal 
carotid artery; this was confi rmed on the CT image (black arrow). The white arrows show fl uo-
rine-18 fl uorodeoxyglucose (18F-FDG) uptake at the level of the plaque in the carotid artery. 
As expected, there was high 18FDG uptake in the brain, jaw muscles, and facial soft tissues. 
The lower row (from left to right) demonstrates a low level of 18FDG uptake in an asymptomatic 
carotid stenosis. The black arrow highlights the stenosis on the CT angiogram, and the white 
arrows demonstrate minimal 18FDG accumulation at this site on the 18FDG PET and coregis-
tered PET/CT images. (Reproduced from Rudd JHF, Warburton EA, Fryer TD, et al. [25]. 
with permission of The American Heart Association.)
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Detecting Clinical CAD

One advantage of the integrated approach to the diagnosis of CAD is the added sen-
sitivity of PET and CTA, which potentially could provide correct diagnosis in virtually 
all patients.26 CT coronary angiography provides excellent diagnostic sensitivity for 
stenoses in the proximal and mid segments (>2 mm in diameter) of the main coronary 
arteries. The sensitivity of this approach is reduced substantially in more distal coro-
nary segments and side branches (Table 16.1). This limitation may be offset by the 
perfusion information from PET that is rarely affected by the location of coronary 
stenoses. It may be argued that only stenoses in large vessels (>2 mm) are of practical 
interest because they can be revascularized with stents. However, diagnosing obstruc-
tive disease in more distal coronary arteries or side branches is equally important to 
guide medical management.

Stress perfusion PET also provides excellent sensitivity to identify patients with 
obstructive CAD. As described above, however, PET often uncovers only that terri-
tory supplied by the most severe stenosis and often underestimates the extent of ana-
tomic CAD. With integrated PET/CT, this limitation can be overcome by the CT 
coronary angiographic information (Part VI, Case 11).

Guiding Management of CAD

Because not all coronary stenoses detected by CT coronary angiography are fl ow 
limiting, the stress myocardial perfusion PET data complement the CT anatomic 
information by providing instant readings about the clinical signifi cance (i.e., ischemic 
burden) of such stenoses (Part VI, Case 14). Preliminary data from our laboratory 
suggest that the positive predictive value of CT angiography for identifying coronary 
stenoses producing objective evidence of stress-induced ischemia is suboptimal 
(∼50%).27 This fi nding, if confi rmed, would suggest that additional noninvasive testing 
would be required after CT angiography before consideration for invasive catheteriza-
tion. Further, the use of CT angiography as a replacement for myocardial perfusion 
imaging would potentially result in an enormous increase in costs of care and resource 
utilization due to unnecessary downstream catheterization and revascularization 
procedures.28

This apparent discrepancy between anatomic and physiologic measurements of ste-
nosis severity is probably multifactorial. First, while CTA is an excellent method to 
exclude CAD, its ability to accurately assess the degree of luminal narrowing is only 
modest. Indeed, recent studies with 64-MDCT indicate that quantitative estimates of 
stenosis severity by CT correlate only modestly with quantitative coronary angiogra-
phy, the former explaining only 29% of variability in the latter (Figure 16.4).22 Image 
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stenosis by quantitative CTA and quantitative coronary angiography.  (From Leber AW, 
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degradation by motion and calcium may lead to both under- and overestimation of 
luminal narrowing by CTA. Owing to similar effects, metal objects such as stents, 
surgical clips, and sternal wires can also interfere with the evaluation of underlying 
coronary stenoses. Second, as described above, isolated angiographic measures of 
stenosis severity (i.e., diameter stenosis) are relatively modest indicators of coronary 
resistance, a key determinant of myocardial blood fl ow.29 Third, CTA does not provide 
adequate information regarding collateral fl ow or vasomotor tone, both of which are 
known to affect myocardial perfusion. In contrast, myocardial perfusion imaging 
provides a simple integrated measure of the effect of all these parameters on coronary 
resistance and tissue perfusion, thereby allowing more appropriate selection of patients 
who may ultimately benefi t from revascularization. Finally, image fusion of the stress 
perfusion PET data with the coronary CT information can also help identify the culprit 
stenosis in a patient presenting with chest pain (Figure 16.5).

An integrated approach with PET/CT also facilitates identifi cation of patients 
without fl ow-limiting disease (i.e., normal perfusion) who have extensive, albeit sub-
clinical, coronary artery disease. Preliminary data from our laboratory suggest that 
as many as 50% of patients with normal stress perfusion PET may show extensive 
(non–fl ow limiting) coronary atherosclerosis (both calcifi ed and noncalcifi ed plaques) 
(Figure 16.2).27 While these patients do not require revascularization, due to the 
absence of ischemia, they probably warrant more aggressive medical therapy.

Summary Points

• The clinical evidence suggests that integrated PET/CT is a powerful, noninvasive 
modality for diagnosing and managing CAD.

Stress

Rest

FIGURE 16.5. The left panel shows stress and rest myocardial perfusion images obtained with 
82Rb demonstrating a severe and reversible perfusion defect throughout the anterolateral and 
lateral left ventricle walls. The right panel demonstrates the fusion of three-dimensional 
volume rendered perfusion information with the patient’s coronary artery tree derived from 
the contrast-enhanced MDCT coronary angiographic images (not shown). The fused images 
demonstrate that the culprit vessel corresponds to a marginal branch from the left circumfl ex 
artery. (Images are courtesy of Dr. Ernest Garcia from Emory University, Atlanta, GA.)
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• The need for gated scans, the use of nephrotoxic contrast, and the potential limita-
tions imposed by the presence of calcium call into question the generalizability of 
CT alone for all patients with known or suspected CAD.

• Beyond diagnosis of CAD, the most important challenge for CT coronary angio-
graphy may be in guiding management after the diagnosis of CAD.

• The greatest strength of integrated PET/CT imaging is its ability to establish the 
diagnosis, defi ne risk, and guide management with a single study.
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There is growing evidence that perturbations in myocardial substrate use play a key 
role in a variety of normal and abnormal cardiac states. A decline in myocardial fatty 
acid metabolism and a preference for glucose as an energy substrate characterize 
pressure-overload left ventricular hypertrophy. Conversely, an overdependence on 
myocardial fatty acid metabolism with a parallel decline in carbohydrate use is char-
acteristic of the myocardial metabolic adaptation in diabetes mellitus. What is unclear 
is the extent to which these metabolic switches are adaptive and to what extent they 
have the propensity to become maladaptive.

Accelerating our understanding of the role of alterations in myocardial substrate 
metabolism in these various cardiac processes is the development of transgenic models 
targeting key aspects of myocardial substrate use. A top priority is determining the 
relevance of the metabolic phenotype in these models to the human condition. In 
addition, applied genomics have identifi ed numerous gene variants intimately involved 
in the regulation of myocardial substrate use. However, determination of the clinically 
signifi cant genetic variants remains elusive. Finally, the importance of these various 
metabolic switches in the pathogenesis of cardiac disease can be exemplifi ed by the 
current efforts to develop novel therapeutics designed to modify myocardial substrate 
metabolism in various diseases such as the partial fatty acid oxidation inhibitors for 
the treatment of ischemic heart disease. For all these reasons, the demand for accurate 
noninvasive imaging in myocardial substrate metabolism that can be performed in 
small animals and humans is increasing rapidly. Cardiac positron emission tomogra-
phy (PET) is the most useful tool to meet this demand. This chapter highlights the 
current and future capabilities of PET metabolic imaging to furthering our under-
standing of cardiac disease.

Overview of Myocardial Metabolism

The myocardium is an omnivore using a variety of substrates, predominantly fatty 
acids, glucose, and lactate as energy sources (Figure 17.1). Under normal aerobic 
conditions, 50% to 70% of the total energy is obtained from the oxidation of fatty 
acids, the rest being obtained primarily from carbohydrates (glucose and lactate).1,2

The proportional contribution of these various substrates to myocardial energy 
metabolism is exquisitely sensitive to the substrate environment, hormonal milieu, 
level of myocardial work, and level of myocardial blood fl ow. For example, under 
fasting conditions, myocardial fatty acid metabolism is the predominant energy source. 
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Low plasma insulin levels result in increased lipolysis in peripheral adipose tissue and 
thus in increased plasma fatty acid levels. The increased fatty acid delivery to the 
myocardium increases myocardial fatty acid levels, a ligand for the peroxisome pro-
liferator-activated receptor α (PPARα) gene regulatory pathway.3,4 PPARα is a nuclear 
receptor that regulates the transcription of an array of genes responsible for cellular 
fatty acid utilization pathways, including fatty acid uptake and oxidation. The increase 
in myocardial fatty acid metabolism decreases the transport of glucose into the myo-
cytes as well as glucose oxidation, resulting in a decline in overall glucose metabolism. 
Under postprandial conditions, increased plasma insulin levels stimulate translocation 
of several glucose transporters to external sarcolemmal sites, increasing glucose 
uptake. Under normoxic conditions, glucose is converted to pyruvate, which is then 
oxidized via the tricarboxylic acid cycle. In addition, the rise in plasma insulin levels 
inhibits lipolysis within adipose tissue. Plasma fatty acid levels fall, which in turn 
decreases myocardial fatty acid metabolism. As a consequence, glucose becomes the 
primary substrate for oxidative metabolism. Other factors that can increase glucose 
uptake include an increase in cardiac work and direct catecholamine stimulation.5,6

Under conditions of mild to moderate myocardial ischemia, myocardial fatty acid 
oxidation ceases and anaerobic metabolism supervenes. Glucose becomes the primary 
substrate for both increased anaerobic glycolysis and continued, albeit diminished, 
oxidative metabolism.7,8 With successful reperfusion of ischemic myocardium, oxida-
tive metabolism increases, frequently returning to levels comparable to those observed 
before the onset of ischemia.9–11 The use of free fatty acids increases, and, with time, 
overall myocardial glucose use then declines.

In summary, myocardial health depends on plasticity in its substrate use to respond 
to a variety of stresses (e.g, changes in myocardial blood fl ow, work, substrate avail-
ability, or catecholamine levels). It is this loss of plasticity that characterizes the 
myocardial metabolic response to a variety of normal processes (i.e., normal aging) 
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and pathological processes (pressure-overload left ventricular hypertrophy, dilated 
cardiomyopathy, obesity, and diabetes mellitus) (Figure 17.2). This loss of fl exibility 
initiates a cascade of events that can have detrimental effects on myocardial mechani-
cal function.

Challenges of Imaging Myocardial Metabolism

Accurate interpretation of a metabolic response to a pathologic state or following the 
institution of a therapy requires that the various determinants of myocardial substrate 
be taken into account. For example, therapies that decrease peripheral lipolysis will 
decrease fatty acid delivery to the heart, shifting myocardial substrate use from fatty 
acids to glucose even though there is no “direct” effect of the therapy on myocardial 
substrate metabolism. Moreover, the metabolic response will be different whether the 
changes are acute or chronic in nature. In the fi rst instance, acute adaptation is regu-
lated by the activation and inactivation of pathways switching metabolic fuels to the 
most effi cient pathway of energy production for a given environment. The response 
of the heart to an acute increase in workload by oxidizing glycogen, lactate, and 
glucose is one example.5 In the chronic setting, metabolic regulation occurs at a tran-
scriptional level, resulting in adaptation and, in the extreme case, maladaptation of 
the heart. For example, the hypertrophied and failing heart switches its genetic profi le 
to a more “fetal” pattern that favors glucose over fatty acids as an energy source.12,13

Thus, very different metabolic patterns are present based on the time course of the 
stimulus. Localizing the metabolic effects of a disease process or the response to a 
new therapy will require that the most relevant pathways involved can be measured. 
For example, determining the relative potency of different partial myocardial fatty 
acid oxidation antagonists requires the measurement of myocardial fatty acid oxida-
tion, not uptake or overall utilization.14 Finally, whatever approach is used to measure 
myocardial substrate use, it should be possible in both rodents and in humans. In that 
way the potential clinical applicability of observations obtained in these experimental 
models of disease can be determined.

Plasticity in Myocardial Substrate Metabolism
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FIGURE 17.2. Summary of myocardial substrate metabolism demonstrating the need for fl ex-
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PET Tracers of Overall Oxidative Metabolism

Oxygen-15 Oxygen

Because oxygen is the fi nal electron acceptor in all pathways of aerobic myocardial 
metabolism, PET with oxygen-15 oxygen (15O-oxygen) has also been used to measure 
myocardial oxygen consumption (MVO2). Administration of 15O-oxygen is generally 
performed by inhalation of the gas, which results in marked spillover of radioactivity 
from the lungs to the heart.15 Interpretation of tracer kinetics is complicated by the 
need to account for the conversion of 15O-oxygen to 15O-water and by blood-to-myo-
cardial spillover. Consequently, four different scans have to be performed: a transmis-
sion scan to calculate lung volume, a 15O-carbon monoxide scan to measure blood 
volume, a scan using a PET perfusion tracer to quantify myocardial blood fl ow, and 
the 15O-oxygen scan. However, despite these complexities, a compartmental modeling 
approach has been devised that quantifi es the myocardial oxygen extraction fraction. 
Thus, with the knowledge of the arterial oxygen content and myocardial blood fl ow, 
MVO2 can be accurately calculated.15,16 The major advantage of the approach is that 
it provides a measure of myocardial oxygen extraction and measures MVO2 directly. 
Due to the short half-life of this tracer, 15O-oxygen is readily applicable in studies 
requiring repetitive assessments, such as those with an acute pharmacologic interven-
tion. Its major disadvantage is the need for a multiple-tracer study and fairly complex 
compartmental modeling to obtain the measurements. Despite these limitations, the 
15O-oxygen method has provided unique insights into the changes in MVO2 that occur 
in a variety of abnormal cardiac conditions.17,18

Carbon-11 Acetate

Currently PET using carbon-11 acetate (11C-acetate) is the most accurate and com-
monly used method of measuring MVO2 noninvasively. Once taken up by the heart, 
acetate, a 2-carbon-chain free fatty acid, is rapidly converted to acetyl-coenzyme A 
(acetyl-CoA). The primary metabolic fate of acetyl-CoA is metabolism through the 
tricarboxylic acid cycle. Because of the tight coupling of the tricarboxylic acid cycle 
and oxidative phosphorylation, the myocardial turnover of 11C-acetate refl ects overall 
fl ux in the tricarboxylic acid cycle and, thus, overall oxidative metabolism or MVO2.
When biexponential curve fi tting is used to measure the myocardial kinetics of the 
tracer, the rate constant k1, which describes the myocardial clearance of 11C activity 
(in the form of 11CO2), correlates closely and directly with MVO2 over a wide range 
of conditions.19–21 This method has been simplifi ed further to measure the clearance 
from the linear portion of the myocardial time-activity curve (kmono).19 Because of the 
relative simplicity of curve fi tting, it is the most commonly used method to measure 
the myocardial kinetics of 11C-acetate.

Exponential curve fi tting of myocardial 11C-acetate to estimate MVO2 is susceptible 
to errors due to several factors. The curve fi tting is sensitive to the shape of the time-
activity curve in the blood. Thus, the accuracy of this method is affected not only by 
the injection technique but also by cardiac output and the amount of tracer recircula-
tion.22,23 The sensitivity of exponential curve fi tting to this effect is more pronounced 
with the monoexponential, as opposed to the biexponential, fi tting method.23 A second 
potential disadvantage is that curve fi tting may be sensitive to spillover effects from 
either the blood or the lungs. If signifi cant, this would lead to an underestimation of 
the myocardial clearance of tracer and, again, an underestimation of MVO2. Although 
it is not typically a problem in normal hearts, spillover may become a problem in situ-
ations in which recirculation of tracer may be signifi cant or in which lung activity is 
increased, as may be seen in patients with marked left ventricular dysfunction. Finally, 
the curve-fi tting method provides only an estimate of MVO2. Absolute values of 
MVO2 (in µmol/g−1/min−1) are obtained from kmono based on the relationship between 
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these two values measured directly in either dogs or humans. However, this relation-
ship has usually been measured under normal physiologic conditions. It is unknown 
whether the relationship between kmono and MVO2 is altered under abnormal condi-
tions, in which marked alterations could occur in the shape of the blood curve.

To circumvent many of these problems, compartmental modeling of myocardial 
11C-acetate kinetics has been developed. Compartmental modeling takes into account 
the effects of variability on the blood curve and spillover from the blood pool and 
lung fi elds and usually estimates MVO2 directly, rather than converting rate constants 
to MVO2 using a previously measured relationship. Indeed, measurements of MVO2

have been shown to be more accurate when the compartmental modeling method is 
used as opposed to exponential curve fi tting.23 However, this method is more complex 
and time-consuming. The blood curve must be corrected for 11CO2 so that an accurate 
measurement of 11C-acetate blood activity is obtained. Other physical factors, such as 
underestimation of true tissue activity due to partial volume effects, can signifi cantly 
degrade the accuracy of the estimates obtained with compartmental modeling. Finally, 
because of the number of parameters being estimated, the need for high-quality 
dynamic data is greater with compartmental modeling than with exponential curve 
fi tting. Despite these complexities, numerous groups have used compartmental model-
ing of myocardial 11C-acetate kinetics to measure MVO2 in a variety of normal and 
abnormal cardiac states.24–26

Hypoxic Agents

Fluoromisonidazole is a nitroimidazole, a class of compounds with high electron effi -
ciency that serve as radiosensitizers of tissue hypoxia. It is believed that after passive 
diffusion into the myocyte, the nitroimidazole undergoes nitro-reduction in the cyto-
plasm. If adequate oxygen tension is present intracellularly, the process is reversible 
and the nitromidazole diffuses out of the cell. If there is an oxygen defi cit, the nitro-
reduction continues with subsequent irreversible binding of the products of this 
process to intracellular macromolecules. Consequently, the tracer will accumulate 
in hypoxic but still viable tissue. In contrast, tracer accumulation will not occur in 
normal tissue (because of normal oxygen tension) or in necrotic tissue (because it 
lacks the necessary enzymes to complete the nitro-reductive process). Results of 
experimental and clinical studies show differences that can be imaged between normal 
and hypoxic tissues using the PET agent 18F-fl uoromisonidazole.27–30 Unfortunately, 
nitroimidazole-based agents suffer from two disadvantages, low cellular uptake 
and slow normal-tissue clearance, requiring long periods between injection and 
imaging.27,30,31 Copper(II)-diacetyl-bis(N4-methylthiosemicarbazone) (Cu-ATSM) is 
in a class of copper bis(thiosemicarbazones) that have been evaluated in vitro and 
display uptake that is hypoxia selective.32–34 Studies using an acute myocardial infarc-
tion rat heart model, in which oxygen concentration can be controlled, showed that 
specifi c retention of 64Cu-ATSM is due to oxygen depletion.33 In intact dog hearts, 
Cu-ATSM has shown selective quantitative uptake in myocardium subjected to 
hypoxia from diverse etiologies such as reduced blood fl ow, excessive myocardial 
work, or reduced arterial oxygen tension.35

PET Tracers of Fatty Acid Metabolism

Carbon-11 Palmitate

Palmitate is a fatty acid that represents approximately 25% of the long-chain fatty 
acids circulating in the blood. It can be readily labeled with 11C in the 1-carbon posi-
tion and has been used extensively in experimental and clinical studies.36 Carbon-11 
palmitate (11C-palmitate) is extracted rapidly by normal myocardium.37 There is an 
initial vascular transit phase followed by the biexponential clearance of the tracer 
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from the myocardium. The initial clearance rate refl ects primarily β-oxidation, 
whereas the slower rate refl ects primarily incorporation of the tracer into slow-
turnover triglyceride pools.37,38 However, the reliability of the relationship between 
the initial clearance rate and β-oxidation is reduced under conditions of ischemia due 
to enhanced backdiffusion out of the cytoplasm of nonmetabolized substrate.39 To 
circumvent this problem, a compartmental model for the quantifi cation of myocardial 
fatty acid metabolism has been developed and validated. In this model, palmitate 
enters the cytosol from the vascular pool and can proceed either into the mitochondria 
for β-oxidation or into a slow-turnover pool, which represents incorporation of fatty 
acid into triglycerides, phospholipids, or amino acids. Quantifi cation of myocardial 
fatty acid oxidation with this technique requires determination of plasma fatty acid 
levels, myocardial perfusion, and the rate of conversion of palmitate to 11CO2. This 
model has been validated in an animal model under a wide range of metabolic condi-
tions and workloads; rates of fatty acid utilization correlated well with those measured 
with arterial-coronary sinus sampling.40

Fatty Acid Analogues

Due to the complexity of myocardial 11C-palmitate kinetics, a number of fatty acid 
analogues with less complex metabolic fates have been developed. The 6-thia fatty 
acid analog 14(R,S)-[18F]fl uoro-6-thia-heptadecanoic acid (FTHA) was developed as 
a metabolically trapped tracer of β-oxidation for the myocardium.41,42 In addition to 
incorporating a tracer with a more practical half-life than 11C, FTHA demonstrates 
prolonged retention, allowing for quantitative determinations of myocardial fatty acid 
oxidation by the Patlak graphical analysis method.43 Initial studies with FTHA have 
demonstrated that it is metabolically retained in the myocardium and that excellent 
image quality can be obtained both in normal humans and in those with coronary 
artery disease.43–45 Experimental validation has demonstrated that FTHA trapping 
corresponds to fatty acid oxidation under a variety of conditions; however, this tech-
nique does not demonstrate the expected decrease in β-oxidation due to hypoxic 
conditions.46 A newer 4-thia fatty acid analog, 16-[18F]fl uoro-4-thia-hexadecanoic acid 
(FTP), shows metabolic trapping similar to that of FTHA, with excellent sensitivity 
to the reduction in β-oxidation rates seen with hypoxia.47 Though results with experi-
mental models are promising, human studies are still pending.

PET Tracers of Carbohydrate Metabolism

Fluorine-18 FDG

Most studies of myocardial glucose metabolism with PET have used the glucose ana-
logue fl uorodeoxyglucose labeled with fl uorine-18 FDG (18F-FDG). Fluorine-18 FDG 
competes with glucose for facilitated transport into the sarcolemma, then with hexo-
kinase for phosphorylation. The resultant 18F-FDG-6-phosphate is trapped in the 
cytosol; its phosphorylation is assumed to be nonreversible because it is a poor sub-
strate for further metabolism by either glycolytic or glycogen-synthetic pathways. The 
myocardial uptake of 18F-FDG activity is thought to refl ect overall anaerobic and 
aerobic myocardial glycolytic fl ux.48,49 However, it should be noted that the concept 
that 18F-FDG retention in myocardium is irreversible has been recently challenged. In 
dog hearts studied under conditions of high myocardial glucose use, 18F-FDG egress 
was demonstrated as early as 9 minutes after tracer injection.50 These results provided 
in vivo confi rmation of observations obtained in perfused rabbit septa nearly 20 years 
earlier.51 The reversible trapping resulted in nonlinear Patlak plots and signifi cant 
decreases in the accuracy of the estimates of myocardial glucose utilization. In addi-
tion, acidic 18F-FDG metabolites were noted in the blood, although their presence had 
little effect on the accuracy of the Patlak measurements of myocardial glucose use. As 
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is the case with 11C-palmitate, myocardial uptake of 18F-FDG depends on the pattern 
of substrates presented to the myocardium as well as the hormonal milieu.52 The pre-
ferred dietary state of patients to be studied depends on the metabolic question being 
addressed. For example, glucose loading is preferred to identify viable myocardium in 
zones of mechanical dysfunction because ischemic but viable tissue will accumulate 
18F-FDG, whereas necrotic tissue or scar will not take up this tracer. Conversely, to 
detect the metabolic sequelae of ischemia in myocardium with normal contractile 
function (for example, after exercise induction of ischemia), the fasted state is pre-
ferred to accentuate the difference between ischemic tissue with increased accumula-
tion of 18F-FDG and normal tissue with less uptake. The substrate environment can 
be further standardized by performing such studies under conditions of hyperinsulin-
emic-euglycemic clamp, which minimizes changes in the plasma levels of free fatty 
acids, insulin, and glucose during myocardial 18F-FDG imaging.53 Despite fastidious 
attention being paid to optimizing the substrate environment for myocardial 18F-FDG 
imaging, uninterpretable images may still be obtained in 10% to 15% of cases.

Regional myocardial glucose utilization can be assessed in either relative or abso-
lute terms (i.e., in nmol/g−1/min−1). To obtain images of relative myocardial 18F-FDG 
uptake, image acquisition typically occurs ∼45 to 60 minutes after the administration 
of 18F-FDG to allow adequate time for uptake and phosphorylation of the tracer. 
When quantifi cation of the rate of myocardial glucose metabolism is necessary, 
dynamic scanning is initiated concurrent with the administration of the tracer and 
continued for ∼1 hour. Quantifi cation can then be performed by either a compartmen-
tal modeling approach or by Patlak graphic analysis of myocardial 18F-FDG kinet-
ics.54–56 Quantitative assessment of myocardial glucose uptake with PET demonstrates 
heterogeneity in glucose uptake: glucose uptake is higher in the posterolateral than 
it is in the septum and anterior wall. This disparity is most pronounced under condi-
tions of low myocardial glucose use. These fi ndings are independent of the level of 
perfusion or oxidative metabolism, suggesting that the proportional contributions of 
substrates to overall oxidative metabolism may differ in various parts of the left ven-
tricular myocardium (Figure 17.3).52,57,58

Because 18F-FDG is an analog of glucose, its initial uptake and phosphorylation 
differ from those of glucose. As such, a correction factor that accounts for these dif-
ferences, called the lumped constant, must be known to accurately quantify myocar-
dial glucose utilization with 18F-FDG. However, the lumped constant can vary with 
the availability of insulin and fatty acids in plasma and with the level of perfusion.59–63

An approach has been devised to correct for these factors, but the accuracy of this 
method has been validated only in isolated perfused hearts.64 Other disadvantages of 
18F-FDG include the limited metabolic fate of 18F-FDG in tissue, precluding determi-
nation of the metabolic fate (i.e., glycogen formation vs glycolysis) of the extracted 
tracer and glucose, and limitations on the performance of serial measurements of 
myocardial glucose utilization because of the relatively long physical half-life of 18F. 
On the other hand, the myocardial kinetics of 18F-FDG have been well characterized, 
the acquisitions scheme is relatively straightforward, and its production has become 
routine owing in part to the rapid growth of its clinical use in oncology; as such, it 
remains the most widely used tracer for determination of myocardial glucose 
metabolism.

Carbon-11 Glucose

More recently, quantifi cation of myocardial glucose utilization has been performed 
with PET using glucose radiolabeled in the 1-carbon position with 11C (11C-glucose). 
PET with 11C-glucose offers several advantages over PET with 18F-FDG for quantify-
ing glucose use: (1) as glucose has been labeled with 11C, its metabolic fate is identical 
to that of glucose, obviating the need for the lumped constant correction factor and 
potentially assessing the metabolic fate of extracted glucose; (2) a compartmental 
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model to accurately characterize the kinetics of this tracer has been developed and; 
(3) its relatively short physical half-life allows for serial measurements of myocardial 
glucose utilization.65 It has been demonstrated that, over a wide range of plasma sub-
strate and insulin availability and levels of cardiac work, myocardial uptake of 11C-
glucose more closely paralleled glucose uptake by arterial-coronary sinus sampling 
than did uptake measured with 18F-FDG (Figure 17.4).66 As a consequence, measure-
ments of myocardial glucose utilization were more accurate with 11C-glucose than with 
18F-FDG. Results of preliminary studies suggest that this model can be modifi ed to 
determine the fraction of extracted glucose that enters slow-turnover pools such as 
glycogen and the fraction that is metabolized via glycolytic/oxidative pathways.67

However, compartmental modeling is more demanding with 11C-glucose than it is with 
18F-FDG. The arterial input function must be corrected for the production of 11CO2

and 11C-lactate, the synthesis of this tracer is fairly complex, and the short physical 
half-life of 11C requires an on-site cyclotron.

Carbon-11 Lactate and Pyruvate

Both 11C-labeled lactate and pyruvate have been used to assess myocardial intermedi-
ary metabolism; however, the metabolic fates of these tracers are quite complex.68
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FIGURE 17.3. Midventricular PET reconstructions from a normal subject. The tomograms 
depicted in the upper panels were obtained after the intravenous administration of 18F-FDG. 
Those in the bottom panels were obtained after the intravenous administration of 11C-acetate. 
The left-side panel images were acquired after a 5- to 8-hour fast; those in the right-side panels 
were acquired after administration of glucose. The subject’s left is represented by the right side 
in the image. In the fasting state, marked heterogeneity of the accumulation of 18F-FDG is 
evident. It was attenuated markedly after administration of glucose. Accumulation and clear-
ance of 11C-acetate are homogenous with both fasting and feeding. (Reprinted by permission of 
the Society of Nuclear Medicine from RJ Gropler, BA Siegel, KJ Lee, SM Moerlein, DJ Perry, 
SR Bergmann, and EM Geltman. Nonuniformity in myocardial accumulation of fl uorine-18-
fl uorodeoxyglucose in normal fasted humans. J Nucl Med. 1990;31:1749–1756. Figure 2.)
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FIGURE 17.4. Correlation in dog hearts between Fick-
derived (x-axis) measurements of the rate of myocardial 
glucose utilization (rMGU) and PET-derived (y-axis) 
rMGU using (A) 1–11C-glucose, (B)18F-FDG before 
correcting PET values for the lumped constant (LC), 
(C) 18F-FDG after correcting PET values by the LC, 
and (D) 18F-FDG after correcting PET values by a vari-
able LC (LCv) that accounts for varying substrate, hor-
monal, and work environments. Correlation with 
Fick-derived values was signifi cantly close when 1–11C-
glucose (A), as opposed to 18F-FDG was used, regard-
less of whether an LC was used or the type of LC 
used (B-D). (Reprinted by permission of the Society of 
Nuclear Medicine from Pilar Herrero, Terry L. Sharp, 
Carmen Dence, Brendan M. Harden, and Robert J. 
Gropler. Comparison of 1-11C-Glucose and 18F-FDG 
for Quantifying Myocardial Glucose Use with PET. J 
Nucl Med. 2002;43:1530–1541. Figure 4.)
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Lactate metabolism in the heart correlates with serum lactate level at rest, but this 
relationship may vary with exercise or ischemia. Recently, a multicompartment model 
was developed for the assessment of myocardial lactate metabolism using PET and 
L-3[11C] lactic acid. Under a wide variety of conditions, PET-derived extraction of 
lactate correlated well with lactate oxidation measured by arterial and coronary sinus 
sampling.69 This model may help delineate the clinical role of lactate metabolism 
in a variety of pathological conditions such as diabetes mellitus and myocardial 
ischemia.

Research Contributions

“Healthy” Aging

Aging has several deleterious effects on the heart: with senescence, there is impair-
ment in diastolic fi lling and in systolic reserve capacity as well as blunted inotropic 
and chronotropic responses to certain β-adrenergic agonists. In both mouse and rat 
experimental models of aging, the contribution of fatty acid oxidation to overall myo-
cardial substrate metabolism declines with age.70,71 It appears that the cause for the 
decrease in fatty acid oxidation is multifactorial, including changes in mitochondrial 
lipid content, lipid composition and protein interactions as well as oxygen free radical 
injury, a decline in carnitine palmitoyltransferase-1 activity (CPT-1), the rate-limiting 
enzyme for mitochondrial long-chain fatty acid uptake, and age-related decline in 
myocardial PPARα transcript and protein levels.72,73 Using PET, an age-related 
decrease in fatty acid metabolism and a relative increase in glucose utilization have 
been demonstrated (Figure 17.5).74 Moreover, older individuals are not able to increase 
glucose utilization in response to β-adrenergic stimulation with dobutamine to the 
same extent as younger individuals. This impaired metabolic response may represent 
a stress-related energy deprivation state in the aging heart or potentially indicate that 
the heart is more susceptible to injury during periods of ischemia.75

Effects of Estrogen

Ovarian hormones have also been implicated in regulation of myocardial substrate 
metabolism. Estrogen supplementation in isolated working hearts from ovariecto-
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mized rats demonstrates increased myocardial fatty acid oxidation that parallels 
impaired postischemic recovery.76 Abnormalities in cardiac lipid metabolism in male 
mice defi cient in PPARα were improved by the chronic administration of estrogen.77

Myocardial blood fl ow, MVO2, as well as glucose and fatty acid metabolism, were 
examined retrospectively using PET in postmenopausal women taking estrogen, 
estrogen and progesterone, or no hormone replacement and in age-matched men. 
Postmenopausal women on hormone replacement therapy containing estrogen dem-
onstrated higher levels of myocardial fatty acid utilization and oxidation when com-
pared to age-matched men and showed a trend toward higher fatty acid metabolism 
when compared to women not on hormone replacement. The increase in myocardial 
fatty acid utilization due to estrogen was likely secondary to a combined peripheral 
effect and direct myocardial effect. Moreover, the results of the study suggested that 
progestins attenuate the metabolic effects of estrogen.78 Further studies are needed 
to verify these preliminary results and determine their clinical signifi cance.

Hypertension and LV Hypertrophy

Several lines of evidence suggest a linkage between abnormalities in myocardial fatty 
acid metabolism and left ventricular hypertrophy. Initial observations obtained in 
children in whom genetic defects in the enzymatic pathways critical for myocardial 
fatty acid oxidation caused left ventricular hypertrophy.79 More recently, a mutation 
in the gene encoding a regulatory subunit of adenosine monophosphate–activated 
protein kinase (AMPK) was found to be associated with hypertrophic cardiomyopa-
thy.80 Given that AMPK is another key regulator of β-oxidation, this provided further 
evidence for linkage between reduced myocardial fatty acid oxidation and left ven-
tricular hypertrophy. Interventions in animals that involve inhibition of mitochondrial 
fatty acid β-oxidation result in cardiac hypertrophy.81 In addition, numerous animal 
models of pressure-overload left ventricular hypertrophy have shown a reduction in 
the expression of β-oxidation enzymes, leading to a fall in myocardial fatty acid oxida-
tion and an increase in glucose use.12,82,83 Finally, a recent study in humans linked an 
Intron 7 G/C PPARα gene polymorphism to alterations in the hypertrophic pheno-
type. Hypertensive male patients with the PPARα CC polymorphism had a hypertro-
phic response signifi cantly greater than those with the more common GG or GC 
genotypes, a fi nding that was independent of blood pressure control.84

PET with 11C-palmitate in humans has shown that myocardial fatty acid oxidation 
is an independent predictor of left ventricular mass in hypertension.85 That is, as left 
ventricular mass increases, there is a decline in myocardial fatty acid metabolism. This 
is the fi rst confi rmation in humans that the same downregulation in myocardial fatty 
acid metabolism occurs with hypertrophy. Another unique application of PET meta-
bolic imaging has been in the measurement of energy transduction in normal and 
diseased myocardium. By combining measurements of left ventricular myocardial 
external work (either by echocardiography or right heart catheterization) with mea-
surements of MVO2 performed by PET with 11C-acetate or 15O-oxygen, it is possible 
to estimate cardiac effi ciency.86 Using this approach in patients with hypertension-
induced left ventricular hypertrophy has shown that the transition from hypertension 
alone, where MVO2 per gram of tissue is elevated, to hypertension with hypertrophy 
is associated with normalization in MVO2 per gram of tissue. However, this adaptation 
is at the expense of reduced myocardial effi ciency, which may increase the potential 
for the development of heart failure.17

Nonischemic Cardiomyopathy

In addition to left ventricular hypertrophy, alterations in myocardial substrate metab-
olism have been implicated in the pathogenesis of contractile dysfunction and heart 
failure. Animal models of heart failure have shown that in the progression from 
cardiac hypertrophy to ventricular dysfunction, the expression of genes encoding for 
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enzymes regulating α-oxidation is coordinately decreased, resulting in a shift in myo-
cardial substrate metabolism to primarily glucose use, similar to that seen in the fetal 
heart.13,82,83,87–89 These metabolic changes are paralleled by reexpression of fetal iso-
forms in a variety of contractile and calcium regulatory proteins program.13,90–92 The 
reactivation of the metabolic fetal gene program may have detrimental consequences 
on myocardial contractile function. The decline in myocardial fatty acid oxidation is 
paralleled by increased myocardial utilization of oxygen-sparing glycolytic pathways 
for the production of high-energy phosphates. Although this allows for reduced oxygen 
demands in the failing heart, the reliance of the myocardium on glucose may produce 
a relatively energy-defi cient state that over a long time may result in decreased con-
tractile performance.93–95 Theoretically, the inability to metabolize fatty acids in the 
presence of increased fatty acid delivery may be associated with accumulation of 
nonoxidized toxic fatty acid derivatives, resulting in lipotoxicity and left ventricular 
dysfunction.96 It should be noted that alterations in myocardial substrate use are now 
becoming attractive targets for novel treatments for heart failure. For example, it has 
been proposed that the presence of insulin resistance in heart failure patients further 
exacerbates the myocardial metabolic derangements because of the myocardial prefer-
ence for glucose as an energy substrate. This in turn can limit adenosine triphosphate 
(ATP) production and lead to an energy-defi cient state. Recently it has been shown 
that administration of glucagonlike peptide-1, an insulin sensitizer, results in increased 
myocardial insulin sensitivity and glucose uptake in an animal pacing model of heart 
failure.97 Moreover, these metabolic changes were paralleled by dramatic improve-
ment in left ventricular mechanical function. Similarly, the administration of pyruvate 
improved the contractile performance of failing human myocardial muscle strips 
by increasing intracellular Ca2+ transients as well as myofi lament Ca2+ sensitivity.98

The proposed mechanism for this improvement was to stimulate glucose oxidation via 
the activation of pyruvate dehydrogenase complex.

Early studies of myocardial metabolism assessed patients with heart failure by using 
PET to estimate the clearance rates of long-chain fatty acid tracers such as 11C-pal-
mitate.99–101 Decreased rates of β-oxidation were shown in patients with myocardial 
long-chain acyl-CoA dehydrogenase genetic defects.101 Furthermore, the extent of 
impaired clearance of 11C-palmitate was shown to correlate with clinical severity. 
Studies using compartmental modeling of myocardial 11C-palmitate and 11C-glucose 
kinetics have shown that myocardial fatty acid uptake and oxidation are lower in 
patients with nonischemic dilated cardiomyopathy when compared with age-matched 
controls (Figure 17.6). In contrast, myocardial glucose utilization was higher in the 
cardiomyopathic patients. The metabolic fi ndings cannot be explained by differences 
in plasma substrates or insulin, blood fl ow, or MVO2.102 Others have used PET with 
FTHA and 18F-FDG to show that patients with heart failure exhibit increased rates 
of myocardial fatty acid uptake and lower rates of myocardial glucose uptake.103,104

These results are in contradiction to those listed above. The differences likely refl ected 
the inclusion of patients with ischemic cardiomyopathy and the lack of a control group 
in this study.

Combining PET measurements of MVO2 with echocardiographic measurements of 
myocardial work has demonstrated that myocardial effi ciency is improved in patients 
with heart failure with both exercise training and cardiac resynchronization therapy, 
implicating improved myocardial energetics as a potential mechanism.105,106 A study 
with PET and 18F-FDG in patients with dilated cardiomyopathy and left bundle 
branch block demonstrated a septal reduction in glucose uptake that is not matched 
by a regional reduction in perfusion. Moreover, treatment with resynchronization 
therapy resulted in homogenization of this unbalanced glucose metabolism.107 Treat-
ment with the selective β-blocker metoprolol also leads to a reduction in oxidative 
metabolism and an improvement in cardiac effi ciency in patients with left ventricular 
dysfunction.108 In patients with dilated cardiomyopathy, the percentage of glucose 
uptake, as measured by 18F-FDG PET, can be used as a predictor for the effectiveness 
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of β-blocker therapy.109 Thus, cardiac PET can be used to study both the mechanism 
and the effectiveness of treatment in cardiomyopathy.

Diabetes

Diabetes mellitus is associated with increased cardiac morbidity and mortality.110 Addi-
tionally, cardiomyopathy occurs commonly in diabetics independent of known risk 
factors such as coronary artery disease or hypertension.111 Evidence is emerging that 
diabetic cardiomyopathy may be related to derangements in myocardial energy metab-
olism.112,113 In diabetes, glucose utilization is markedly reduced and fatty acids account 
for 90% to 99% of MVO2, as opposed to 50% to 70% as observed in nondiabetics.113,114

Furthermore, the heart’s capacity to switch energy substrates becomes constrained. 112,113

This dependence on fatty acid metabolism can be attributed to multiple mechanisms, 
including (1) The presence of high plasma levels of fatty acid enhancing both myocar-
dial fatty acid utilization and triacylglycerol formation; (2) the presence of hypoinsu-
linemia causing subcellular (microsomal) localization of the glucose transporter 
GLUT-4 and decreased acetyl-CoA carboxylase activity; and (3) the combined effects 
of high cytosolic fatty acids and hypoinsulinemia reducing the activity of pyruvate 
dehydrogenase complex.115,116 With the increase in myocardial fatty acid metabolism, 
there is an overall decline in glucose metabolism. Both insulin-mediated glucose trans-
port and glucose transporter expression decline in diabetes mellitus.117,118 However, 
rates of myocardial glucose uptake are frequently normal due to the presence of hyper-
glycemia.119 Further metabolism of extracted glucose declines. The increase in fatty 
acid uptake results in increased citrate levels that inhibit phosphofructokinase. Glucose 
oxidation is inhibited at the level of pyruvate dehydrogenase complex due to increased 
mitochondrial acetyl-CoA levels and the phosphorylation of pyruvate dehydrogenase 
kinase 4 by PPARα activation.120,121 Consequently, the maintenance of myocardial 
glucose uptake but a decrease in downstream metabolism results in an accumulation 
of glucose metabolites.122,123 Potential detrimental effects associated with this shift in 
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FIGURE 17.6. Myocardial fatty acid and glucose metabolism in idiopathic dilated cardiomy-
opathy (IDCM). Patients with IDCM exhibited signifi cantly lower rates of myocardial fatty 
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metabolism include impaired mechanical function due to the inability to increase 
glucose metabolism in response to increased myocardial work, myocardial lipid accu-
mulation or lipotoxicity leading to disruption of cell membranes, electrical instability 
and apoptosis, and a greater sensitivity to myocardial ischemia.124–126

The potential mechanisms underlying diabetic cardiomyopathy have been studied 
in transgenic mice. Mice with cardiac-restricted overexpression of PPARα (MHC-
PPAR) demonstrate a metabolic phenotype that is similar to diabetic hearts. Small 
animal PET studies with 11C-palmitate and 18F-FDG in these mice demonstrate an 
increase in the rates of fatty acid uptake and oxidation and an abnormal suppression 
of glucose uptake and oxidation (Figure 17.7). These changes occurred in tandem with 
activated gene expression of the myocardial fatty acid utilization pathway and recipro-
cal myocardial glucose transport and oxidation. Moreover, the MHC-PPAR hearts 
with the highest level of transgene expression developed left ventricular chamber 
dilation and systolic ventricular dysfunction. These data suggest that the metabolic 
shifts in the diabetic heart are maladaptive and contribute to cardiac dysfunction.127

Myocardial glucose uptake and fatty acid uptake and β-oxidation have been 
characterized in patients with type 1 diabetes mellitus by PET with 11C-glucose and 
11C-palmitate, respectively. When compared to normal controls, individuals with 
insulin-dependent diabetes mellitus demonstrate decreased glucose uptake and a 
reciprocal increase in fatty acid uptake and oxidation.128 In the setting of euglycemia 
and physiological plasma insulin levels, the percentage of extracted fatty acid that is 
oxidized is increased when compared to normoglycemic controls.128,129 However, myo-
cardial glucose utilization, as measured by PET with 18F-FDG, can be normalized by 
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instituting a hyperinsulinemic-euglycemic clamp.130,131 Potential explanations for this 
discrepancy include differences in the levels of plasma insulin achieved (higher with 
the hyperinsulinemic-euglycemic clamp), different duration and severity of type 1 
diabetes mellitus in the patients studied, or differences in the accuracy of PET mea-
surements of myocardial glucose utilization with 18F-FDG compared with 1–11C-
glucose.66 Of note, clinical studies with PET and 18F-FDG have shown that individuals 
with type 2 diabetes also demonstrate a reduced glucose uptake that is further exac-
erbated by hypertriglyceridemia.132,133

The increased plasma fatty acid and triglyceride levels are attractive targets to 
reduce the overdependence of the myocardium on fatty acid metabolism and perhaps 
to improve energetics and function of the left ventricle. For example, PET and 18F-
FDG studies in patients with type 2 diabetes mellitus before and 26 weeks after treat-
ment with the PPARγ-agonist rosiglitazone demonstrated nearly a 40% increase in 
myocardial glucose utilization, which was attributed in large part to suppression of 
plasma fatty acid levels.134 Thus, PET metabolic imaging can potentially be used to 
follow the effects of therapies designed to alter myocardial substrate metabolism in 
patients with diabetes mellitus.

Obesity-Insulin Resistance

There is compelling evidence obtained in experimental literature on obesity to suggest 
that signifi cant increases in body mass index (BMI) induce marked increases in 
myocardial fatty acid metabolism. In either dietary-induced or transgenic models of 
obesity, myocardial fatty acid uptake and oxidation are signifi cantly increased.135–138

This increase, at least initially, refl ects the increase in fatty acid delivery to the heart 
due to increased lipolysis from both visceral/abdominal and subcutaneous fat stores. 
Similar to diabetes mellitus, the increased delivery of fatty acids likely initiates a 
cascade of events that lead to increased fatty acid metabolism. Ultimately, fatty acid 
uptake may exceed oxidation, leading to extracted fatty acids entering nonoxidative 
pathways and most likely initially forming triglycerides. Moreover, the progression 
from insulin resistance to glucose intolerance to frank diabetes mellitus could also 
increase the likelihood of fatty acids entering nonoxidative pathways. The accumula-
tion of the neutral fats or triglycerides may ultimately become detrimental.135

Imaging of obese young women with PET and 11C-acetate and 11C-palmitate has 
demonstrated that an increase in BMI is associated with a shift in myocardial sub-
strate metabolism toward greater fatty acid use. Moreover, this dependence on myo-
cardial fatty acid metabolism increased with worsening insulin resistance.139 Paralleling 
the preferential use of fatty acids was an increase in MVO2 and a decrease in energy 
transduction. These fi ndings suggest that metabolic changes in obesity may play a role 
in the pathogenesis of cardiac dysfunction.

Coronary Artery Disease

As mentioned previously, under conditions of mild to moderate myocardial ischemia, 
oxidation of fatty acids ceases and glucose becomes the primary substrate for both 
increased anaerobic glycolysis and continued, albeit diminished, oxidative metabo-
lism. The energetic advantage of incremental glucose utilization arises from the fact 
that although fatty acid oxidation yields more ATP than glycolysis under aerobic 
conditions, it does so at the expense of greater oxygen consumption.140 Therapeutic 
interventions aimed at a shift of myocardial substrate utilization toward glucose 
metabolism may therefore be expected to offer benefi t in those with coronary artery 
disease. PET has been used to study some of these “metabolic” agents that are cur-
rently available. For example, trimetazidine is a substituted piperazine that has 
been shown in several clinical trials to reduce angina and increase exercise capacity 
and systolic thickening in patients with ischemic heart disease. Although the exact 
mechanism has not been delineated, isolated heart models indicate that it exerts its 
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antianginal effect by reducing the rate of fatty acid oxidation and increasing glucose 
oxidation.140 An in vivo study using PET and 18F-FDG demonstrated that trimetazi-
dine further increases glucose utilization in ischemic myocardium without altering 
overall oxidative metabolism, suggesting a similar decrease in fatty acid oxidation.141

In myocardial infarction, PET has been shown to accurately identify, localize, and 
quantify the extent of infarction by measurements of either myocardial fatty acid or 
glucose or oxidative metabolism.142–146 For example, the size of infarction quantifi ed 
by PET and 11C-palmitate correlated closely with enzymatic estimates of infarct size 
both in experimental animals and in humans.142,146 The salutary effects on myocardial 
metabolism of timely reperfusion have been demonstrated with this method.147,148

Furthermore, the importance of preserved myocardial oxidative metabolism as both 
a descriptor and a determinant of the capacity for functional recovery of myocardium 
subjected to ischemia and reperfusion has been demonstrated.149

Summary Points

• The successful growth of PET metabolic imaging will require advances in several 
areas. First, there will be a need for continued improvement in instrumentation 
design, both at the human level and at the level of imaging of small animals.

• Advances in PET detector design and postdetector electronics will result in improved 
counting statistics that should improve the ability to perform more complex com-
partmental modeling, permitting more complete characterization of the metabolism 
for a given substrate.

• Rapid advances are occurring in small animal imaging, with PET systems achieving 
a spatial resolution <1 mm. Moreover, smaller hybrid systems such as PET/MRI are 
being developed that will permit the near-simultaneous assessment of perfusion 
(with MRI) and metabolism (PET).

• A key need is the development of new radiopharmaceuticals that will provide a 
more comprehensive understanding of myocardial substrate metabolism. New 
radiopharmaceuticals are required to image “upstream” at key regulation sites such 
as for substrate transport (i.e., GLUT 1 and GLUT 4) or substrate switching (i.e., 
AMPK or PPARα). Others are needed for the interrogation of other key aspects 
of carbohydrate metabolism such as lactate or pyruvate metabolism.

• Similarly, radiopharmaceuticals are needed to delineate the differential contribu-
tion of plasma triglycerides and fatty acids to myocardial fatty acid metabolism.

• Novel radiopharmaceuticals also need to be developed that assess the downstream 
effects of altered myocardial substrate use, such as the activation of the nitric oxide 
system or the induction of apoptosis.

• Ultimately, radiopharmaceuticals labeled with longer-lived PET radionuclides 
(18F = ∼110 minutes or 76B = ∼16 hours) that image the relevant metabolic pathways 
will need to be developed. In this way, large-scale trials can be performed that 
assess the diagnostic accuracy and prognostic value of a metabolic pathway or evalu-
ate the effi cacy of a new therapy designed to manipulate myocardial substrate use.
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Left ventricular (LV) function is a well-established and powerful predictor of outcome 
after myocardial infarction (MI).1 Indeed, the occurrence of severe LV systolic dys-
function (i.e., LV ejection fraction <35%) post-MI, especially when combined with 
heart failure, is associated with very poor survival if treated with medical therapy 
alone.2 In selected patients, high-risk surgical revascularization appears to afford 
long-term survival benefi t.3 However, selection of patients with severe LV dysfunction 
for high-risk revascularization remains controversial.

In some patients with coronary artery disease (CAD), LV dysfunction results from 
myocardial infarction with attendant necrosis and scar formation. However, it is now 
clear that in many patients, such myocardial dysfunction may be reversible with revas-
cularization; this condition is otherwise referred to as hibernating4 and/or stunned5

myocardium. Consequently, the distinction of LV dysfunction caused by fi brosis from 
that arising from viable but dysfunctional myocardium is a diagnostic issue with 
important implications for patients with low ejection fraction. In these patients, severe 
heart failure may be attributed to severe, widespread hibernation or stunning (or 
both) rather than to necrosis of a critical mass of myocardium.6 Failure to identify 
patients with these potentially reversible causes of heart failure may lead to progres-
sive cellular damage, heart failure, and death.

Pathophysiology of Ischemic LV Dysfunction

For many years, the presence of chronic LV dysfunction occurring at rest in patients 
with CAD was thought to represent myocardial infarction and, thus, irreversible 
damage. However, it is now clear that myocardium that has been subjected to acute 
or chronic ischemia may remain viable and demonstrate prolonged alterations in 
regional and global LV function that can be improved with revascularization. Such 
reversible contractile dysfunction may be caused by myocardial stunning5 or 
hibernation.4

Myocardial stunning is a reversible state of regional contractile dysfunction that 
can occur after restoration of coronary blood fl ow following a brief episode of isch-
emia despite the absence of necrosis.5 Stunned myocardium has been described in 
animals7 and subsequently documented in humans,8 where it is considered to play a 
role in the prolonged contractile dysfunction seen in patients undergoing reperfusion 
therapy for acute myocardial infarction, following attacks of unstable angina, and in 
some patients with exercise-induced ischemia.8 Although commonly regarded as an 
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acute phenomenon, stunned myocardium may also occur in patients with chronic 
coronary stenoses who experience recurrent episodes of ischemia (symptomatic or 
asymptomatic) in the same territory.8 The latter mechanism is probably the most 
common form of stunning in patients with chronic LV dysfunction due to CAD. Myo-
cardial stunning is considered a form of reperfusion injury, whereby reintroduction 
of oxygen after a period of ischemia induces a transient calcium overload that damages 
the contractile apparatus.9 The postischemic contractile abnormality is fully reversible 
provided that recurrent ischemia (followed by stunning) does not occur and suffi cient 
time is allowed for the myocardium to recover.

Myocardial hibernation refers to a state of persistent LV dysfunction associated 
with chronically reduced blood fl ow but preserved viability.4 This chronic downregula-
tion in contractile function at rest is thought to represent a protective mechanism 
whereby the heart reduces its oxygen requirements to ensure myocyte survival. 
However, this protective mechanism can result in a considerable amount of myocar-
dium that is rendered hypocontractile, and, thus, it may contribute to overall LV 
dysfunction.10

There is considerable controversy regarding the mechanisms that lead to these 
states of altered systolic function. In the new paradigm, stunning and hibernation 
represent a continuum (Figure 18.1).11 Initially, the presence of a fl ow-limiting coro-
nary artery stenosis leads to a reduction in coronary vasodilator reserve with pre-
served resting coronary blood fl ow. The reduced fl ow reserve in turn results in episodes 
of ischemia during periods of increased oxygen demand. Ultimately, these transient, 
recurrent episodes of ischemia lead to a state of persistent LV dysfunction (so-called 
repetitive stunning). As the severity of coronary stenosis increases, coronary vasodila-
tor reserve becomes critically reduced and resting coronary blood fl ow eventually 
falls. The presence of resting hypoperfusion marks the transition from repetitive stun-
ning to hibernation.11 The varying degree of fl ow defi cit underlying these two condi-
tions likely explains the distinct morphological changes present in stunned12 and 
hibernating13,14 myocytes. This precarious balance between perfusion and viability in 
hibernating myocardium cannot be maintained indefi nitely, and myocardial necrosis 
ultimately occurs if blood fl ow is not restored.
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HibernationNormal

3.0–4.0

<1.5

NS

NS

Rest CBF

Peak CBF

Systolic
Function

CFR

FIGURE 18.1. Schematic of the changes in myocardial perfusion leading to LV dysfunction in 
patients with CAD. (Courtesy of Dr. Heinrich R. Schelbert, UCLA School of Medicine.)
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Methods for Assessing Myocardial Viability with PET

18F-Fluorodeoxyglucose

The physiologic basis and rationale for the use of fl uorine-18 fl uorodeoxyglucose (18F-
FDG) to assess myocardial glucose metabolism as an index of tissue viability were 
discussed in detail in Chapter 17.

Imaging Protocols

Because dysfunctional myocardium that improves functionally after revascularization 
must retain suffi cient blood fl ow and metabolic activity to sustain myocyte viability, 
the combined assessment of regional myocardial perfusion and glucose metabolism 
appears most attractive for delineating myocardial viability (Figure 18.2). With this 
approach, regional myocardial perfusion is fi rst evaluated. Since information regard-
ing the magnitude of stress-induced ischemia and information regarding resting via-
bility are both important for management decisions, the ideal approach should include 
both rest and stress perfusion imaging. However, the selection of the approach (i.e., 
rest vs stress/rest) should be tailored to the clinical question being addressed in an 
individual patient.

Regional glucose uptake is then assessed with FDG (a marker of exogenous glucose 
uptake), providing an index of myocardial metabolism and, thus, cell viability. After 
intravenous administration, FDG traces the initial transport of glucose across the 
myocyte membrane and its subsequent hexokinase-mediated phosphorylation to 
FDG-6-phosphate.15 Since the latter is a poor substrate for further metabolism and is 
rather impermeable to the cell membrane, it becomes virtually trapped in the 
myocardium.

Patient Preparation for FDG Imaging

As mentioned above, utilization of energy-producing substrates by the heart muscle 
is largely a function of their concentration in plasma and hormone levels (especially 
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FIGURE 18.2. Myocardial viability protocols using PET/CT and the hybrid SPECT/PET/CT 
approach.
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plasma insulin, insulin/glucagon ratio, growth hormone, and catecholamines) and of 
oxygen availability for oxidative metabolism. For a detailed step-by-step description 
of the available methods for FDG imaging, the reader should review the guidelines 
for PET imaging published by the American Society of Nuclear Cardiology and the 
Society of Nuclear Medicine.16

These approaches for FDG imaging include:

• Fasting: Fasting is the simplest method because it does not require any substrate 
manipulation. With this approach, ischemic but viable tissue shows as a hot spot 
due to the preferential free fatty acid (FFA) utilization by normal (nonischemic) 
myocardium. While imaging interpretation would seem straightforward, the lack of 
tracer uptake in normal (reference) myocardium may occasionally lead to an over-
estimation of the amount of residual viability within a dysfunctional territory 
(Figure 18.3). Indeed, the predictive accuracy of this approach is lower17 than that 
of the glucose-loaded approach.18

• Oral or intravenous glucose loading: Glucose loading is the most commonly used 
approach to FDG imaging (Figure 18.4). The goal of glucose loading is to stimulate 
the release of endogenous insulin to decrease the plasma levels of FFA and to 
facilitate the transport and utilization of FDG. Patients are usually fasted for at 
least 6 hours and then receive an oral or intravenous glucose load. Most patients 
require the administration of intravenous (IV) insulin to maximize myocardial 
FDG uptake. With this approach, image quality is generally of diagnostic quality 
and the reported diagnostic accuracy very good.18

• Hyperinsulinemic-euglycemic clamp: The hyperinsulinemic-euglycemic clamp 
approach is technically demanding and time-consuming (Figure 18.4). However, it 
provides the highest and most consistent image quality.19 Based on the reported 
predictive accuracies, however, this does not necessarily translate into improved 
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FIGURE 18.3. Changes in FDG uptake in normal myocardium in the fasting and glucose-
loaded states. Under fasting conditions, FDG uptake in normal myocardium (arrow) is 
decreased due to the relatively low glucose and insulin levels and high free fatty acid levels. 
After glucose loading, the relative increase in plasma glucose stimulates the release of endog-
enous insulin, which in turn decreases the plasma levels of free fatty acids and facilitates the 
transport and utilization of FDG by the normal myocytes. The overestimation of the magni-
tude of viability in the lateral wall in the fasting state due to the lack of tracer uptake in normal 
(reference) myocardium compared to the glucose-loaded state is noteworthy.
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predictions of functional outcome.20 Because it is technically demanding, most 
laboratories reserve this approach for challenging conditions (e.g., diabetes and 
severe congestive heart failure).

• Free fatty acid inhibition: Acipimox and niacin are both nicotinic acid derivatives 
that inhibit peripheral lipolysis, thereby reducing plasma FFA levels and, indirectly, 
forcing a switch to preferential myocardial glucose utilization. These drugs are 
usually given 60 to 90 minutes prior to FDG administration (Figure 18.4). The 
approach is practical and provides consistent image quality.19,21 However, Acipimox 
is not available for clinical use in the United States.

Myocardial Perfusion and Glucose-loaded FDG Patterns

Using the sequential perfusion-FDG approach, 4 distinct perfusion-metabolism 
patterns can be observed in dysfunctional myocardium:

1. Normal perfusion associated with normal FDG uptake
2. Reduced perfusion associated with preserved or enhanced FDG uptake (so-called 

perfusion-metabolism mismatch), which refl ects myocardial viability (Figure 
18.5)

3. Proportional reduction in perfusion and FDG uptake (so-called perfusion-
metabolism match), which refl ects nonviable myocardium (Figure 18.5)

4. Normal or near-normal perfusion with reduced FDG uptake (so-called reversed 
perfusion-metabolism mismatch) (Figures 18.5 and 18.6)22,23

The patterns of normal perfusion and metabolism or of a PET mismatch identify 
potentially reversible myocardial dysfunction; the PET match pattern identifi es irre-
versible myocardial dysfunction. The reversed perfusion-FDG mismatch has been 
described in the context of repetitive myocardial stunning22 and in patients with left 
bundle branch block.23 Quantitation of regional myocardial perfusion and FDG tracer 
uptake and their difference can be helpful to objectively assess the magnitude of via-
bility (Figure 18.7).

Special Considerations for the Hybrid Myocardial Perfusion SPECT and FDG 
PET Approach

In current clinical practice, FDG PET images are often performed and interpreted 
in combination with SPECT myocardial perfusion images (Figure 18.2). The inter-
pretation of the specifi c viability patterns shown in Figures 18.5 and 18.6 should be 
performed carefully, especially when comparing nonattenuation-corrected SPECT 
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FIGURE 18.4. Timeline of protocols for patient preparation before FDG imaging.
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FIGURE 18.5. Midventricular short axis slices of myocardial perfusion (obtained with 13N-
ammonia) and FDG uptake illustrating tissue viability patterns following glucose loading. 
(Reprinted from Di Carli M. Advances in positron emission tomography. J Nucl Cardiol, 11:719–
32, Copyright 2004, with permission from The American Society of Nuclear Cardiology.)

myocardial perfusion images with attenuation-corrected FDG PET images. Myocar-
dial regions showing an excessive reduction in tracer concentration due to attenuation 
artifacts on the perfusion images, such as the inferior wall or the anterior wall in 
females, may result in falsely positive perfusion-FDG mismatches. Two approaches 
have proved useful for overcoming this limitation. First, because assessment of viabil-
ity is relevant only in myocardium with regional contractile dysfunction, gated SPECT 
or gated PET images offer a means for determining whether apparent perfusion 
defects are associated with abnormal regional wall motion. Second, quantitative anal-
ysis of regional myocardial perfusion using polar map displays that are compared to 
tracer- and (for SPECT images) gender-specifi c databases may be a useful aid to the 
visual interpretation.

Gated Imaging to Assess LV Volumes and Function

FDG PET provides excellent gated images (Figure 18.8), and the parameters of 
global and regional LV function derived from these images correlate closely with 
those obtained with magnetic resonance imaging (MRI).24 As mentioned above, 
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gated images are particularly useful when FDG PET patterns are interpreted in 
relation to nonattenuation-corrected SPECT perfusion images. In addition, measures 
of global LV function and remodeling (i.e., left ventricular ejection fraction [LVEF] 
and volumes) are also useful for predicting improvement in LV function after revas-
cularization.25 Indeed, increased LV volumes and cavity size are predictors of poor 
outcome in patients with ischemic cardiomyopathy who are undergoing coronary 
artery bypass graft (CABG). For example, a preoperative LV end-diastolic dimension 
≥70 mm as assessed by echocardiography has been shown to be a marker of poor 
outcome after revascularization.26 Similarly, others have shown that a preoperative 
LV end-systolic volume index (LVESVI) > 100 mL/m2, as assessed by contrast left 
ventriculography, was a predictor of mortality and postoperative heart failure.27

Patients with LVESVI > 100 mL/m2 failed to improve regional and global LV function 
after CABG, resulting in lower survival and a higher probability of postoperative 
heart failure. Signifi cantly, these poor results in patients with severe LV dilation were 
observed even in the patients with severe anginal symptoms, suggesting that progres-
sive LV remodeling after myocardial infarction may limit the benefi ts of revasculariza-
tion on ventricular function and survival even if there is evidence of viable (ischemic) 
myocardium.

MBF

4 hrs Post
Reperfusion

24 hrs Post
Reperfusion

1 wk Post
Reperfusion

FDG uptake MVO2

early late

FIGURE 18.6. PET images of a dog heart in short-axis views obtained at corresponding mid-
ventricular levels obtained postreperfusion after four 5-minute LAD coronary occlusions, each 
followed by 5 minutes of reperfusion. Images of blood fl ow (left column) were obtained with 
13N-ammonia and images of glucose metabolism (middle column) with FDG. Images of oxida-
tive metabolism (refl ecting regional myocardial oxygen consumption [MVO2]; right column) 
were obtained with 11C-acetate; the early phase denotes delivery of the tracer to the myocar-
dium while the late phase represents regional washout of the tracer through the tricarboxylic 
acid cycle (myocardial oxidation). The top panel depicts corresponding midventricular short-
axis sections of regional blood fl ow, glucose, and MVO2 4 hours postreperfusion. The fl ow 
images (left) demonstrate near-normal perfusion in the stunned regions (i.e., anterior and 
anteroseptum). However, stunned regions demonstrated reduced FDG utilization (arrow) and 
slow clearance of 11C-acetate (impaired oxidation) relative to normal myocardium (lateral 
wall). The middle panel illustrates 1 day postreperfusion. Myocardial perfusion in stunned 
myocardium is near normal, glucose uptake (arrow) remains depressed, and the MVO2 is still 
lower (arrow) than in normal myocardium. The bottom panel illustrates 1 week after reperfu-
sion. Blood fl ow, glucose uptake, and MVO2 are largely homogenous. Wall motion and metabo-
lism demonstrated a parallel recovery with time. (Reprinted by permission of the Society of 
Nuclear Medicine from: MF Di Carli, P Prcevski, TP Singh, J Janisse, J Ager, O Muzik, and 
R Vander Heide. Myocardial blood fl ow, function, and metabolism in repetitive stunning. J 
Nucl Med. 2000;41:1227–1234. Figure 6.)
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FIGURE 18.8. Gated FDG images and volume curves in a patient with ischemic 
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Carbon-11 Acetate

Physiologic Basis

The physiologic basis and rationale for the use of carbon-11 acetate (11C-acetate) to 
assess myocardial oxidative metabolism as an index of tissue viability were discussed 
in detail in Chapter 17.

Imaging and Quantifi cation of Myocardial Oxidative Metabolism

Serial imaging following the IV administration of 11C-acetate demonstrates the passage 
of the radioactive bolus through the cardiac chambers, followed by the extraction and 
accumulation of the radiotracer in the myocardium and its clearance from the blood 
pool, and, fi nally, the clearance of the radiotracer from the myocardial tissue, refl ect-
ing the rate of oxidative metabolism (Figure 18.9). After an IV injection, 11C-acetate 
is rapidly extracted from the circulation and enters the myocyte via facilitated trans-
port. The fi rst-pass extraction fraction is inversely related to coronary blood fl ow, with 
an average extraction of 63% under baseline conditions. The initial part (2 to 5 
minutes) of the myocardial 11C-acetate kinetics refl ects tracer that has been delivered 
but not yet metabolized (oxidation), thereby representing regional myocardial perfu-
sion.28,29 Once in the myocyte, it is activated to 11C-acetyl-CoA in the mitochondria, 
where it enters the tricarboxylic acid cycle (TCA) cycle and the oxidative phosphoryla-
tion and is converted into 11CO2 and water.

The 11C-acetate time-activity curve demonstrates a biexponential clearance from 
the myocardium, refl ecting at least 2 metabolic compartments of different size and 
turnover rate. The rapid washout phase (expressed as kmono) is linearly related to 
myocardial oxygen consumption; the slow phase appears to refl ect the incorporation 
of 11C-acetate into the lipid pool. The rapid tissue clearance rate (kmono) is determined 
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FIGURE 18.9. Serial mid-short-axis images following the administration of 11C-acetate. Images 
were acquired for 30 minutes, starting at the time of 11C-acetate injection. The fi rst image 
demonstrates the fi rst pass of the radioactive bolus through the right (RV) and left ventricular 
(LV) chambers. The subsequent images show the clearance of 11C-acetate from the blood pool, 
followed by the uptake of the radiotracer in the myocardium and, fi nally, the washout of 
11C-acetate over time.
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by monoexponential least-squares fi tting of the initial portion of the time-activity 
curve. kmono values are then compared to reference normal values and used to deter-
mine the amount of residual viability within a dysfunctional myocardial segment. The 
uptake and clearance of 11C-acetate are affected by changes in regional blood fl ow 
and metabolism. For example, during ischemia there is a reduction in the initial 
uptake and the rapid clearance phase of 11C-acetate that is proportional to the reduc-
tion in regional blood fl ow and oxidative metabolism.

Using PET for Predicting Functional Recovery

Myocardial Perfusion

Since timely restoration of nutritive perfusion to ischemic myocardium is crucial for 
cell survival, estimates of regional perfusion have been used for predicting functional 
recovery of dysfunctional myocardium. The experience using PET tracers of blood 
fl ow, including oxygen-15 water (15O-water), 11C-acetate, and nitrogen-13 ammonia 
(13N-ammonia), for predicting recovery of function has been documented in 6 studies 
including 182 patients with LV dysfunction (Table 18.1).30 Contractile dysfunction was 
predicted to be reversible after revascularization when regional blood fl ow was only 
mild or moderately reduced (>50% of normal) and irreversible when regional blood 
fl ow was severely reduced (<50% of normal). Using these criteria, the average positive 
predictive accuracy of blood fl ow estimates for predicting functional recovery after 
revascularization is 63% (range, 45% to 78%), whereas the average negative predic-
tive accuracy is 63% (range, 45% to 100%). While normal or near-normal blood fl ow 
in a dysfunctional region served by a stenosed coronary artery indicates tissue viabil-
ity and suggests that function can be improved with revascularization, a severe blood 
fl ow defi cit generally (although not always) refl ects mostly nonviable myocardium that 
is unlikely to show improved function with revascularization. However, blood fl ow 
defi cits of intermediate severity are more diffi cult to interpret. They may represent 
the coexistence of extensive subendocardial necrosis with normal myocardium, a 
condition unlikely to show improved function with revascularization. Alternatively, 
they may refl ect the coexistence of extensive areas of ischemic but viable with normal 
tissue, scar tissue, or both, a condition likely to show improved function with revas-
cularization. In this situation, FDG imaging adds signifi cant independent information 
for distinguishing reversible from irreversible myocardial dysfunction.37 Patients with 
low ejection fraction and relatively normal perfusion at rest should undergo stress 

Table 18.1. Predictive Values for Segmental Functional Recovery after Revascularization 
Using Estimates of Regional Myocardial Perfusion with PET

    Criteria for PPV % NPV % Diagnostic
Author N LVEF % Viability (Segs) (Segs) Accuracy

Gropler et al31  34 NR ACE ± 2 SD 45 (34/75)  68 (28/41) 53 (62/116)
Maes et al32  20 48 ± 9  NH3 > 50% 53 (10/19) 100 (1/1) 55 (11/20)
Grandin et al33  25 49 ± 11  NH3 > 50% 78 (14/18)  57 (4/7) 72 (18/25)
Tamaki et al34  43 41  NH3 > 50% 48 (47/98)  87 (28/32) 58 (75/130)
Wolpers et al35*  30 42 ± 11 MBF > 50% 78  85   —
Marinho et al36  30 35 ± 11  MBF ± 2 SD 55 (53/96)  45 (5/11) 54 (58/107)

Mean ± SD 182   63 ± 14  63 ± 28 58 ± 8

Abbreviations: N, number of patients; NR, not reported; LVEF, left ventricular ejection fraction; PPV, 
positive predictive value; NPV, negative predictive value; Segs, segments; ACE, 11C-acetate; NH3, 13N-
ammonia; MBF, myocardial blood fl ow (mL/min/g).
*Segmental data not reported.
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imaging to determine whether reversible ischemia (followed by stunning) is the likely 
cause of LV dysfunction.

Measures of Myocardial Oxidative Metabolism

The experience with 11C-acetate and PET for identifying viability and predicting 
functional recovery after revascularization has been documented in 5 studies, of which 
only 3 studies including 83 patients provided suffi cient data to estimate predictive 
accuracies for regional functional recovery (Table 18.2). Of note, most of these studies 
come from the same institution,38–40 indicating that assessment of myocardial viability 
using 11C-acetate has had less widespread validation than the FDG PET approach. 
Relatively preserved quantitative measures of oxidative metabolism (based on kmono

values) in dysfunctional myocardial regions were predictive of improved function 
after revascularization, while severely decreased oxidative metabolism was predictive 
of irreversible damage. Using these criteria, the average positive predictive accuracy 
for predicting improved segmental function after revascularization is 72% (range, 
62% to 88%), whereas the average negative predictive accuracy is 76% (range, 65% 
to 89%) (Table 18.2). Similar to regional perfusion measures, estimates of MVO2

(which are closely coupled with myocardial perfusion) accurately predict functional 
outcome when they are either normal or severely decreased. In individual patients, 
intermediate reductions in estimates of MVO2 are more diffi cult to interpret because 
they could represent nontransmural scar or hibernating myocardium. To overcome 
this limitation, it has been suggested that the magnitude of improvement (from base-
line) in estimates for MVO2 during low-dose dobutamine stimulation (a measure of 
myocardial “oxidative reserve”) may be a more accurate predictor of functional recov-
ery than PET measurements of MVO2 performed at rest.41 In 28 patients with chronic 
myocardial infarction and mild to moderate LV dysfunction, Hata et al demonstrated 
excellent discrimination (with virtually no overlap) between viable and nonviable 
myocardium using estimates of MVO2 in response to low-dose dobutamine stimula-
tion, assessed by 11C-acetate and PET.41

Combined Myocardial Perfusion and FDG

The experience with the combined myocardial perfusion-FDG approach using PET 
or the PET/SPECT hybrid technique (SPECT perfusion with PET FDG imaging) has 
been documented in 17 studies including 462 patients (Table 18.3).30 Contractile dys-
function was predicted to be reversible after revascularization in regions with increased 
FDG uptake or a perfusion-metabolism mismatch (Part VI, Case 9) and irreversible 

Table 18.2. Predictive Values for Segmental Functional Recovery after Revascularization 
Using Estimates of Regional Myocardial MVO2 with 11C-Acetate and PET

    PPV % NPV % Diagnostic
Author N LVEF % Criteria for Viability (Segs) (Segs) Accuracy

Gropler 34 NR Mean MVO2 ± 2 SD 67 (40/60) 89 (50/56) 78 (90/116)
 et al31

Rubin  19 NR Mean MVO2 ± 2 SD 88 (28/32) 73 (16/22) 81 (44/54)
 et al40

Wolpers 30 42 ± 11 MVO2 > 0.09/min 62 65 —
  et al35*

Mean ± SD 83   72 ± 14 76 ± 12

Abbreviations: N, number of patients; NR, not reported; LVEF, left ventricular ejection fraction; PPV, 
positive predictive value; NPV, negative predictive value; Segs, segments.
*Segmental data not reported.
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in regions with reduced FDG uptake or a perfusion-metabolism match pattern (Part 
VI, Case 8). Using these criteria, the average positive predictive accuracy for predict-
ing improved segmental function after revascularization is 76% (range, 52% to 100%), 
whereas the average negative predictive accuracy is 82% (range, 67% to 100%).

Using Viability Information in Patient Management

Predicting Improvement in LV Function

An important question in patients with severely depressed LV function is whether 
revascularization will provide a clinically meaningful improvement in global cardiac 
function that may translate into improved exercise capacity, symptoms, and survival. 
Several studies using different PET approaches have shown that the gain in global left 
ventricular systolic function after revascularization is related to the magnitude of 
viable myocardium assessed preoperatively (Table 18.4).30

These data demonstrate that clinically meaningful changes in global LV function 
can be expected after revascularization only in patients with relatively large areas of 
hibernating myocardium, stunned myocardium, or both (≥17% of the left ventricular 
mass). Similar results have been reported using estimates of myocardial scar with 
PET.52 These results are in agreement with those obtained with SPECT,53 dobutamine 
echocardiography,54 and contrast-enhanced MRI.55

Applicability of Viability Data to Predictions of Functional Outcome

The goal of viability assessment in the setting of severe LV dysfunction post-MI is to 
identify patients in whom revascularization can potentially improve LV function, 
symptoms, and survival. Then viability assessment would be of critical clinical impor-
tance in patients with the highest clinical risk post-MI (i.e., LVEF < 30%), who would 

Table 18.3. Predictive Values for Segmental Functional Recovery after Revascularization Using Combined Estimates of Myo-
cardial Perfusion and FDG Metabolism with PET

Author N LVEF % Criteria for Viability PPV % (Segs) NPV % (Segs) Diagnostic Accuracy

Tillisch et al42 17 32 ± 14 Mismatch  85 (35/41)  92 (24/26)  88 (59/67)
Tamaki et al17 22 NR Mismatch  78 (18/23)  78 (18/23)  78 (36/46)
Tamaki et al43 11 NR Mismatch  80 (40/50) 100 (0/6)  82 (46/56)
Carrel et al44 23 34 Mismatch  84 (16/19)  75 (3/4)  83 (19/23)
Lucignani et al45 14 38 ± 5 Mismatch  95 (37/39)  80 (12/15)  91 (49/54)
Gropler et al38 16 NR Mismatch  79 (19/24)  83 (24/29)  81 (43/53)
Marwick et al46 16 NR FDG > 2 SD  67 (25/37)  79 (38/48)  74 (63/85)
Gropler et al31 34 NR FDG > 2 SD  52 (38/73)  81 (35/43)  63 (73/116)
Vanoverschelde et al12 12 55 ± 7 Mismatch 100 (12/12) — 100 (12/12)
vom Dahl et al47 37 34 ± 10 Mismatch  53 (29/55)  86 (90/105)  74 (119/160)
Knuuti et al48 48 53 ± 11 FDG > 85%  70 (23/33)  93 (53/57)  84 (76/90)
Maes et al32 20 48 ± 9 Mismatch  75 (9/12)  75 (6/8)  75 (15/20)
Grandin et al33 25 49 ± 11 Mismatch  79 (15/19)  67 (4/6)  76 (19/25)
Tamaki et al34 43 41 FDG UI  76 (45/59)  91 (65/71)  85 (110/130)
Baer et al49 42 40 ± 13 FDG > 50%  72 (167/232)  91 (126/139)  79 (293/371)
vom Dahl et al50 52 47 ± 10 Mismatch  68 (19/28)  96 (25/26)  81 (44/54)
Wolpers et al35* 30 42 ± 11 FDG > 50%  78  85 —

Mean ± SD 462    76 ± 12  82 ± 14  79 ± 10

Abbreviations: N, number of patients; NR, not reported; LVEF, left ventricular ejection fraction; PPV, positive predictive value; NPV, negative 
predictive value; Segs, segments; UI, uptake index.
*Segmental data not reported.
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derive the highest potential benefi t from revascularization. However, more than 90% 
of the published data documenting the accuracy of noninvasive methods for diagnos-
ing viability and predicting functional recovery have been obtained in patients with 
normal LV function or mild or moderate LV dysfunction (i.e., LVEF > 30%).56 There 
have been only a limited number of studies with small numbers of patients (represent-
ing <10% of the published data) that document the diagnostic accuracy of methods 
for viability detection among patients with the highest risk.56 This is important because 
the accuracy of noninvasive methods for predicting functional recovery after revas-
cularization appears to decrease signifi cantly with worsening LV function (Figure 
18.10). Consequently, the direct extrapolation of the excellent results obtained in 
patients with regional or mild to moderate LV dysfunction to patients with very low 
ejection fraction is problematic, and it often results in suboptimal clinical results.

This may be related in part to the fact that predictions of functional recovery fol-
lowing revascularization using noninvasive methods have been largely based solely on 
the extent of viable myocardium before revascularization. The focus on viability 
information alone seems to ignore the multifactorial infl uences on improvement in 
LV function after revascularization.58 From a clinical standpoint, it is likely that 

Table 18.4. Relation Between the Extent of Viability and the Change in LV Ejection Fraction 
after Revascularization Using Combined Estimates of Myocardial Perfusion and FDG Metab-
olism with PET

Author N Criteria for Viability Pre-LVEF % Post-LVEF %

Tillisch et al42 17 Mismatch ≥ 25% LV 30 ± 11 45 ± 14
Carrel et al44 23 Mismatch ≥ 17% LV 34 ± 14 52 ± 11
Vanoverschelde et al12 12 Anterior wall mismatch 55 ± 7 65 ± 8
Maes et al32 20 Anterior wall mismatch 51 ± 11 60 ± 10
Grandin et al33 25 Mismatch ≥ 20% LV 51 ± 12 63 ± 18
Schwarz et al13 24 Anterior wall mismatch 44 ± 12 54 ± 9
Wolpers et al35 30 Anterior wall mismatch 39 ± 10 49 ± 17
vom Dahl et al51 82 Mismatch ≥1 CAT 46 ± 9 54 ± 11

Abbreviations: N, number of patients; LVEF, left ventricular ejection fraction; CAT, coronary artery 
territory.
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FIGURE 18.10. Accuracy of methods of viability assessment for predicting a change in LV 
function after revascularization by the level of LV ejection fraction before revascularization. 
PPV, positive predictive value; NPV, negative predictive value. (Reprinted from Di Carli MF, 
(57), with permission from The American Society of Nuclear Cardiology.)
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relying even on the most accurate of these multiple indexes of tissue viability or its 
absence in isolation will lead to suboptimal prediction of outcomes.58 It is now evident 
that multiple other factors—including the presence and magnitude of stress-induced 
ischemia, the stage of cellular degeneration within viable myocytes, the degree of LV 
remodeling, the timing and success of revascularization procedures, the adequacy of 
the target coronary vessels, and the timing of LV functional assessment after revas-
cularization—can affect functional outcome after revascularization. Indeed, recent 
evidence suggests that integrating many of these factors that infl uence functional 
recovery after revascularization in multivariable models results in improved clinical 
predictions, as compared to approaches that are based on only a single index of tissue 
viability.52 These issues are discussed in further detail in Chapter 21.

Predicting Improvement in Symptoms

An important challenge in the management of patients with poor cardiac function 
under consideration for bypass surgery is to identify those in whom revascularization 
can provide a signifi cant alleviation of anginal and, especially, heart failure symptoms, 
which is often their primary functional limitation. In one study of 23 patients with LV 
dysfunction (LVEF: 35 ± 14%) and impaired functional capacity (70% in New York 
Heart Association class II-III), investigators have shown that the amount of viable 
myocardium before revascularization was predictive of a signifi cant improvement in 
exercise parameters after revascularization.60 In this study, peak rate-pressure product, 
maximal heart rate, and exercise capacity increased signifi cantly after revasculariza-
tion only in patients with multiple viable regions on preoperative PET imaging. Simi-
larly, others have demonstrated a signifi cant linear correlation between the global 
extent of a preoperative perfusion-metabolism PET mismatch (refl ecting hibernating 
myocardium) and the percentage improvement in functional capacity after CABG in 
36 patients with ischemic cardiomyopathy (LVEF: 28 ± 6%) (Figure 18.11).6 In this 
study, a perfusion-metabolic PET mismatch involving ≥18% of the LV on quantitative 
analysis was associated with a sensitivity of 76% and a specifi city of 78% for predict-
ing a signifi cant improvement in heart failure class following bypass surgery.

The notion that preoperative viability imaging may be able to identify patients with 
a high likelihood of improvement in LV function and heart failure symptoms is of 
great clinical importance, as it would also prevent costly rehospitalizations for decom-
pensated heart failure. A recent study examined the interactions among the extent of 
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preoperative viability, the mode of treatment (i.e., medical therapy vs CABG), and 
the frequency of hospital readmissions during a mean follow-up of 25 months after 
the PET scan in 99 patients with severe LV dysfunction (LVEF: 22 ± 6%).60 This study 
reported that among patients with relatively large areas of viable myocardium pre-
operatively, high-risk revascularization provided a signifi cant reduction in hospital 
readmissions for heart failure as compared to medical therapy alone (3% vs 31%, 
respectively). In contrast, hospital admissions for heart failure were similarly high 
regardless of the mode of treatment in patients without signifi cant amounts of viability 
by PET (50% vs 48% for revascularization and medical therapy, respectively).

Stratifying Risk and Predicting Improvement in Survival

A major goal of viability imaging is to identify patients with low ejection fraction who 
are at the highest clinical risk, in whom revascularization may offer the greatest sur-
vival benefi t. Table 18.5 summarizes the results of 5 published reports evaluating the 
risk of cardiovascular events in patients with viable myocardium treated medically 
compared to the risk in those without viable myocardium.30 They included a total of 
288 patients with CAD and moderate or severe LV dysfunction. Most of these patients 
had a history of myocardial infarction and multivessel CAD. In these studies, survival 
and recurrent clinical events (myocardial infarction, unstable angina, ventricular 
arrhythmia, and hospital readmissions) were evaluated for an average of 12 to 29 
months.

The results of these studies showed that patients with viable myocardium had a 
consistently higher event rate than those without viable myocardium. The odds ratios 
were consistently >1 in all reports, suggesting an increased risk of a cardiac event for 
those subjects with viable myocardium treated medically. These data suggest that the 
presence of ischemic but viable myocardium as assessed by FDG PET seems to con-
sistently identify patients with LV dysfunction who are at high risk for cardiac events 
when treated with medical therapy alone.

Figure 18.12 summarizes the results of 5 published reports evaluating the risk of 
cardiac events in 262 patients with hibernating myocardium treated medically com-
pared with those undergoing revascularization. In all these studies, management 
decisions (i.e., revascularization or medical therapy) in patients with and without 
evidence of hibernating myocardium were made on clinical grounds. However, no 
signifi cant differences in relevant clinical and angiographic variables known to affect 

Table 18.5. Risk of Cardiac Events for Patients with Moderate-Severe LV Dysfunction and 
Hibernating Myocardium Compared with Those Without Hibernating Myocardium

       Lower Upper
  Viability  LVEF FU  95% 95%
Author Year Assessment Patients % (months) OR CI CI

Eitzman 1992 PET 42 34 ± 13 12 7.00 1.53 32.08
 et al61

Di Carli 1994 PET 50 24 ± 7 13 7.00 1.51 32.33
 et al62

Lee et al63 1994 PET 61 38 ± 16 17 7.66 2.31 25.44
vom Dahl 1997 Sestamibi/ 77 ≤50 29 1.21 0.22  6.51
 et al51   FDG
Rohatgi 2001 PET 58 22 ± 6 25 1.27 0.44  3.66
 et al60

Abbreviations: LVEF, left ventricular ejection fraction; FU, follow-up (refl ects reported average); OR, 
odds ratio; CI, confi dence interval.
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prognosis were found between these two groups. The results showed that the con-
sistently poor event-free survival of patients with hibernating myocardium under-
going medical therapy was improved signifi cantly and consistently by early referral to 
revascularization. The odds ratios were consistently <1 in all these reports. Interest-
ingly, similar results have been reported by virtually every noninvasive imaging 
modality.

Summary Points

• PET imaging is an accurate and reproducible technique for the noninvasive evalu-
ation of myocardial ischemia and viability.

• The FDG approach can be technically challenging, especially in patients with dia-
betes and congestive heart failure, and aggressive patient preparation is mandatory 
to optimize diagnostic accuracy. The available evidence suggests that this approach 
can provide accurate predictions of functional, symptomatic, and prognostic 
improvement after revascularization and thus improve management decisions in 
patients with poor cardiac function.

• Despite the robust and extensive body of evidence supporting the use of viability 
information for selecting patients for high-risk revascularization, several issues 
remain unresolved. There appears to be a rather signifi cant reduction in the 
accuracy of viability testing, including PET, for predicting functional recovery in 
patients with severely depressed LV function (LVEF <30%). This is likely related 
to the fact that clinical predictions of functional recovery based on viability infor-
mation alone are inadequate because they ignore the multifactorial infl uences 
affecting changes in LV function after revascularization.58 Clinically important 
factors such as the degree of LV remodeling and the severity of morphological 
alterations within viable but dysfunctional myocytes (and likely others) may infl u-
ence clinical outcomes even in the presence of relatively large areas of viable 
myocardium.14,25,27,64

• Future studies should focus on understanding the (likely) complex links between 
viability and ischemia and the molecular changes leading to altered myocyte func-
tion, progressive tissue damage, and LV remodeling. This type of information will 
be of great pathophysiological interest and will likely have important diagnostic 
implications.
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FIGURE 18.12. Relative risk of cardiovascular events (odds ratio) for patients with moderate-
severe LV dysfunction and viable (hibernating) myocardium treated with revascularization 
compared with medical therapy. CI, confi dence interval.
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Rationale for CT

Computed tomography (CT) can acquire high-resolution cross-sectional images of 
geometrically precise tomographic sections of the whole heart and thorax during one 
breath hold. It has the potential not only for measuring cardiac chamber size, shape, 
and dynamics but also for displaying the myocardial wall itself and providing esti-
mates of myocardial wall dimensions including wall thickness, thickening, mass, and 
integrity on a regional and global basis. Consequently, contrast cardiac CT can provide 
useful information regarding myocardial viability and LV remodeling that could be 
of clinical value in the management of patients with heart failure.

Multidetector electrocardiogram (ECG)-gated CT (MDCT) has become widely 
available only in the last few years, but these multipurpose whole-body scanners are 
currently being used in the heart for routine clinical CT angiography (CTA) of coro-
nary artery morphology. However, early feasibility studies have demonstrated a much 
greater potential for functional cardiac CT; during the past 2 years, gated MDCT is 
increasingly being applied to examine left ventricular morphology and function. The 
following paragraphs discuss feasibility and describe how cardiac CT applications 
could develop in the future for evaluating cardiac remodeling and viability.

Assessing Myocardial Blood Flow

The requirements for cellular viability include intact cell membrane function to main-
tain electrochemical gradients, preserved metabolic activity to generate high-energy 
phosphates, and residual myocardial blood fl ow to deliver substrates and remove the 
metabolites resulting from the metabolic processes. Thus, CT-based assessment of 
myocardial blood fl ow may provide useful information regarding myocyte viability.

Measurements of regional CT attenuation changes over time allow quantitation of 
tissue perfusion and of blood fl ow through blood vessels and cardiac chambers (Figure 
19.1).1,2 Ringertz et al showed that carotid blood fl ow could be assessed by CT.3

Garrett et al validated CT measurement of cardiac output and also showed that this 
technique was comparable to oximetry.4 Rumberger at al demonstrated the utility and 
potential of CT for quantitative regional myocardial perfusion.5 Regional myocardial 
perfusion measured by CT at rest and during pharmacologically induced stress com-
pared favorably with radioactive microspheres (Figure 19.2).6
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The principle of measuring blood fl ow using tomographic imaging with indicator 
dilution theory has been applied to radiotracer methods and typically requires repeti-
tive samplings of a region of interest to generate a gamma-variant fi t to the data. Using 
CT, this can be accomplished for any organ, as described by Jaschke et al.2 In the case 
of the myocardium, diastolic images are obtained at the same anatomic levels of the 
heart on either every beat or every other cardiac cycle, depending on heart rate. The 
curve is fi tted on data collected during the fi rst 15 seconds before there is recirculation 
(Figure 19.1). The accuracy of CT measurements of myocardial blood fl ow using 
intravenous agents is infl uenced by the well-recognized effects of contrast medium 
and mixing as well as many other factors.7,8 Validation studies of myocardial perfusion 
with conventional MDCT-ECG-gated scanners, which have suffi cient temporal reso-
lution, are also now possible.9

FIGURE 19.1. (A) Myocardial 
perfusion curve generated over 
lateral wall from a patient with 
a previous anterior myocardial 
infarction. Curve analysis pro-
vides peak height. Blood fl ow 
(F/V) in any myocardial region 
can be calculated as the ratio of 
the peak of the time-density 
curve in that area (P) to the 
area under the aorta or left 
ventricle time-density curve 
(A), which is representative of 
cardiac output. HU, Hounsfi eld 
units.
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FIGURE 19.2. Comparison of electron beam computed tomography (EBCT) measurements of 
regional myocardial perfusion with microspheres in a series of dogs. Four areas of interest were 
identifi ed at 2 LV levels on CT images during sequential scans triggered at end diastole to 
minimize motion. Chromonar was administered to provide data for each of 8 regions at rest 
and during maximal vasodilatation. The microspheres were injected simultaneously and the 
results graphed as illustrated in pairs for resting and stress states by region. The error 
bars illustrate the excellent correlation achieved. (Reproduced from Reference 6 with 
permission.)
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Assessing Myocardial Ischemia and Infarction

Since myocardial perfusion is pivotal to the prognosis of patients sustaining an acute 
myocardial infarct (AMI), the assessment of microvascular fl ow following reperfusion 
therapy is of great importance. Indeed, Gibson et al established that patients with 
both normal epicardial coronary blood fl ow and normal tissue perfusion are at 
extremely low risk of death.10

Myocardial perfusion is currently evaluated primarily by nuclear imaging tech-
niques.11–13 However, magnetic resonance imaging (MRI), contrast echocardiogra-
phy,14–16 and, more recently, gated MDCT can also provide this information.17,18

Early attempts at recognizing and quantifying myocardial ischemia and infarction 
with CT were confi ned to in vitro studies of either excised or in situ arrested canine 
hearts.19–27 Doherty et al explored the detection and quantitation of myocardial isch-
emia and infarction in vivo using transmission CT in a series of 28 dogs.28 Upon intra-
venous (IV) contrast administration, myocardial regions distal to an occluded coronary 
artery showed as areas of reduced contrast opacifi cation (so-called cold-spot imaging) 
compared to normal remote myocardium (Figure 19.3). The interpretation of these 
“cold spots” must be temporally related to the time of coronary occlusion. They are 
not specifi c markers for myocardial infarction per se. Early after a coronary occlusion 
they refl ect primarily reduced tissue perfusion, whereas their appearance late after a 
prolonged occlusion refl ects primarily scar tissue formation and attendant necrosis.

These early studies also demonstrated the value of delayed imaging after 5 to 20 
minutes following contrast administration for differentiating acutely infarcted from 
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FIGURE 19.3. Early and late contrast medium enhancement in a canine model of acute myocar-
dial infarction. This fi gure shows four 4.8-second, 1-cm-thick scans following an intravenous bolus 
of 20 mL of contrast medium at the level of the ventricular cavities in a dog with a heart rate of 
114 beats per minute. This animal has a 2-day-old anteroseptal myocardial infarction produced 
by permanent ligation of the left anterior descending coronary artery. The left upper panel shows 
the precontrast scan, which is followed by contrast enhancement of both ventricles in the right 
upper panel. The area that appears to be less well opacifi ed (black), in the right upper and left 
lower panels, represents the area of myocardial blood fl ow defi cit. The scan in the right lower 
panel was obtained 10 minutes later through the same level without further contrast medium 
injection. The hypoperfused region is now dramatically profi led by contrast medium entrapment 
relative to surrounding healthy myocardium, which is less enhanced due to normal washout.
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dysfunctional but viable myocardium. Indeed, the studies by Doherty demonstrated 
that washout of contrast medium was slower in infarcted than in normal myocardium 
(Figure 19.3). However, delayed contrast enhancement (so-called hot-spot imaging) 
could not be demonstrated consistently and reliably until 24 hours after ligation. As 
with MRI, delayed contrast enhancement appears to be a good marker for the pres-
ence of myocardial scar. This fi nding is not seen when the coronary artery is tran-
siently occluded for as long as 10 minutes.29 These early studies demonstrated that the 
quantitative extent of myocardial scar assessed by contrast CT correlates well with 
the corresponding infarct area determined by pathology (Figure 19.4). These observa-
tions have been confi rmed in both experimental and clinical models of acute and 
chronic myocardial infarction (Figure 19.5).30,31
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FIGURE 19.4. Comparison of CT 
and autopsy measurements of infarct 
area in individual tomographic slices. 
The excellent correlation is due 
partly to the presumption of trans-
mural infarcts, which simplifi es 
the boundary placement task for 
both the CT and autopsy area calcu-
lations. (Reprinted from Doherty 
PW, et al. Detection and quantita-
tion of myocardial infarction in vivo 
using transmission computed tomo-
graphy. Circulation. 1981;63(3):597–
606, with permission.)
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FIGURE 19.5. Axial temporal image series demonstrating postreperfusion contrast agent 
kinetics after 150-mL injection of contrast. The fi rst image (A) represents the fi rst-pass image 
during contrast agent injection. Note that the signal density of the infarct in the fi rst pass is 
substantially lower than that of the remote myocardium and indicates a subendocardial micro-
vascular obstruction. Five minutes after injection (B), the signal density of the damaged myo-
cardial region is signifi cantly greater than that of the remote myocardium and washes out over 
time. As can be appreciated from (B), the infarct becomes well delineated and reaches peak 
enhancement at 5 minutes after injection and then washes out in proportion to the chamber 
(blood pool) and remote myocardial signal. (Reproduced from Reference 31 with 
permission.)
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Mechanism of Delayed Contrast Enhancement

Delayed contrast enhancement with CT was observed in the late 1970s and was also 
reported with MRI when this technique became available in the early 1980s. Gado-
linium was approved for patient use in Europe before FDA approval in America. 
Hence, early contrast-enhanced MRI studies in myocardial infarction were initially 
performed in Germany. However, it was not until recently that Kim et al popularized 
hyperenhancement with MRI using newer scanners and described the implications of 
this fi nding on management decisions after myocardial infarction.32

The mechanism causing the initial hypodense central zone of an infarct on fi rst pass 
of the contrast agent (iodine or gadolinium) followed by delayed contrast hyperen-
hancement of the infarct border zone seen with CT and MRI is thought to be associ-
ated with the same pathophysiology, although this theory has been the source of 
considerable debate.

Intravenously delivered contrast agents entering the vascular space normally enter 
and are confi ned to the extracellular compartment. However, ischemic injury of the 
myocytes changes the distribution. Rehwald et al noted that the sarcolemmal mem-
brane of the myocytes appears ruptured in this setting when studied by electron 
microscopy.33 Skioldebrand et al demonstrated the development of increased intersti-
tial spaces between collagen bundles in dense scar tissue of chronic healing infarcts.34

Accumulation of contrast agent may occur within these “vascular lakes,” while healthy 
myocardium demonstrates normal washout. A similar phenomenon has been postu-
lated for MRI.32

Kramer et al used a single-slice non-gated CT scanner to study 19 patients with ST 
elevation myocardial infarction (MI) 3 to 29 days postinfarction.18 Areas of infarction 
were characterized by low contrast attenuation compared with normal myocardium 
on the fi rst passage of contrast agent. The infarct area was measured using planimetry 
at each anatomical scan level. Delayed contrast enhancement occurred in some, but 
not all, patients and was seen as a halo of increased density in the border zone between 
normal and infarcted myocardium. There was time-dependent variation in the density 
of the infarcted region and surrounding myocardium following contrast administra-
tion. In some patients, this edge became indistinct in terms of density due to changes 
in both the infarct region and surrounding myocardium. This was explained on the 
basis of heterogeneity due to patchy islands of ischemic and necrotic tissue.

More recently, Koyama et al confi rmed these early observations in 58 patients 
with ST-elevation MI undergoing successful percutaneous coronary reperfusion.17

Gated contrast CT was performed within 48 hours of coronary reperfusion. 
Patients underwent a 2-phase contrast-enhanced CT with images being acquired fol-
lowing intravenous contrast at 45 seconds and again at 7 minutes. In this study, the 
authors described 3 enhancement patterns: In pattern 1, there was no perfusion defect 
in the fi rst phase, and there was late enhancement without residual perfusion defect 
(refl ecting complete restoration of tissue perfusion with a very small area of suben-
docardial scar). In pattern 2, there was a perfusion defect in the early phase with 
a concomitant area of late enhancement without residual perfusion defi cit in the 
late phase. In pattern 3, there was a perfusion defect in the early phase with a con-
comitant area of late enhancement with residual perfusion defect in the late phase 
(denoting an area of infarction with severe microvascular obstruction after epicardial 
reperfusion).

The variability in enhancement pattern was attributed to variability in the extent 
of microvascular damage. As expected, LV functional recovery was observed in 
patients with pattern 1 and to some extent in those with pattern 2. However, no func-
tional recovery was observed among patients with pattern 3. That is, they might not 
have complete reperfusion at the microvascular level, while those patients who did 
not have an early or a residual perfusion defect (pattern 1) might experience a com-
plete recovery of left ventricular function, which might be indicative of successful 
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reperfusion at both the epicardial and the microvascular level. These observations are 
consistent with those reported by MRI.35,36

Assessing LV Geometry, Volumes, and Mass as Measures 
of LV Remodeling

Prognosis following AMI is closely related to the extent of myocardial necrosis and 
the degree of contractile dysfunction of the left ventricle. Since endocardial and epi-
cardial borders can be well depicted by ECG-gated MDCT (Figure 19.6), the same 
CT data set acquired for coronary CTA can also be used to measure both systolic and 
diastolic LV function (Figure 19.7).37 Therefore, myocardial wall thickness, thicken-
ing, and LV volumetric indices can be estimated by CT.

Myocardial infarction, especially when extensive and transmural, can produce 
alterations in both the infarcted and noninfarcted regions that result in changes in LV 
architecture known as LV remodeling.38–40 In addition to the early thinning and elon-
gation that occurs in the infarcted myocardium (infarct expansion), secondary changes 
occur in the noninfarcted zone characterized by a time-dependent associated increase 
in the end-diastolic length of viable myocytes that contribute to the overall process 
of LV enlargement.39 Although this acute increase in cavity size tends to maintain 
pump function, this process usually leads to progressive ventricular dilation, heart 
failure, and decreased survival. Thus, measures of LV function and remodeling are 
important in the evaluation of the patient with heart failure.

Ventricular remodeling may be associated with compensatory hypertrophy 
of normal myocardium on a regional basis. Complications of acute MI include 
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FIGURE 19.6. Geometric radial analysis of regional wall thickness and cavity volume change 
during the cardiac cycle on the short axis obtained by EBCT. (Reprinted from Boxt LM, et al. 
Computed tomography for assessment of cardiac chambers, valves, myocardium and pericar-
dium. Cardiology Clinics; 21(4):561–585, Copyright 2003, with permission from Elsevier.)

FIGURE 19.7. An example of how volume curves can be plotted from CT images to provide 
tomographic volumes of cardiac chambers at sequential levels. (Reproduced from Reference 
37 with permission from The American College of Cardiology Foundation.)
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pericarditis with effusion, LV aneurysm formation, intracavity thrombus, and mitral 
insuffi ciency with enlargement of the left atrium either from dysfunction of the mitral 
valve apparatus itself or from ventricular cavity dilatation resulting in abnormal vector 
pull of an otherwise normal valve structure. As shown in Figure 19.8, CT can identify 
and monitor LV remodeling and the sequelae of myocardial infarction.

Regional and Global LV Function

Regional wall motion using ECG-gated single-slice CT was validated against echo-
cardiography by Bouchard et al in a series of patients with documented anterior or 
posterior myocardial infarction.41 The site of prior myocardial infarction was correctly 
identifi ed in 21 of 22 patients. CT evaluation of right ventricular function has also 
been examined; it has outperformed echo in a series of patients with emphysema, as 
might be expected, indicating the potential complementary role that CT can play in 
this patient population.42

Global LV function has been examined by CT and the results correlated with 
MRI.43 Interobserver variation for all volume measurements was acceptable, being in 
the 5% to 8% range. Left ventricular ejection fraction (LVEF) showed substantial 
agreement with values obtained from MRI. However, mean values for end-diastolic 
and end-systolic volumes appeared to be underestimated by MDCT. Other investiga-
tors have since shown the feasibility of MDCT for evaluating LV function, and the 
results showed good agreement with other imaging modalities.44

During the past 18 months, several studies have been reported in which global and 
regional LV function was estimated by gated 16-MDCT and the results were validated 
against MRI. Mahnken et al concluded that CT allows reliable LV volume measure-
ments.45 Boll et al examined the effects of heart rate and software on the validity and 
reproducibility of both CT and MRI using a set of volumetric phantoms for 10 patients 
referred for concurrent 16-MDCT and MRI cardiac evaluation performed on the 
same day.46 This study showed that for all methods of data-set analysis, intraobserver 
variability was below 2% and unrelated to the magnitude of measurement. High 
accuracy was reported in the phantom. In patients, CT showed maximum variability 
at heart rates below 60 beats per minute, while for MRI data sets this occurred above 
90 beats per minute. These authors concluded that CT and MRI data sets allowed an 
interchangeable utilization of volumetric analysis tools. Other studies, for example, 
that of Schlosser et al, measured LV function and mass derived from retrospectively 
ECG-gated 16-MDCT coronary data sets and compared the results in 18 patients 
referred for CTA with MRI.47 As in other investigations, there was no signifi cant dif-
ference found for ejection fraction between CT and MRI.48–52

FIGURE 19.8. A non-ECG gated CT scan 8 mm thick in a patient 10 
months following an acute anterior myocardial infarction. Note the 
anterior calcifi ed aneurysm (white arrowheads) with black nonen-
hanced thrombus adjacent to it (black arrowhead) and a sharp linear 
distinction of the left ventricular apex. In addition, note typical com-
pensatory hypertrophy along the lateral wall and relative thinning of 
the anteroseptal region. (Reprinted from Boxt LM, et al. Computed 
tomography for assessment of cardiac chambers, valves, myocardium 
and pericardium. Cardiology Clinics; 21(4):561–585, Copyright 2003, 
with permission from Elsevier.)
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LV and RV Volumes

Reiter et al performed a study in dogs assessing the determination of left ventricular 
stroke volume by EBCT compared with that derived simultaneously, using either a 
chronically implanted and calibrated aortic electromagnetic fl ow probe or careful 
assessment with established thermodilution techniques.53 Electrocardiographically 
triggered scans were acquired in the movie mode nearly simultaneously from the 
cardiac apex through the base in the short axis during intravenous slow injection of 
iodinated contrast. Stroke volume was then calculated as the difference between end-
diastolic (peak of R wave) and end-systolic (smallest cavity) volumes, again using a 
modifi cation of Simpson’s rule. Similar results have been reported in patients. 54

Figure 19.9 shows 25 separate determinations of left ventricular stroke volume. 
These data confi rm the precision of stroke volume determinations by EBCT even in 
the presence of acute myocardial infarction. If left ventricular stroke volume can be 
quantitated by CT, then by inference, determinations of end-diastolic and end-systolic 
volume should be, likewise, quantitative. Studies done using casts of canine left ven-
tricles have previously shown the accuracy of static estimates of left ventricular volume 
by conventional CT.23

Simultaneous determination of right ventricular volumes is possible with the esti-
mation of left ventricular mass and volumes.53 As an addition to the studies of left 
ventricular volume noted above, Reiter et al also determined right ventricular stroke 
volumes by planimetry of the tomographic end-diastolic and end-systolic CT scans 
and the modifi ed Simpson’s rule (Figure 19.10). Application of this method then 
makes no assumptions as to right (or left) ventricular geometry as is commonly used 
for contrast angiography. Calculated right ventricular stroke volume compared abso-
lutely with the left ventricular stroke volumes. As with the left ventricular volume 
calculations, inter- and intraobserver variability was minimal. The direct measure-
ment of right ventricular volume by CT was expected based on studies of right ven-
tricular casts.55

In conclusion, dynamic CT can be used to provide highly quantitative data regard-
ing left and right ventricular volumes provided careful attention is paid to proper 
border defi nition. It can also measure segmental variability of left ventricular func-
tion.53,56,57 These studies with EBCT have important implications for MDCT. 
Once the temporal resolution of MDCT improves, similar measurements in terms of 
accuracy and precision should be possible with this technique, irrespective of low or 
high heart rates. Furthermore, pharmacological interventions could then become 
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possible. Lanzer et al demonstrated the feasibility of performing CT in these 
circumstances.58

Assessment of LV remodeling requires precise measurements of cardiac morphol-
ogy and function. Earlier EBCT longitudinal studies provided insight into the poten-
tial applications of MDCT for patient management. Notably, EBCT studies of patients 
with AMI showed fi ndings similar to those in animals. These CT appearances corre-
spond in general to those described by Koyama with MDCT.17 Similarly, early valida-
tion CT studies have also been successfully performed in patients for regional and 
global myocardial analysis, as well as CT quantitation of regional wall motion abnor-
malities with exercise.59–61 In the future, MDCT can be expected to provide accurate 
measurements of ventricular function in a routine clinical setting.

LV Mass

Precise cardiac border (edge) defi nition and contour placement is essential for accu-
rate quantitation of left ventricular anatomy and function. A quantitative method of 
cardiac edge detection for CT was developed initially for the determination of left 
ventricular wall thickness and mass by Skioldebrand et al62 and was applied to EBT 
by Feiring et al.63 This technique defi nes the absolute placement of the cardiac edge 
at a CT density (Hounsfi eld scale) halfway between the density of the myocardium 
and adjacent structures. This requires evaluation of the CT numbers of the left and 
right ventricular cavities, anterior chest wall, lung, and adjacent myocardium.

Placement of the endocardial and epicardial surfaces, as a direct and straightfor-
ward application of this full-width/half-maximum method noted above, is aided by an 
operator-defi ned, computer-assisted, semiautomated edge-defi nition program, much 
of which was developed in the standard EBCT data analysis software. The operator 
determines the placement of the cardiac edge by defi ning the center level of the CT 
number range (window) that constitutes the density of the endocardial or epicardial 
surfaces. The software then outlines the contour and determines the absolute value 
of the area within. Minor vagaries in computer-aided placement of the cardiac edge 
can be corrected by the operator using a trackball device. Global measurements of 
left ventricular mass and volumes are performed at the data analysis console or work-
station following defi nition of left ventricular endocardial and epicardial contours at 
each level from apex to aortic root.

Calculation of left ventricular mass was made using the modifi ed Simpson’s rule 
and knowledge of the scanning target geometry by subtracting the endocardial volume 
from the epicardial volume and multiplying by the myocardial mass. Comparison 
between left ventricular mass in situ and that calculated by EBCT in vivo showed 
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excellent correlation (Figure 19.11). Additionally, inter- and intraobserver variability 
has been assessed and the technique has been found to be highly reproducible.63 Left 
ventricular mass measured by EBT has also shown very good correlation with two-
dimensional echocardiography.64

Summary Points

• The focus to date of MDCT has been primarily on CT applications in the heart for 
evaluating cardiac anatomy, notably for displaying the coronary artery morphology 
and measuring coronary artery calcifi cation, plaque characterization, and athero-
sclerotic luminal stenosis.

• The temporal resolution of MDCT has limited functional CT studies of the heart. 
However, if the temporal resolution of MDCT continues to be improved, there will 
be a compelling argument for undertaking further functional CT validation 
studies.

• Feasibility of CT has already been established by EBCT for general cardiac diag-
nosis. Modifi cations for MDCT include improved software methods for postpro-
cessing ECG-gated scan data and higher-speed CT hardware for faster image 
acquisition, both of which are being developed now.

• Modern EBT is also evolving and continuously being refi ned so that new genera-
tions of these scanners have exposure times of 50 milliseconds or less. Radiation is 
a recognized concern, and the exposure dose is well characterized for coronary 
CTA. Contrast medium is also a signifi cant issue.

• In comparing the value of competing cardiac imaging modalities, their availability, 
published diagnostic validation studies, convenience, procedure time, safety, comfort 
level (of patients and physicians), and cost are all critical. The degree of acceptance 
and the accuracy with which specifi c patient management questions can be defi ni-
tively answered are crucial issues in determining which diagnostic procedure to 
perform. However, the jury is still out regarding the ultimate role of CT in the 
diagnosis of heart disease; certainly the great potential of cardiac CT has not yet 
been fully realized.65
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Fundamental Physical Properties of MRI

Current clinical magnetic resonance imaging (MRI) techniques are based on detection 
of protons (1H) that are bound to mostly water and macromolecules (such as in fat 
or protein) of the body. 1H is very abundant in the body, and this property provides 
adequate signal-to-noise ratio for image generation at the magnetic fi eld strengths 
(B0) of current clinical MRI scanners (1.5 Tesla). The single positively charged proton 
itself functions much like a tiny tissue magnet inside a magnetic fi eld. When a patient 
is placed in an MRI scanner, each proton aligns with the magnetic fi eld and spins 
around its axis (a process known as precession) at a frequency defi ned by the magni-
tude of the magnetic fi eld in Tesla. When a given direction and magnitude of the B0

magnetic fi eld are manipulated by applying a secondary magnetic fi eld (radiofrequency 
pulse), the protons within a part of the body of imaging interest can then be “excited.” 
These excited protons release a specifi c magnetic resonance signal (known as free 
induction decay) that contains structural and physical information on the tissues being 
imaged. To create an MR image, a set of gradient coils in the MRI provides the relevant 
three-dimensional spatial coordinates (x, y, and z) and detects the intensity of the 
magnetic resonance signal in each of the coordinates. Utilizing the fast speed of 
modern computers for data acquisition and digital processing, static or dynamic mag-
netic resonance images that provide crucial information of tissue functions can be 
rapidly acquired.

Cardiac MRI Approaches to the Assessment of Myocardial Viability

Ventricular Function, Chamber Size, and Myocardial Mass

A number of clinical studies have documented the strong associations of global ven-
tricular function, volume, and myocardial mass to clinical outcomes in patients with 
coronary artery disease (CAD).1,2 An accurate assessment of biventricular global and 
regional function can provide information about the extent of myocardial viability or 
ischemia and thus help planning of coronary intervention. To assess ventricular func-
tion and chamber sizes with the heart in constant motion, relatively high (<50 milli-
seconds) temporal and spatial (<2 mm) resolutions are required for accurate defi nition 
of cardiac anatomy and ventricular function. Cardiac magnetic resonance imaging 
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(CMR) is well validated by both in vitro and in vivo methods in quantifying global 
and regional ventricular functions, chamber sizes, and myocardial masses.3–5 CMR is 
the current reference-standard imaging technique for assessment of myocardial func-
tion and morphology. The accuracy of CMR for measurement of global left and right 
ventricular volumes has been demonstrated by comparing CMR of ex vivo ventricles 
with the water displacement volume of casts of the ventricles.4 Assessment of biven-
tricular function and stroke volume have been validated in vivo by comparing them 
with the great vessel fl ows.6 Assessment of myocardial mass has been validated against 
human autopsied hearts and in animals.3,5

Several technical advantages of CMR over other imaging modalities have made it 
the current gold-standard technique for assessing ventricular function and myocardial 
mass. Compared to two-dimensional (2D) or even three-dimensional (3D) echocar-
diography, the tomographic 3D imaging capability of CMR is not restricted by an 
acoustic imaging window, does not require the use of geometric assumptions, and pro-
vides superior delineation of the endocardial and epicardial borders.7 Compared to 
nuclear imaging techniques such as single photon emission computed tomography 
(SPECT) and positron emission tomography (PET), CMR can more accurately assess 
biventricular function and myocardial morphology with superior spatial resolution, 
temporal resolutions, and tissue contrast. Widespread use of the steady-state free pre-
cession techniques for cine imaging8 provides signal-to-noise ratio and myocardium-
blood contrast that is superior to conventional gradient-echo techniques (Figures 20.1 
and 20.2). One distinct feature of CMR is its excellent interstudy reproducibility in 
measuring ventricular function and myocardial mass compared to other imaging tech-
niques. CMR is therefore well suited for noninvasive longitudinal follow-up of patients 
with heart failure and for myocardial remodeling research with small sample sizes.9,10

Delayed Myocardial Contrast Enhancement

Recent advances in hardware and pulse sequences have allowed accurate char-
acterization of infarcted myocardium with high spatial resolution using a 

FIGURE 20.1. Steady-state free precession short-axis cine imaging of the heart. Structural 
details of the left ventricular myocardium during diastole (left) and systole (right) are provided 
from this CMR technique. Note the anterior akinesia in this patient who suffered from a previ-
ous myocardial infarction. This technique can assess myocardial structure and function at an 
in-plane spatial resolution of 1.5 mm, temporal resolution of 40 to 50 milliseconds, and high 
signal-to-noise ratio.
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contrast-enhanced technique known as late myocardial enhancement.11 Using an 
inversion recovery pulse sequence to enhance tissue contrast, imaging of the infarcted 
myocardium at an in-plane spatial resolution of 1 to 2 mm is performed after injection 
of an intravenous dose of gadolinium-based contrast agent. The interstitial space in 
normal myocardial tissue allows little or no entry of the extracellular gadolinium 
contrast agent due to uniform tightly packed muscle. When this extracellular compart-
ment is enlarged due to cellular rupture from myocardial infarction, entry of the 
extracellular gadolinium occurs and creates a strong enhancing effect in the region 
of myonecrosis on T1-weighted imaging. The maximal contrast created by the infi ltra-
tion of gadolinium contrast in this technique is achieved after a delay of 10 to 20 
minutes following contrast injection. With administration of a gadolinium-based con-
trast agent, this CMR technique images the myocardium with high tissue contrast at 
much higher spatial resolution (1.5 to 2 mm) than other conventional techniques 
(Figure 20.3).

Magnetic Resonance Spectroscopy

Beyond imaging of cardiac structure, function, and myocardial morphology, magnetic 
resonance spectroscopy (MRS) is a technique that can provide information regarding 
cellular metabolism and, thus, myocardial viability. Free energy for myocardial func-
tion in the form of adenosine triphosphate (ATP) is produced and stored primarily 
in mitochondria. Under the catalytic action of creatine kinase, phosphocreatine (PCr) 

FIGURE 20.2. Volumetric quantitation of ventricular function, size, and myocardial mass by 
cine CMR. Using a tomographic technique, volumetric cine imaging of the heart without 
geometric assumption could be obtained over 3 to 4 minutes without the need for contrast 
injection. This CMR technique can be performed with or without patient breath holding.

FIGURE 20.3. Contrast-enhanced late enhancement CMR imaging. Ten to 20 minutes after 
an intravenous administration of gadolinium-diethylenetriaminepentacetic acid (DTPA) con-
trast, infarcted myocardium matching the anterior akinetic segments demonstrate enhance-
ment of signal intensity on average of 5 to 6 times that of the normal myocardium.
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acts as a free-energy carrier between sites of free-energy production (e.g., mitochon-
dria) with sites of free-energy consumption (e.g., myofi brils or ion transport channels 
at the cell membrane) through diffusion. Therefore, by quantifying the concentrations 
and ratios of PCr and ATP in a small volume of myocardium, phosphorus-31 (31P) 
spectroscopy can assess myocardial energy metabolism and thus determine the integ-
rity of myocyte function. Yabe et al were able to demonstrate that MRS could differ-
entiate myocardial viability in patients who suffered an acute myocardial infarction 
by comparing them with evidence of viability by thallium redistribution.12 Weiss et al 
demonstrated that the transient decrease in the phosphocreatine-to-ATP ratio was 
related to myocardial ischemia induced by hand-grip exercise.13 However, the relative 
low concentration of high-energy phosphate molecules has resulted in a low signal-
to-noise ratio and a limited sensitivity compared to other techniques. In addition, due 
to signal dropout as distance away from the surface coil increases, the 31P MRS tech-
nique can assess only the anterior wall of the left ventricle. These limitations have 
currently hampered the clinical application of this technique. Creatine kinase reaction 
in the myocardium serves as the heart’s main energy reserve. Proton ( 1H) MRS has 
up to 20 times the sensitivity of 31P MRS and can quantify both phosphorylated 
and unphosphorylated creatine in myocardium from any part of the left ventricle. 
Bottomley and Weiss et al developed and validated the technique using 1H MRS with 
animal models of myocardial infarction and found that assessing regional depletion 
of myocardial creatine provides a metabolic method to distinguish healthy from 
infarcted nonviable myocardium (Figure 20.4).14 Future work is needed to compare 
the relative merits of MRS and CMR imaging techniques.

Disadvantages of CMR include study contraindications such as the presence of 
hazardous metallic implants (pacemakers and defi brillators being most common) and 
patient claustrophobia. In addition, cardiac gating problems limit patients’ ability for 
breath holding, and the presence of thoracic metals such as sternal wires or intracoro-

A Before

After After

1 Year 1 Year

BeforeB

FIGURE 20.4. Sensitive detection of discrete myonecrosis secondary to percutaneous coronary 
intervention, without development of regional wall motion abnormality or Q waves on 
electroncardiogram (ECG). (Reprinted from Reference 19, with permission from Lippincott 
Williams and Wilkins.)
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nary stents occasionally causes image-quality deterioration. In this author’s experi-
ence, with proper premedication using a low-dose benzodiazepine, CMR can be 
performed safely and successfully in the majority of patients who report to be claus-
trophobic. Careful placement of thoracic gating leads can minimize the incidence of 
gating failure. By manipulating specifi c imaging parameters, metal artifacts can be 
minimized and technically adequate imaging data can be obtained during entirely free 
breathing in many patients who cannot breath hold due to their medical conditions.

CMR Assessment of Myocardial Changes After Acute Myocardial 
Infarction: Postinfarct Remodeling

Compared to all other noninvasive imaging modalities, CMR is the best suited to 
follow changes in postinfarct left ventricular geometry, ventricular global and regional 
function, myocardial perfusion, and infarct morphology. While many animal studies 
have used this imaging advantage for assessing the effects of pharmacological therapy 
of LV remodeling after acute infarction,15–17 human studies using CMR are being 
performed with increasing frequency, capitalizing on the high precision of CMR 
imaging. While the effi cacy of these pharmacological, interventional, or stem cell 
treatments need further study, CMR’s capability is now recognized for quantifying 
cardiac function and infarct morphology for detecting treatment effects in a small 
patient sample size.

CMR Viability Imaging in Chronic CAD

CMR has proven to be highly sensitive in detecting the presence of small areas of 
myocardial scar from coronary artery disease. Because resting segmental function is 
inversely proportional to the transmural extent of myocardial infarction, segmental 
normokinesia or contractile reserve does not necessarily exclude the presence of 
regional endomyocardial necrosis.18 Ricciardi et al studied a small group of patients 
without prior myocardial infarction who developed an average twofold elevation of 
serum creatine kinase-MB isoenzyme after percutaneous coronary intervention.19

Contrast-enhanced delay enhancement techniques detected discrete myonecrosis in 
all the patients who were missed by cine wall motion imaging. In addition, the high 
resolution of CMR allows detection of subendocardial infarcts that are often missed 
by SPECT.20 The clinical and prognostic implications of these fi ndings are under 
active investigation.

Predicting Recovery of LV Function Following 
Coronary Revascularization

Wall Thickness and Contractile Reserve

Cine function CMR imaging at a resolution of 1.5 to 2 mm can characterize myocar-
dial wall thickness and segmental and global left ventricular function with high accu-
racy and reproducibility.21–23 Baer studied 43 patients with chronic infarction and mild 
LV dysfunction (mean left ventricular ejection fraction 42 ± 10%) with dobutamine 
cine CMR before and 4 to 6 months after successful revascularization. An end-
diastolic wall thickness cutoff of ≥5.5 mm (based on −2.5 SD from normal individuals) 
had a 92% sensitivity but only a 56% specifi city for predicting recovery of segmental 
function after revascularization.24–26 The limited predictive accuracy of segmental 
contractile recovery by end-diastolic wall thickness is not surprising since myocardial 
wall thickness often includes subendocardial irreversibly damaged myocardial tissue 
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and a thinned epicardial rim of viable myocardium, which may not be suffi cient to 
result in improved function after successful coronary revascularization.25,26 Myocar-
dial thickness has limited independent utility in predicting future segmental recovery 
also during the acute or subacute phase of myocardial infarction when local infarct 
remodeling is incomplete (up to 6 months post–acute infarction). In this setting, local 
edema and cellular infi ltrates may increase regional wall thickness. Augmentation of 
regional contractility (i.e., improvement of wall thickening upon an inotropic chal-
lenge) in response to inotropic stimulus such as low-dose (5 to 10 µg/kg/min) dobuta-
mine challenge has been well validated in identifying segmental viability from both 
the vast body of evidence from echocardiography and cine CMR.24,27,28 Demonstration 
of segmental contractile reserve by cine CMR is a safe and reliable method for pre-
dicting recovery from coronary artery disease by either qualitative or quantitative 
methods. Baer et al also assessed the utility of a combined criterion of wall thickness 
and contractile reserve using cine CMR at rest and at low-dose dobutamine challenge 
to predict contractile recovery of any infarcted segments. Myocardial viability in an 
infarcted region was defi ned by a diastolic wall thickness of ≥5.5 mm and the presence 
of systolic wall thickening of ≥2 mm in at least 50% of the dysfunctional segments of 
the infarcted region. Although a resting wall thickness of ≥5.5 mm showed a high 
sensitivity for identifying viable myocardial segments (92%), their study showed a low 
specifi city—56%. However, a physiological contractile reserve, as demonstrated by a 
systolic wall thickening of ≥2 mm, demonstrated an improved specifi city and a pre-
served sensitivity in the prediction of segmental contractile recovery after revascular-
ization (sensitivity 89%; specifi city 94%).

Other similar studies consistently reported high specifi city using contractile reserve 
by dobutamine CMR in identifying viable myocardial segments.27,28 Geskin et al 
assessed the utility of low-dose dobutamine cine CMR in predicting myocardial via-
bility in the early period after acute myocardial infarction.29 In this study, quantitative 
analysis of segmental myocardial function was made possible with the use of magnetic 
resonance high-resolution tagging techniques, which allowed quantitation of the intra-
myocardial circumferential shortening and minimized the effect of through-plane 
motion on segmental contraction during low-dose dobutamine challenge (Figure 
20.5). This study concluded that early after acute myocardial infarction, dysfunctional 
but viable myocardial segments can be identifi ed by an exaggerated circumferential 
shortening in the subepicardial and midmyocardial layers compared to those of normal 
segments (Figure 20.6). One potential limitation exists in using only dobutamine cine 
contractile reserve in detecting segmental viability. Although excellent specifi city for 
predicting segmental contractile recovery has been consistently reported, the sensitiv-
ity of low-dose dobutamine contractile reserve imaging has been in only the moderate 
range (50% to 76%) in segments with resting akinesia or dyskinesia.28,30 This is attrib-
uted to the fact that in the presence of severe coronary stenosis and hypoperfusion, 
viable myocardial segments may fail to demonstrate contractile reserve with low-dose 
dobutamine due to rapid development of ischemia.30

Beyond detection of segmental myocardial viability, by further escalating the dobu-
tamine infusion to achieve an adequate heart-rate response, cine CMR imaging can 
accurately detect myocardial ischemia. Nagel et al reported a sensitivity of 86% and 
a specifi city of 86% using dobutamine stress cine CMR in detecting angiographically 
signifi cant coronary artery disease.7 Hundley et al reported similar utility in detecting 
coronary artery disease and also demonstrated strong prediction of adverse cardiac 
events by dobutamine cine CMR.31,32

Late Contrast Enhancement

While the concept of late enhancement observed in infarcted myocardium has long 
been recognized,33 limitation in image quality has restricted the clinical application 
of contrast-enhanced CMR techniques until recent years. Over the past few years, 
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FIGURE 20.5. (A) End-systolic apical MR tagged short-axis image in a patient on day 5 after 
anterior MI. Right ventricular apex and interventricular septum lie from 6 o’clock to 9 o’clock 
positions on image, anterior wall from 9 o’clock to 12 o’clock, lateral wall from 12 o’clock to 3 
o’clock, and inferior wall from 3 o’clock to 6 o’clock. The percent intramyocardial circumfer-
ential segment shortening (%S) was −3% in anterior wall, denoting stretching rather than 
shortening; 3% in septum (reduced compared with normal database); and 15% in lateral wall 
(also reduced). (B) End-systolic apical MR tagged short-axis image in same patient at end of 
10-µg/kg−1/min−1 dobutamine stage. Qualitatively, there is no more stretching in the anterior 
wall, but otherwise it is diffi cult to discern signifi cant changes within other regions. Quantita-
tively, %S increased to 8% in anterior wall, 9% in septum, and 24% in lateral wall, all normal 
responses (≥5% increase). C, End-systolic apical MR tagged short-axis image in same patient 
at 8 weeks after MI. Function has improved all around short axis, and end-systolic cavity area 
is reduced. Quantitatively, %S has increased to 24% in anterior wall, 18% in septum, and 27% 
in lateral wall, all of which fall within range of normal. (Reprinted from Reference 29, with 
permission from Lippincott Williams and Wilkins.)
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FIGURE 20.6. Quantifi cation of 
percent intramyocardial circumfer-
ential segment shortening (%S) in 2 
groups of regions, those with normal 
response (≥5% increase) to peak 
dobutamine and those with abnor-
mal response (<5% increase) shown 
at baseline before dobutamine infu-
sion (hatched bars) and at 8 weeks 
after infarction. Increase in %S 
from baseline to 8 weeks after MI in 
normal response group is signifi -
cantly greater than that in abnormal 
response group (p< 0.04). (Reprinted 
from Reference 29, with permission 
from Lippincott, Williams and 
Wilkins.)
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advances in pulse sequence techniques, surface coils, and electrocardiogram (ECG) 
gating have resulted in substantial improvements in image quality of myocardial 
infarction by CMR delayed enhancement technique. Many animal and human studies 
have since demonstrated the utility of CMR contrast-enhanced delayed enhancement 
imaging technique in imaging myocardial infarction and in determining segmental 
viability. Quantitative assessments of the size and the transmural extent of myocardial 
infarction have been extensively validated in experimental animals. Kim et al utilized 
this technique in a study of 18 dogs and demonstrated that CMR accurately depicts 
histologically defi ned necrosis in both reperfused and nonreperfused myocardial 
infarction (Figure 20.7). On average, the tissue signal intensity of the infarcted 
myocardium is 5 to 6 times higher than that of normal tissue, which allows sensitive 
detection of myonecrosis and accurate delineation of the transmural extent of 
infarction.20,34–38

Kim et al also fi rst reported the clinical utility of this technique in 804 dysfunctional 
myocardial segments from 50 patients with chronic coronary artery disease who 
underwent successful coronary revascularization.35 A progressive, stepwise decrease 
in the likelihood of function recovery for a given segment was observed as the trans-
mural extent of myocardial scar detected by contrast-enhanced CMR increased. It 
was further reported that the prediction of segmental functional recovery was even 
stronger in segments with resting akinesia or dyskinesia. For example, 88% of seg-
ments with <25% transmural extent of delayed enhancement improved contractile 
function, whereas only 4% of segments with >50% transmural extent of delayed con-
trast enhancement improved function after revascularization. Regions of myocardial 
scar on average demonstrated signal intensity of more than 500% of that of regions 
without delayed enhancement. In addition, the measured percentage of the left ven-
tricle that demonstrated dysfunctional myocardium but without delayed enhancement 
was strongly related to improvement of both global and regional ventricular function 
after coronary revascularization.

FIGURE 20.7. Comparison of ex vivo CMR images with triphenyl tetrazolium chloride (TTC)-
stained slices in an animal at 3 days after myocardial infarction. Slices are arranged from base 
to apex starting at the upper left and advancing left to right, then top to bottom. At the right 
is a magnifi ed view. (Reprinted from Reference 34, with permission from Lippincott Williams 
and Wilkins.)
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Klein et al directly compared contrast-enhanced late enhancement CMR to 
PET imaging in 23 patients with severe global left ventricular dysfunction (left ven-
tricular ejection fraction 28 ± 9%).39 While late enhancement CMR closely correlated 
to areas of decreased fl ow and FDG metabolism (perfusion-metabolic matched 
defect) by PET, contrast-enhanced CMR identifi ed subendocardial scar tissue 
more frequently than PET imaging did, refl ecting CMR’s higher spatial resolution. 
Similar results were reported when contrast-enhanced CMR was compared to 
SPECT.20

Two single-center studies systematically assessed the relative merits of dobutamine 
cine CMR and late enhancement techniques.40,41 Motoyasu et al performed low-dose 
dobutamine cine CMR and late enhancement in 23 patients within 1 month after acute 
myocardial infarction and predicted superior receiver operating characteristic (ROC) 
by the dobutamine cine CMR technique over the late enhancement technique (ROC 
area under the curve of 0.87 by cine CMR vs 0.78 by late enhancement technique).40

Wellnhofer et al assessed 29 patients prior to and 3 months after coronary revascu-
larization with both low-dose dobutamine cine imaging and late enhancement imaging 
and reported similar fi ndings.41 While controversy remains whether dobutamine cine 
CMR or the late enhancement technique provides more comprehensive assessment 
of myocardial viability in the planning of mechanical coronary revascularization, this 
author’s interpretation of the current evidence suggests that both techniques provide 
physiological signifi cance and can be complementary in specifi c patient cases. Low-
dose dobutamine cine imaging enjoys vastly greater prognostic experience over both 
dobutamine echocardiography and CMR.42,43 The high specifi city from low-dose 
dobutamine cine imaging provides a physiologic assessment of the midmyocardial and 
subepicardial contractile reserve, particularly in segments with subendocardial infarc-
tion involving less than 75% of the transmural extent.29,41 In this author’s opinion, 
patients with multiple comorbidities at very high procedural risks can benefi t from 
the physiologic information obtained from low-dose dobutamine cine contractile 
reserve assessment. In this clinical setting, an imaging technique with an excellent 
specifi city is needed to justify the risk of the coronary revascularization procedure. 
On the other hand, late enhancement technique provides high sensitivity (in contrast 
to dobutamine cine contractile reserve) in the prediction of contractile recovery in 
segments with resting akinesia or dyskinesia. It is simple to perform without the need 
for dobutamine challenge in patients with signifi cant coronary stenosis. While late 
enhancement imaging provides a stepwise prediction of the likelihood of contractile 
recovery as well as improvement in global left ventricular function, a transmural 
extent of ≥75% rules out segmental contractile recovery with high certainty. For these 
reasons, this author’s CMR center routinely performs both late enhancement tech-
nique and low-dose dobutamine challenge whenever feasible.

Even if functional improvement after revascularization is considered to be a 
relevant clinical endpoint of myocardial viability, it cannot be overemphasized that 
patients’ benefi ts to coronary revascularization probably extend much beyond recov-
ery of segmental contractile function. Samady et al demonstrated signifi cant improve-
ment of postrevascularization patient survival despite a lack of left ventricular 
functional improvement.44 Although it remains unproven, it is conceivable that resto-
ration of normal coronary perfusion by mechanical revascularization may offer prog-
nostic advantages by mechanisms such as protection against infarction/ischemia in 
other stenotic coronary arterial territory and improved electrical stability in the peri-
infarct zone. After an acute myocardial infarction, late patency of the infarct-related 
artery is also important since it may lessen the burden of adverse ventricular remodel-
ing in the postinfarction period.45 Therefore, other factors such as coexisting comor-
bidities, likelihood of successful myocardial reperfusion from revascularization, and 
procedural risk must be included in conjunction with the diagnostic information from 
viability imaging in evaluating the risk-benefi t ratio of mechanical coronary 
revascularization.
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Summary Points

• CMR is an accurate clinical method that provides useful physiological and prog-
nostic information for the planning of invasive coronary intervention in patients 
with coronary artery disease.

• Combining structural and functional information of the left ventricle at rest and 
during inotropic dobutamine stress, the physiologic contractile reserve and the 
likelihood of benefi t from revascularization can be determined.

• During the same imaging session, the transmural extent of the infarcted myocar-
dium can also be determined, which provides a sensitive and stepwise estimate of 
segmental contractile recovery.

• In this author’s experience, these techniques provide complementary assessment of 
myocardial physiology and morphology that is highly accurate for the prediction of 
benefi ts in patient outcome and in cardiac function.

• With more effi cient image acquisition due to advances in hardware and pulse 
sequence techniques with or without contrast administration, a CMR examination 
that takes less than 1 hour is generally well tolerated by most patients; it has now 
become a routine clinical tool in many tertiary-care centers.

• In addition to the absence of ionizing radiation, the use of hypoallergenic non-
nephrotoxic contrast agents in CMR also provide an additional level of safety in 
patients with allergic potentials or renal dysfunction.

• Magnetic resonance spectroscopy demands a high degree of technical expertise and 
specialized equipment; however, it provides a unique assessment of myocardial 
energy metabolism that can determine the status of myocardial viability.
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Since initial reports that regional myocardial dysfunction is not always irreversible, 
the assessment of whether dysfunctional myocardial tissue or regions contain pre-
dominantly viable myocytes has become an important research and clinical issue for 
noninvasive imaging. Imaging of myocardial perfusion, myocyte cell membrane inte-
grity, regional myocardial metabolism, and contractile reserve has provided important 
insights into the pathophysiology of hibernating and stunned myocardium. From a 
clinical perspective, the wealth of data built by many clinical investigators over the 
years has made noninvasive imaging of myocardial viability an important factor in 
treatment decisions for patients with heart failure, chronic coronary artery disease 
(CAD), and left ventricular (LV) dysfunction. Some of the historical milestones in 
this fi eld are listed in Table 21.1.

Several sources are available that analyze the literature on the predictive value 
of noninvasive imaging modalities for regional functional recovery or other out-
comes in patients with chronic CAD and LV dysfunction.1–3 In this review, we 
will evaluate the strengths and weaknesses of the various imaging modalities that 
have been studied to assess viability, in the context of the clinical endpoints being 
addressed.

Historical Perspective: The Retrospective Recognition of 
Viable Dysfunctional Myocardium

Prior to the 1980s, impaired LV function at rest was predominantly thought to repre-
sent an irreversible process. The introduction and subsequent growth of the concepts 
of stunned and hibernating myocardium in the mid-1970s to early 1980s dramatically 
changed the application of noninvasive techniques in guiding therapeutic decisions 
for revascularization.

In 1975, Heyndrickx and coworkers showed that impaired regional mechanical 
function following coronary occlusions could persist for hours without myocardial 
infarction.4 Following a plethora of experimental and clinical studies, delayed 
recovery of contractile function following a period of ischemia was termed stunned 
myocardium.5 Interestingly, the concept of hibernating myocardium arose initially 
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from clinical rather than experimental observations.6,7 In patients with chronic 
ischemic heart disease undergoing coronary artery bypass graft (CABG) 
surgery, improvements in both regional and global left ventricular function were 
often observed at rest.8,9 Approximately one third of patients with preoperative 
LV dysfunction manifest signifi cant increases in ventricular function after 
CABG, with normalization of ejection fraction in approximately one fourth of 
patients.10

Current understanding supports the concept that the myocardium has several 
mechanisms of acute and chronic adaptation to a temporary or sustained reduction 
in coronary blood fl ow, known as stunning, hibernation, and ischemic precondition-
ing.11 These responses to ischemia preserve suffi cient energy to protect the structural 
and functional integrity of the cardiac myocyte. In contrast to programmed cell death, 
or apoptosis, the term programmed cell survival has been used to describe the com-
monality among myocardial stunning, hibernation, and ischemic preconditioning, 
despite their distinct pathophysiology.12

Table 21.1. Historical Points in the Evolution of Assessment of Myocardial Viability

•  Late 1970s to early 1980s: Retrospective studies recognizing that dysfunctional 
myocardium may improve function after revascularization by CABG

•  Early to mid-1980s: Description of hibernating myocardium; potential prospective 
identifi cation by invasive observations of improved regional function by left 
ventriculogram after nitroglycerin or with postextrasystolic potentiation

•  Mid-1980s: Initial recognition that all “fi xed defects” are not all representative of infarct 
and that quantitative analysis of the degree of 201Tl uptake within fi xed defects correlated 
with the probability of improved perfusion after CABG; opened the possibility that 
radionuclide imaging could prospectively identify potential improvement in perfusion or 
function, noninvasively

•  Mid-1980s: Initial description of reversible resting 201Tl defects and potential implications
•  Late 1980s: Prospective noninvasive evaluation of the probability of postrevascularization 

functional recovery by PET imaging of perfusion and metabolism
•  Late 1980s: Beginning of the evolution of 201Tl imaging protocols to optimize assessment 

of viability, including late redistribution imaging
•  Late 1980s to early 1990s: Initial reports of 201Tl reinjection to optimize assessment of 

viability
•  Early 1990s: Reports of contractile reserve by dobutamine echocardiography to assess 

viability
•  Early to mid-1990s: Further evolution and understanding of 201Tl protocols, including 

quantitative assessment of defect severity after reinjection
•  Early to mid-1990s: Evaluation of other PET tracers and techniques, including imaging of 

fatty acids and tissue perfusible index
•  Mid-1990s: Initial reports of the use of technetium-99m agents for assessing viability in 

animal models and in humans
•  Mid-1990s: Biopsy and tissue studies correlating SPECT and PET imaging parameters 

and dobutamine echocardiography with direct measures of tissue or myocyte viability
•  Mid- to late 1990s: Numerous reports on predicting functional recovery; initial reports on 

predicting other endpoints after revascularization, including improved symptoms and 
survival, as well as the prognostic importance of the presence of viability

•  Mid- to late 1990s: Nitrate-enhanced imaging for 201Tl and technetium-99m agents
•  Late 1990s: Importance of incorporating evaluation of inducible ischemia into viability 

evaluation
•  Late 1990s: Reports of contrast echocardiography to assess microvascular integrity
•  Late 1990s to early 2000s: Other techniques, such as NOGA mapping and 

hyperenhancement cardiac MR imaging, emerge
•  Mid-2000s: Concepts from hyperenhancement MR imaging applied to cardiac CT
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From the mid-1970s to the early 1980s, a number of methods were introduced to 
assess regional LV contractile reserve in asynergic regions during invasive contrast or 
noninvasive radionuclide ventriculography. These included enhanced regional con-
tractile reserve during nitroglycerin administration,13 during postextrasystolic poten-
tiation,14 during low-dose catecholamine infusion,15 or immediately postexercise.16

However, none of these methods gained widespread clinical enthusiasm. In the mean-
time, thallium-201 (201Tl) myocardial perfusion imaging, which was introduced in 1975 
for detecting CAD, gained momentum as a viability probe for differentiating viable 
from scarred myocardium. Experimental studies showed that extraction of 201Tl across 
the cell membrane was unaffected by hypoxia, chronic hypoperfusion (hibernation), 
or postischemic dysfunction (stunning), unless irreversible injury (scarred myocar-
dium) is present. When it became possible to evaluate contractile reserve noninva-
sively, using dobutamine echocardiography, the technique gained more widespread 
attention.

Evolution of Understanding Appropriate Endpoints for 
Viability Studies

In parallel with the numerous studies in the 1980s reporting the retrospective observa-
tion of improved regional and/or global LV function in some patients following revas-
cularization, seminal investigations reported the prospective identifi cation and 
prediction of viability by noninvasive radionuclide imaging. Gibson and colleagues17

used planar 201Tl imaging to demonstrate that preoperative 201Tl uptake patterns could 
be used to predict the probability of regionally improved perfusion after bypass 
surgery. In this study, postoperative improvement in perfusion in an initially abnor-
mally perfused region was used as the marker or endpoint of regional tissue viability 
to be predicted.

Subsequently, Tillisch and coworkers, using positron emission tomography (PET) 
imaging of myocardial blood fl ow and glucose metabolism,18 published the seminal 
data predicting improved regional function postrevascularization, in regions that were 
dysfunctional preoperatively. Following that publication, analysis of performance 
characteristics (usually positive and negative predictive values) for predicting improved 
regional function became the standard performance metric for viability studies. Fewer 
studies evaluated a change in global LV function (ejection fraction [EF]), though it 
could be argued that changes in LVEF would be more relevant to patient-related 
outcomes.

Regional or global functional recovery after revascularization represents a conve-
nient endpoint for study and, particularly with the case of changes in regional 
function, provides many analytic data points even with relatively few patients (as 
the LV is divided into 9, 17, 20, or even 40 segments per patient). Although such an 
analysis can provide very relevant physiologic information regarding comparative 
aspects of different techniques for assessing viability, recovery of regional or global 
function may be an incomplete descriptor with regard to patient-related outcomes.19

A signifi cant improvement in LVEF is likely to be associated with favorable clinical 
and prognostic outcomes, but revascularization may conceivably be associated 
with many favorable clinical effects even in the absence of ventricular functional 
improvement. Such favorable effects may include relief of ischemic or heart 
failure symptoms, improved exercise tolerance related to diminished inducible isch-
emia or improved diastolic function, stabilization (or reversal) of remodeling 
and stabilization of the electrophysiologic milieu, and prevention of myocardial infarc-
tion.19,20 A very important observation in this regard was published by Samady et al,21

who reported that in a group of patients with LV dysfunction undergoing bypass 
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surgery, long-term survival was similar regardless of whether LVEF increased 
after revascularization. These data suggested that improvement in regional or global 
LV function, or both, is a suffi cient but not necessary condition for improved patient 
outcome after revascularization and broadens the potential for outcome assessment 
in viability studies.

In parallel with that observation, studies through the mid- to late 1990s and 
beyond have focused more on the performance characteristics of the noninvasive 
viability signals to predict outcomes more directly related to the patient, that is, 
improvement in symptoms and various components of short- or longer-term natural 
history outcomes. This approach is indeed appropriate, as the usual clinical pur-
pose of assessing the presence and extent of myocardial viability in a patient with 
CAD and LV dysfunction is to select those patients who will benefi t from 
revascularization.

Viability and Functional Recovery

The gold standard for imaging viability of dysfunctional myocardium in many early 
studies was recovery of regional or segmental function after revascularization. In the 
seminal report of Tillisch and colleagues,18 PET imaging in dysfunctional myocardium 
had positive and negative predictive values of 85% and 92%, respectively. Subsequent 
reports examined the utility of 201Tl reinjection,22 rest-redistribution 201Tl imaging,23

and the use of the technetium-99 (99mTc) agents sestamibi24 and tetrofosmin.25 A 
pooled analysis of studies reporting the performance of 18F-FDG PET, 201Tl stress-
redistribution-reinjection imaging, 201Tl rest-redistribution imaging, 99mTc sestamibi 
single photon emission computed tomography (SPECT) imaging, and dobutamine 
echocardiography2 suggested high sensitivity (83% to 90%) and modest specifi city 
(54% to 81%) for the prediction of recovery of regional function. Radionuclide 
imaging had in general higher sensitivity, while imaging of contractile reserve by 
dobutamine echocardiography had higher specifi city, and PET was slightly more 
accurate overall.

There have been relatively fewer studies addressing improvement in global LV 
function after revascularization. These studies uniformly indicate that the presence 
of a critical or threshold mass of viable myocardium is necessary for improvement 
in global LV function after revascularization. Using PET, in a study by Tillisch 
et al,18 LV ejection fraction improved from 30 ± 11% to 45 ± 14% in patients with 
2 or more viable segments in a 15-segment LV model. Ragosta and colleagues23

reported that in patients with severely depressed LV function, the presence of viability 
in at least 7 of 15 segments by quantitative rest-redistribution planar 201Tl imaging 
was predictive of a substantial improvement in global function (LVEF from 29 ± 7% 
to 41 ± 11%) following CABG. Both studies demonstrated lack of improvement 
in global LV function when a lesser extent of viability was present prior to 
revascularization.

The infl uence of the extent of viability in heart failure patients on the recovery of 
global function following medical therapy has also been assessed. In the CHRIST-
MAS trial,26 the extent of hibernating myocardium defi ned noninvasively by SPECT 
sestamibi imaging correlated with the magnitude of LVEF increase seen after treat-
ment with carvedilol.

An issue that complicates the use of regional functional recovery as a gold standard 
is that the timing of functional recovery is not uniform after revascularization. It has 
been suggested that LV function may continue to improve for many months following 
revascularization; therefore, a single assessment, if not timed optimally, may under-
estimate the full extent of functional recovery.27
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Viability and Remodeling

Although recovery of regional or global function or both is a relevant physiologic gold 
standard, revascularization may confer benefi ts beyond and besides functional recov-
ery, including attenuation of progressive ventricular remodeling. Resting regional 
function is primarily determined by endocardial thickening, which is unlikely to 
improve despite partially preserved myocardial viability in patients who have suffered 
nontransmural myocardial infarction.28–30 In such patients, preserved viability in 
the outer layers of the myocardium could prevent progressive LV dilatation, despite 
the lack of any improvement in resting function following revascularization. From the 
post-MI and heart failure literature, the prevention or reversal of adverse ventricular 
remodeling appears to be an important determinant of long-term natural history 
outcomes, and strategies that prevent or reverse remodeling generally have very favor-
able effects on that natural history.31

The relationship between infarct-zone viability and remodeling has been studied 
in animal models. Alhaddad and colleagues32 created left coronary artery occlusions 
in rats randomized to permanent occlusion or 2, 8, or 16 hours of occlusion followed 
by reperfusion. On morphometric and histologic analyses performed 2 weeks 
later, the benefi ts of reperfusion on infarct expansion were related primarily to 
preservation and hypertrophy of small islets of viable myocytes located in the sub-
epicardium of the scar, and progressively diminished with increasing periods of 
coronary ligation. Using a rodent model of MI, Hochman and Bulkley showed that 
even a small rim of viable epicardial myocardium may prevent or mitigate infarct 
expansion.33

The relative amounts of viable and necrotic myocardium within an infarct zone 
following MI vary widely but have been shown to be important determinants of sub-
sequent LV remodeling.34 Even in the presence of a high-grade stenosis or occlusion 
in the IRA, myocardial perfusion via collaterals can maintain infarct zone viability 
for prolonged periods.35

Relatively few studies have examined the assessment of regional viability to predict 
the outcome of revascularization or medical therapy on LV remodeling. An important 
achievement in this regard was the study of 56 patients with severe ischemic LV dys-
function by Senior and colleagues.36 These investigators assessed viability (by nitrate-
enhanced 201Tl as well as nitrate-enhanced 99mTc-sestamibi imaging) at baseline, as 
well as LV function, size, and geometry before and again 21 months after physician-
directed treatment with revascularization or medical therapy. In patients who had at 
least 5 viable segments in a 12-segment model (by either tracer), revascularization was 
associated with a prevention of remodeling, improvement in LVEF, and prevention of 
increasing sphericity compared to follow-up on medical therapy. On longer-term 
follow-up (out to 40 months), these changes with revascularization were associated 
with improved New York Heart Association symptom class and better survival. Thus, 
noninvasive evaluation of viability identifi ed patients with ischemic cardiomyopathy 
in whom a strategy of revascularization was associated with both very favorable 
structural LV changes (prevention of remodeling) and favorable natural history 
outcomes.

More recently, gadolinium-enhanced cardiac magnetic resonance (CMR) imaging 
has been used to predict the response of the LV to an intervention in terms of both 
ejection fraction and volumes, that is, remodeling. Bello and colleagues reported that 
the response of the LV in patients with either ischemic or nonischemic cardiomyopa-
thy to treatment with carvedilol was predicted by the degree of hyperenhancement 
(representing fi brosis or scarring) on CMR imaging (Figure 21.1). On multivariable 
analysis, the degree of scarring by CMR was an independent predictor of the carve-
dilol-induced change in ejection fraction, LV end-diastolic volume index, and LV 
end-systolic volume index.37



300 Part IV Diagnostic Approaches to the Patient with Heart Failure

70

60

50

40

30

20

10

0
0

A B
1–25 26–50

Transmural Extent of
Hyperenhancement (%)

Transmural Extent of
Hyperenhancement (%)

Im
pr

ov
ed

 C
on

tr
ac

til
ity

 (
%

)

All Dysfunctional Segments

P < 0.0001
for trend

51–75 76–100

70

60

50

40

30

20

10

0
0 1–25 26–50

P < 0.0001
for trend

P < 0.0001

Nonischemic

Ischemic

51–75 76–100

C

Short-Axis View Long-Axis View

Gadolinium
CMR at
Baseline

Cine CMR
at Baseline

Cine CMR
After

Beta-Blocker
Therapy

Diastole Systole Diastole Systole

FIGURE 21.1. Evidence that the degree of scarring by hyperenhancement CMR imaging is 
related to improvement in regional function (as well as remodeling) even with medical therapy 
in patients with ischemic or nonischemic cardiomyopathy. In panels A and B, the transmural 
extent of hyperenhancement (by gadolinium CMR, x-axis) is related to the probability of 
improved regional function after β-blocker therapy (on the y-axis). Panel A represents all 
patients in the study, while in panel B, the patients are separated into those with ischemic (open 
bars) and nonischemic (closed bar) cardiomyopathy. The more hyperenhancement, the lower 
the likelihood of improved regional contractility. In panel C, gadolinium CMR images are 
shown in the top row, with evidence of gadolinium uptake consistent with fi brosis and nonvia-
bility in the anterior wall and septum (white arrows), but no gadolinium uptake in the inferior 
wall. In the cine CMR images before β-blocker therapy (second row) and after such therapy 
(third row), there is no improvement in function in the anterior wall and septum (white arrows), 
but improved regional function in the inferior wall, best seen as greater wall thickness at end-
systole. (From Reference 37, modifi ed and reprinted with permission.) 
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Viability and Improvement in Heart Failure Symptoms

In a seminal study of 36 patients with ischemic cardiomyopathy (mean LVEF 28 ±
6%), Di Carli and colleagues38 found that the magnitude of improvement in heart 
failure symptoms after CABG was correlated with the preoperative extent of viable 
myocardium as determined by PET perfusion-metabolism mismatch. Patients with 
evidence of viability involving ≥18% of the LV myocardium had the greatest improve-
ment in their functional status. While previous studies demonstrated signifi cant 
improvements in functional status following surgical revascularization in ischemic 
cardiomyopathy,39,40 this was the fi rst study to establish a direct correlation between 
the magnitude of preserved myocardial viability and the magnitude of improvement 
in functional status (Figure 21.2).

Since the publication of those data, many reports have confi rmed the concept that 
noninvasive imaging of viability can predict the degree of symptomatic improvement 
in such patients in studies involving PET,41 SPECT imaging of 201Tl or 99mTc-
sestamibi,36 as well as in identifi cation of contractile reserve by dobutamine echocar-
diography.42 Taken together, these data suggest that the extent of dysfunctional, 
ischemic viable myocardium in heart failure patients can be used as a potential marker 
of the symptomatic benefi t that will accrue secondary to revascularization. As revas-
cularization in patients with signifi cant LV dysfunction is high-risk revascularization, 
the data suggest that viability imaging information can provide a signal of the poten-
tial benefi t to inform the risk-benefi t equation.

Viability and Survival

An issue of even greater clinical relevance is the role of the presence of viable myo-
cardium in the survival advantage offered by revascularization for patients with 
ischemic LV dysfunction. Management decisions are vexing in these patients, balanc-
ing the high perioperative mortality imposed by severe LV dysfunction43 with the 
potential for signifi cant improvement in symptoms, functional status, and survival. 
In the important fi rst studies to examine outcomes of medical therapy versus revas-
cularization and the infl uence of retained viability, Eitzman and colleagues,44 as 
well as Di Carli and coworkers,45 concordantly reported on patients with ischemic 
cardiomyopathy studied with PET imaging. Among patients exhibiting a PET 
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perfusion-metabolism mismatch pattern and classifi ed as predominantly viable, sur-
vival was signifi cantly higher following surgical revascularization than during medical 
therapy. In contrast, among patients with predominantly nonviable myocardium 
by PET, there was no survival benefi t of revascularization compared to medical 
therapy.

The strength of conclusions that may be drawn from those important initial 
papers is limited by the small numbers of patients, raising the possibility of erroneous 
statistical signifi cance or lack of signifi cance. Since those initial publications 
however, more than 20 similarly designed observational studies have been published 
and a meta-analysis of these studies has been reported1. This pooled analysis 
consisted of 3088 patients in 24 studies reporting viability using radionuclide 
imaging, PET, or dobutamine echocardiography, and long-term survival after revas-
cularization or medical therapy. In patients with predominant viability, follow-up 
on medical therapy was associated with very high risk, a 16% annual mortality. In 
similar patients, revascularization was associated with an 80% reduction in annual 
mortality (16% vs 3.2%, p < 0.0001), compared with medical therapy (Figure 21.3). 
Patients with the most severe LV dysfunction derived the greatest benefi t from 
revascularization; that is, with worsening LVEF, the survival benefi t associated 
with revascularization of patients with viable myocardium increased proportionately. 
The data suggested that the presence of viable myocardium, as defi ned by noninva-
sive imaging in patients with heart failure, is a marker for very high natural history 
risk, and that risk appears to be signifi cantly reduced by revascularization. These 
conclusions must be viewed in the context of the limitations of pooling observational 
cohort studies, which may bring into play unevaluable selection biases when 
meta-analyzing published literature. More defi nitive conclusions may result from 
the ongoing Surgical Treatment of Ischemic Heart Disease (STICH) trial, which is 
randomizing heart-failure patients without angina to revascularization or no reva-
scularization; subsets of patients will have noninvasive imaging of viability prior to 
randomization.

Since the report by Allman et al,1 other studies using 99mTc-sestamibi imaging or 
dobutamine echocardiography have shown concordant results36,46–48 that, in patients 
with ischemic cardiomyopathy, the presence of myocardial viability consistently pre-
dicts improved survival following revascularization.
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Foundation.)
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Viability and Short-Term Management Implications

The original description of hibernating myocardium suggested that it was an adaptive, 
steady state, potentially reversible with revascularization. Since that time, however, 
several reports have suggested that progressive structural as well as clinical deteriora-
tion may be occurring in that pathophysiologic setting, with more advanced structural 
changes being associated with less favorable improvement after revascularization. In 
a comprehensive, seminal study, Elsasser et al49 described 38 patients with hibernating 
myocardium. On myocardial biopsies they found evidence of disorganization of the 
contractile and cytoskeletal proteins, dedifferentiation (expression of more fetal pro-
teins), and changes in the extracellular matrix with evidence of reparative fi brosis. 
Patients with more advanced abnormalities had less improvement in regional and 
global function after revascularization. These investigators suggested that hibernation 
was an “incomplete adaptation to ischemia,” and that, once it was identifi ed, prompt 
revascularization should occur.

Consistent with this concept are data from Beanlands et al,50 who reported that 
after identifi cation of patients with ischemic cardiomyopathy who had signifi cant 
viable myocardium by PET imaging, substantial delay in revascularization was associ-
ated with mortality during that delay and with absence of postrevascularization 
LV functional improvement, compared to similar patients undergoing more prompt 
revascularization.

These important studies have signifi cant practical implications, suggesting that 
identifi cation of patients with substantial ischemia and viability are not only at long-
term risk, but also at risk in the short term as well, and that optimal reversibility of 
LV dysfunction and improvement in symptoms and outcome are dependent on prompt 
referral for revascularization.

Incorporating viability information into the database available for decision making 
regarding revascularization can also provide insight into the early and intermediate-
term postoperative course. Haas et al51 reported on two groups of patients with isch-
emic cardiomyopathy referred for bypass surgery: one group was selected on clinical 
and angiographic criteria, while the second group had PET imaging performed as part 
of the evaluation and selection process. The group in which PET informed the clinical 
decision had a less complicated postoperative course, less need for perioperative ino-
tropic support, as well as lower in-hospital and 12-month mortality. These important 
data support the concept that viability information can assist in the selection of 
patients with the most optimal potential outcome of revascularization.

Evolution of Understanding Appropriate Analytic Techniques for 
Viability Studies

In contrast to the literature on imaging for detection of CAD or risk stratifi cation, in 
which visual and semiquantitative segmental scoring have been the predominant 
analytic methodologies, the viability literature almost from the beginning has often 
incorporated quantitative techniques to more precisely report imaging patterns. The 
seminal study in this regard was reported by Gibson et al,17 using quantitative analysis 
of the degree of 201Tl uptake in planar images. This study provided the initial recogni-
tion that “fi xed defects” are not all representative of infarct, in that regions with 
preoperative fi xed defects could often demonstrate improved or even normal stress/
redistribution 201Tl uptake postoperatively. Moreover, quantitative analysis of the 
degree of 201Tl uptake within fi xed defects correlated with the probability of improved 
perfusion after CABG. These important data opened the possibility that radionuclide 
imaging could prospectively identify potential improvement in perfusion or function, 
noninvasively.
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Subsequently, many other reports explored and validated the importance of quan-
titative analysis. Dilsizian and colleagues22 used both visual and quantitative analysis 
to demonstrate the importance of 201Tl reinjection in identifying myocardial viability. 
These investigators also reported that the quantitative magnitude of increase in 201Tl 
uptake after reinjection was by itself an important determinant of the probability of 
viability and potential recovery of function.52 Quantitative analysis of the degree of 
tracer uptake, as opposed to simply presence or absence, was also shown to be impor-
tant for the use of 99mTc sestamibi for assessing viability.24,53

A key concept that has emerged from the use of quantitative analysis of tracer 
uptake in viability studies is that tracer uptake represents a continuous signal rather 
than a dichotomous signal. That is, tracer uptake is a biologic signal that refl ects the 
full spectrum of how much tissue viability is present in a dysfunctional region, from 
completely retained viability (“transmural hibernation”) to transmural infarct/scar, 
and all admixtures in between. This concept has been confi rmed by a series of studies, 
correlating tracer uptake with direct examination of tissue viability from myocardial 
biopsy samples.54–56

Zimmermann and coworkers56 performed myocardial biopsies of dysfunctional 
anterior wall zones during bypass surgery in patients who had undergone planar thal-
lium scintigraphy with thallium reinjection prior to operation. There was a very good 
correlation between the quantitated thallium regional activity within the anterior wall 
from the planar images following reinjection and the percent fi brosis within the biopsy 
specimens of those same walls (Figure 21.4). Similarly, in patients with chronic isch-
emic cardiomyopathy undergoing pretransplantation stress-redistribution-reinjection 
SPECT 201Tl scintigraphy, patterns of 201Tl defects correlated with the posttransplanta-
tion extent and distribution of collagen replacement.57 The higher collagen content in 
irreversible thallium regions was associated with lower wall thickness and more severe 
cross-sectional coronary artery narrowing when compared with reversible and normal 
thallium regions.57 These data suggest that quantitative analysis of 201Tl uptake indeed 
refl ects the degree of regional tissue viability.
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FIGURE 21.4. Relation between quantitated tracer uptake and histologic measures of viability. In panel A, the relation of pre-
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to the percentage of interstitial fi brosis (an inverse measure of viability), taken from biopsy samples of dysfunctional anterior 
walls during CABG surgery. There is a strong correlation. In panel B, the relation of preoperative quantitated SPECT 99mTc-
sestamibi activity (after a rest high-dose injection) is compared to the percentage of viability similarly taken from biopsy samples 
of dysfunctional anterior walls during CABG surgery. There is a strong direct correlation, with the same correlation coeffi cient 
as the 201Tl study. Both these studies documented that tracer uptake is a continuum, which correlates with the direct extent of 
tissue viability. (From References 54 [panel B] and 56 [panel A], with permission.)
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Two key studies examined this issue using 99mTc-sestamibi. Medrano and col-
leagues55 injected sestamibi at rest in patients with severe ischemic cardiomyopathy 
just prior to heart transplantation. Following explantation of the recipient’s 
severely dysfunctional heart, these investigators found that the magnitude of sestamibi 
defect severity (on imaging of the sliced pathologic specimens of the explanted heart) 
was closely correlated to the percentage of scarring within those same segments on 
pathologic examination (Figure 21.4). In addition, well counting of myocardial speci-
mens for sestamibi activity also correlated well with the presence of viable myocar-
dium by microscopy. These data suggest that even in the setting of severe ischemic 
cardiomyopathy (average LVEF 24 ± 6%) and dysfunctional territories supplied by 
severely stenosed coronary arteries, quantitative sestamibi activity correlated well 
with the magnitude of preserved regional tissue viability within dysfunctional 
territories. The data on sestamibi defect severity were, however, gathered from 
imaging specimens of the already explanted heart, leaving open the question of 
whether these elegant data could indeed be generalized to in vivo clinical planar or 
SPECT imaging.

However, two subsequent studies, by Dakik and colleagues,54 as well as by Maes 
and coworkers,57 demonstrated that similar data could indeed be derived from SPECT 
imaging in vivo. In both studies, 30 patients with severe LAD stenosis and signifi cant 
anterior wall dysfunction underwent resting sestamibi SPECT imaging and the data 
were analyzed using quantitative polar maps. There was a very good correlation 
between the quantitated sestamibi activity within the anterior wall from the preopera-
tive SPECT images and the percent fi brosis seen in the biopsy specimens. These 
investigators concluded that the magnitude of sestamibi uptake is inversely related to 
the amount of interstitial fi brosis (and thus directly related to the magnitude of 
preserved tissue viability) and that 99mTc-sestamibi activity refl ects not only fl ow but 
also regional tissue viability. These data are concordant with animal studies suggest-
ing that in low-fl ow territories, sestamibi activity is higher than one would expect 
based on behavior of a pure fl ow tracer.23

These concepts of quantitative analysis have been applied to hyperenhancement 
CMR imaging. In a seminal study, Kim and coworkers demonstrated that the quanti-
tated evaluation of the extent of transmural or nontransmural scarring in a dysfunc-
tion region, analyzed by gadolinium-enhanced CMR images, was directly related to 
the probability of functional recovery after revascularization,58 analogous to previ-
ously published radionuclide studies.

The data from all these studies emphasize the concept that noninvasive assessment 
of regional viability in dysfunctional myocardium by any methodology, whether inter-
rogating perfusion, metabolism, contractile reserve, or degree of scarring, should be 
viewed as a continuum of values related to the degree of tissue viability and intact 
myocytes. Analytically, in published studies, quantitative cut points, such as 50% or 
60% of peak uptake or extent of transmural scar, are used to distinguish “viable” 
(above that cut point) from “nonviable” (below that cut point) regions. It is important 
to note that such cut points are necessary for determining performance characteristics 
such as positive and negative predictive values. In light of the biopsy studies, however, 
whether functional recovery occurs following revascularization is related to the mass 
of preserved myocardial tissue, and threshold or cut points of regional isotope activity 
or degree of hyperenhancement will merely refl ect that suffi cient mass of tissue.

The concept that “viability” is a continuous function, which relates not only to the 
mass of preserved myocytes but also extends to endpoints such as the probability of 
functional recovery; that is, the greater the amount of viability in a dysfunctional 
region, the greater the probability of functional recovery after revascularization. This 
principle has been demonstrated for 201Tl imaging,59 99mTc sestamibi imaging,24,60 for 
PET evaluation of metabolic activity,60,61 as well as for hyperenhancement CMR 
imaging.58
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Assessment of Viability Versus Assessment of Inducible Ischemia

A relatively unexplored issue in the analysis of viability studies is the relative impor-
tance of assessing “pure” viability (as evaluated by resting tracer uptake, resting 
metabolic activity, extent of hyperenhancement, or contractile reserve to low-dose 
inotropic stimulation) compared to assessment of inducible ischemia using a stress-
rest approach. Most studies evaluating the radionuclide techniques for assessing via-
bility, for instance, have focused on analysis of resting tracer uptake (as with 201Tl, 
sestamibi) or tetrofosmin or evidence of preserved metabolic activity at rest (by FDG 
or C-11 acetate). In some patients, however, nontransmural infarction may have 
occurred with preservation of some degree of viability in the setting of a noncritically 
stenosed vessel. In this setting, evidence of uptake of the single photon tracers or 
metabolic activity by FDG may result in “intermediate” values, such that the role of 
revascularization is not clear. When this occurs, assessment of stress-induced ischemia
appears to provide additional important information. In an important study, Kitsiou 
and coworkers demonstrated that the fi nding of stress-induced ischemia (a reversible 
perfusion defect) was a more powerful predictor of recovery of function than a “fi xed” 
defect with a similar degree of resting tracer activity62 (Figure 21.5A). Subsequently, 
Pasquet and colleagues63 showed that among patients with CAD and LV dysfunction, 
evidence of stress-induced ischemia by SPECT was an important prognostic factor in 
a multivariate analysis even when rest viability information was known. Moreover, 
stress-induced ischemia by radionuclide imaging correlated with a favorable effect of 
revascularization on outcomes more powerfully than viability data alone.

Mild-Moderate
lrreversible

(n = 20)

Regardless of Final
Thallium Content

Same Final Thallium
Content (60% Threshold)

A

Reversible
(n = 56)

30%
n = 6

79%
n = 44

83%
n = 40

(n = 48)

Improved
Systolic Wall Thickening
Post-Revascularization

P < 0.001

(n = 15)

30%
n = 5

B

FIGURE 21.5. A, Pie chart demonstrating postrevascularization functional outcome of asynergic regions in relation to prere-
vascularization 201Tl patterns of reversible defects and mild-to-moderate irreversible defects using a stress-redistribution-
reinjection protocol. In the top panel, the probability of functional recovery after revascularization was much higher if ischemia 
was demonstrated in contrast to a mild-to-moderate irreversible defect. In the bottom panel, among segments with a fi nal 201Tl 
content of at least 60% of peak (that is, even at a similar mass of viable myocardial tissue as refl ected by the fi nal thallium 
content), the presence of inducible ischemia was associated with an increased likelihood of functional recovery. (Adapted from 
Reference 62 with permission.) B, Selected short-axis (SA), vertical long-axis (VLA) and horizontal long-axis (HLA) images 
at stress and rest from a patient with severe ischemic cardiomyopathy, advanced heart-failure symptoms, and minimal anginal 
symptoms, being considered for CABG. LVEF was 23% from the ECG-gated SPECT analysis in this 81-year-old diabetic. 
Coronary angiography demonstrated severe 3-vessel CAD, with technically bypassable vessels. On rest imaging (bottom row), 
there is substantial tracer uptake in all areas except the inferobasal wall, suggesting retained viability. Given the magnitude of 
risk associated with CABG, however (based on age, LV function, presence of diabetes), and the severity of the LV dysfunction 
and the LV size, the clinicians requested more information. The stress images (top row) confi rm that there is extensive inducible 
ischemia in the anterior, apical, lateral, and inferoapical walls. The extent of ischemia suggests substantial potential benefi t from 
revascularization. 
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Conceptually, similar data have been shown using echocardiography as well as 
CMR imaging. In a series of patients with ischemic cardiomyopathy studied before 
and after revascularization, Afridi and colleagues, using low- as well as high-dose 
dobutamine echocardiography, demonstrated that a “biphasic” response (contractile 
reserve at low dose, with worsening function at higher doses, presumably refl ecting 
viability and inducible ischemia, respectively) had the optimal predictive value for 
predicting functional recovery, compared to other patterns of response.64 Wellnhofer 
et al have shown that the discriminatory ability of CMR imaging for assessment of 
functional recovery is enhanced by incorporating evidence of regional responsiveness 
to dobutamine, over and above the assessment of scar extent alone by hyperenhance-
ment imaging.65

Thus, the data from use of multiple imaging modalities suggest the following 
concept: in settings where evidence of resting tracer uptake, metabolic activity, extent 
of hyperenhancement, or degree of contractile reserve falls into an intermediate range 
(where the probability of recovery of function or improved outcome is itself intermedi-
ate), addition of stress imaging to assess for the presence of stress-induced ischemia 
may be helpful for informing the clinical decision making regarding revascularization 
(Figure 21.5B).

Important Differences Among Noninvasive Testing Modalities

The different noninvasive modalities available to assess myocardial viability interro-
gate distinct pathophysiologic myocyte and myocardial processes. The SPECT radio-
nuclide tracers examine myocyte cell membrane integrity, and dobutamine 
echocardiography assesses regional ventricular contractile reserve. PET images iden-
tify myocardial blood fl ow and metabolism, while MR hyperenhancement imaging 
identifi es scarred myocardium. Despite these distinctions, there have not been major 
differences identifi ed among the modalities that would suggest consistently major 
differences in driving patient management. A comparison of the imaging properties 
of the various modalities relevant to assessment of viability is shown in Table 21.2.

How the modalities compare with one another for clinical assessment of viability 
has been evaluated in a number of ways. Many published studies have compared two 
or more of the modalities directly (or head-to-head) in the same population of patients. 
A summary of such studies is shown in Table 21.3. The following concepts can be 
gleaned from these published data:

• Most of the studies involve small numbers of patients.
• Most of the patients included in these studies have only mild to moderate degrees 

of LV dysfunction.
• The endpoint, or gold standard, used for “viability” varies widely. In some cases, 

the gold standard may be simply another imaging modality, itself subject to vari-
ability that is often unaccounted for.

• In almost all the studies, the LV is divided into many segments for comparative 
analysis (data not shown in Table 21.3). This enhances the number of data points 
but creates an artifi cial situation in which “signifi cant” differences between modali-
ties may be based on very small areas of the LV that may not be clinically relevant 
for differential patient outcomes.

• The evaluated performance characteristics vary widely within the individual studies 
and among patients. The performance characteristics of an individual modality also 
vary widely among studies, infl uenced in part by choice of endpoint.

• When such comparative analysis is based on multiple segments within the same 
patient, statistical correction for repeated measures within the same patient that are 
likely to be highly correlated should be performed. This is rarely done in these 
studies.
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• Soon after initial validation studies of CMR, it began to be used as a gold 
standard.

More comprehensive analyses of comparative performance of the imaging modali-
ties have included pooled or meta-analysis of the published literature, as well as ran-
domized trials. In a pooled analysis of studies reporting on rates of regional functional 
recovery, Bax et al2 reported that the radionuclide agents are more sensitive and 
dobutamine echocardiography is more specifi c, with PET having slightly higher overall 
accuracy for predicting functional recovery. Cardiac MRI hyperenhancement data 
published so far appear similar65 in general.

In the meta-analysis by Allman et al,1 there was no difference in the reduction of 
death in patients with viable myocardium treated by revascularization, whether 
viability was identifi ed by single-photon radionuclide agents, PET, or dobutamine 
echocardiography.

The most rigorous method for identifying any difference in modalities is a random-
ized trial. In an elegant study, Siebelink et al93 reported on patients with CAD and 
LV dysfunction in whom information on the presence and extent of viability was 
needed to make a decision regarding revascularization. Patients were randomized to 
have that information provided by stress/rest SPECT sestamibi imaging or by PET 
imaging, with the decision-making clinical blinded to the modality providing the 
viability information. There was no difference in the proportion of patients sent to 
revascularization, and, more important, there was no difference in the long-term 
outcomes between the 2 randomization groups.

These data together suggest that all the noninvasive testing modalities can provide 
important information on viability to inform management decisions, and major dif-
ferences, suffi cient to result in differential long-term outcomes, among the modalities 
in that regard are not apparent.

The following concepts summarize of the strengths and weaknesses of the various 
imaging modalities:

Table 21.2. Comparison of Viability Imaging Modalities

Viability Techniques Advantages Disadvantages

SPECT —Availability —Low energy tracers
  —Low spatial resolution
  —Lack of built-in attenuation correction

PET —Built-in attenuation correction —Limited availbility
 —High energy tracers —High costs
  —Complexity

 —Temporal and spatial resolution —diffi culty obtaining quality images in diabetics
MRI —Provide simultaneous information on anatomy,  —Lower temporal resolution
  function, and perfusion
 —Superior spatial resolution —Need for breath-holding sequences during 
   acquisition
 —better reproducibility
 —not dependent on anatomy or examiner —Poor images with irregular rhythms and 
   implantable metallic devices

Echocardiography —Availability —Limited by qualitative assessment
 —Less technical —High interobserver and intercenter variation
 —Low relative cost —Diffi culty obtaining adequate acoustic 
   windows

Abbreviations: SPECT-single positron emission computed tomography; PET-fl uorine 18 deoxyglucose-positron emission tomography; MRI-
cardiac magnetic resonance imaging
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Single-Photon Radionuclide Imaging

Strengths

• Modality provides strong validation for the central concept that quantitated tracer 
uptake on planar or SPECT imaging represents the magnitude of regional tissue 
viability.

• Modality provides strong validation of performance characteristics for predicting 
all viability-related outcomes.

• Quantitative analysis tools are widely available and easily applied.
• Assessment of stress-induced ischemia is straightforward to incorporate.

Weaknesses

• Most literature involves patients with only moderate LV dysfunction.
• Partial volume or recovery coeffi cient effects would likely limit usefulness and nega-

tive predictive value in patients with severe LV dysfunction and thinner walls, pati-
ents in whom clinical decisions regarding revascularization are most challenging.

• As the LV is larger and more dilated, attenuation issues become more important. 
Data on attenuation correction effects are very limited.

Dobutamine Echocardiography

Strengths

• Modality provides strong validation for the central concept that contractile reserve 
represents a threshold magnitude of regional tissue viability.

• Modality provides strong validation of performance characteristics for predicting 
all viability-related outcomes.

• Modality is easily applied, even at the bedside.

Weaknesses

• Quantitation is not routine. Visual analysis is challenging to the nonexpert.
• Various patterns (biphasic response, further improvement with high-dose dobuta-

mine, for instance) may coexist in the same patient, complicating interpretation.
• Most literature involves patients with only moderate LV dysfunction.
• Little exploration has been done regarding infl uence of remodeled but viable myo-

cardium on predictive values.
• Images are limited by windows. Use of contrast for cavity enhancement has not 

been extensively explored as yet.
• Use of contrast for microvascular integrity has not been well explored as yet and is 

challenging to interpret.

Metabolic Imaging by PET

Strengths

• Modality provides strong validation for the central concept that tracer uptake rep-
resents the magnitude of preserved tissue metabolic activity.

• Modality provides strong(est) validation of performance characteristics for predict-
ing all viability-related outcomes.

• Quantitative analysis tools are available.
• Higher-energy emissions make application to patients with more dilated LV and 

thinner walls more tenable, though this is still relatively unexplored in the 
literature.

• “Mismatch” concept of perfusion and metabolism is likely able to differentiate 
viable hibernating myocardium from viable remodeled myocardium, but as yet this 
is not well explored.
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Weaknesses

• Though equipment is now more widely available, expertise to perform high-quality 
viability studies is less available.

• Modality is technically more complex to perform with high quality.
• Metabolic imaging is technically challenging in diabetics.
• Incremental need for and value of using perfusion imaging as well as metabolic 

imaging have not been clearly established for various clinical scenarios.

Gadolinium Hyperenhancement CMR Imaging

Strengths

• Modality provides strong validation for the central concept that enhanced areas of 
the myocardium represent the magnitude of regional scarring.

• Modality affords the ability to supply high-quality imaging of function and viability 
using different sequences.

• Modality is conceptually the most applicable of the techniques to patients with more 
dilated LVs and more severe degrees of LV dysfunction, with thinner walls.

• To date, validation is limited to predicting regional and global function 
improvement.

Weaknesses

• Though equipment is now widely available at medical centers, technical expertise 
to perform and interpret hyperenhancement imaging is not yet widespread.

• Modality is sensitive to acquisition timing.
• The need for stress-induced ischemia information over and above information on 

resting viability information is not well established.
• It is technically challenging to obtain ischemia information.
• Perfusion imaging is as yet not fully validated.

Representative images of the various modalities are shown in Figure 21.6.

Caveats Regarding Application of the Viability Literature to Clinical 
Decision Making for Revascularization

The published literature documenting the performance characteristics of viability 
imaging techniques for predicting functional recovery or improvement in symptoms 
by its nature refl ects patients who have been selected for revascularization, often on 
clinical grounds, who then undergo viability imaging. In other cases, patient selection 
for revascularization is predicated on the results from viability imaging. Thus, in either 
scenario, potential is created for pre- or posttest referral bias to infl uence the perfor-
mance characteristics being measured.

Perhaps the most important caveat regarding application of the viability literature 
to actual clinical practice involves the potential extrapolation of the literature to 
patient subsets that have more advanced degrees of LV dysfunction or more concomi-
tant complicating conditions. Most of the studies in the literature involve patients with 
LVEF values in the 25% to 35% range (or higher in many studies). Particularly in 
centers where patients are being referred for evaluation for heart transplant, where 
high-risk revascularization might be considered an option based on viability informa-
tion, it would be expected that the range of LVEF among such patients would be dis-
tinctly lower. Whether the imaging tests perform in a similar manner among patients 
with more dilated, dysfunctional ventricles has not been carefully studied. Moreover, 
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FIGURE 21.6. A-D. Images representing viability information provided by (A) SPECT imaging of tracer uptake, (B) dobuta-
mine echocardiography. (B, Reprinted with permission from Panza JA, Dilsizian V, Laurienzo JM, et al. Relation between 
thalium uptake and contractile response to dobutamine: Implications regarding myocardial viability in patients with chronic 
coronary artery disease and left ventricular dysfunction. Circ Feb, 1995;91:996–998.) (C) PET imaging of preserved glucose 
metabolism and impaired perfusion, and (D) gadolinium hyperenhancment CMR imaging. In panel A, there is substantial 
uptake of sestamibi in most regions of the LV, save for reduced uptake in the inferior wall (yellow arrow) and part of the lateral 
wall (white arrow), suggesting reduced viability in those areas. In panel B, reduced wall thickening is seen in the septum in 
these still frames, from diastole to systole at baseline (top row). During infusion of dobutamine, contractile reserve is demon-
strated, with improved wall thickening during systole (bottom row). (Reproduced from Reference 94 with permission.) In panel 
C, PET images of perfusion (top row) and glucose metabolism are shown in the short axis (SA), vertical long axis (VLA) and 
horizontal long axis (HLA). There are perfusion defects in the septum (yellow arrows), anterior wall (red arrows), and apex 
(white arrow). All these areas show preserved glucose metabolism and thus PET “mismatch,” consistent with ischemic, viable 
myocardium. (Courtesy of Marcelo Di Carli MD). In panel D, gadolinium-enhanced CMR images are shown from patients 
with infarct in the LAD territory (left panel), in the LCX territory (middle panel), and in the RCA territory (right panel). 
Gadolinium uptake (arrows) denotes areas of infarct/fi brosis. (D, Copyright © 2000 Massachusetts Medical Society. All rights 
reserved. Reprinted from Kim RJ, Wu E, Rafael A, et al. The use of contrast-enhanced magnetic resonance imaging to identify 
reversible myocardial dysfunction. N Eng J Med. 2000;343:1445–1453.) 
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although one might expect that PET or CMR imaging would be superior to SPECT 
or dobutamine echocardiography in patients with very dilated ventricles and 
generally thinner walls,95 this has been evaluated only in small cohorts of patients 
(Figure 21.7).

Predicting recovery of regional and particularly global LV function in the setting 
of signifi cant valvular heart disease may also be problematic. Studies of changes in 
regional or global LV function after revascularization usually exclude such patients 
from analysis, based on the complicating effect of mitral valve replacement or repair 
on the studied outcome, for instance. Thus, information on viability and its incorpora-
tion into benefi t-risk decision-making equations should be assessed in the context of 
both the published literature and the individual situation at hand. Finally, as the 
published literature emanates from expert centers, it is important to factor in local 
expertise and experience in selecting the test modality for assessing viability.

Pre-Gd

Pre-Rev

Diastole

Post-Rev

Diastole

Pre-Rev

Systole

Post-Rev

Systole

FIGURE 21.7. Example of viability information provided by hyperenhancement CMR imaging 
in a patient with severe LV dysfunction, a very dilated LV, and a thin anterior wall and apex 
(blue arrows). Conventionally, such a thin wall would be considered likely scarred. However, 
there is absence of hyperenhancement (top row, Pre-Gd) image with no areas of brightness 
throughout the anterior wall and apex). In the images following revascularization (bottom 
row), there is dramatic recovery of function (red arrows), consistent with complete viability. 
The thinness of the anterior wall and apex makes it somewhat unlikely that the single photon 
tracers and SPECT imaging would have been able to accurately report the status of regional 
viability in this case. (Reprinted from Reference 96, with permission.)
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Areas for Future Research

As seen in the admittedly incomplete historical chronology in Table 21.1, there has 
been an enormous volume of literature exploring the use of imaging techniques for 
assessment of myocardial viability over the last 20 to 25 years. There are, however, 
issues that remain underexplored. Such issues include:

• What is the true prevalence of viability or ischemia in a large, unselected heart-
failure population?

• How well do all the techniques extrapolate to patients with more severe LV dysfunc-
tion, given more contemporary PET techniques (such as new crystals), SPECT 
attenuation correction, and advancing CMR technology?

• How often does the analysis of stress-induced ischemia add incremental informa-
tion to analysis of resting tracer uptake or resting metabolic activity, particularly 
when the latter are in the “intermediate” range?

• Can more comprehensive outcome modeling be done for patients with ischemic 
cardiomyopathy, analogous to contemporary data for patients with CAD incorpo-
rating clinical, demographic, and stress test factors with imaging variables to more 
precisely model natural history outcomes?

• How is the viability information to be used in the setting of more complex 
decision making for revascularization, with concomitant valvular disease, for 
instance?

• Can we improve identifi cation of remodeled myocardium that is viable by SPECT 
and PET but not capable of improving function, by incorporating new imaging 
probes, such as angiotensin-converting enzyme imaging,97 that may identify physi-
ologic signals of irreversible remodeling?

• Can the late gadolinium hyperenhancement CMR imaging concepts and data be 
reproduced using more widely available and technically less complex cardiac CT 
imaging, allowing comprehensive assessment of coronary anatomy incorporated in 
analysis of regional and global function as well as tissue viability? 

Summary Points

• Major achievements in the study of noninvasive imaging techniques for assessing 
viability have shed light on the interesting and complex pathophysiologic processes 
of hibernation and stunning and advanced the use of imaging to inform patient 
management decisions and improve outcomes.

• The clinical literature on the use of noninvasive imaging to assess myocardial viabil-
ity has evolved from predicting improvement in regional LV function to predicting 
patient-related outcomes, including heart-failure symptom improvement, survival, 
and differential outcomes with revascularization.

• Patients with heart failure, LV dysfunction, and a signifi cant extent of ischemic 
viable myocardium are a very-high-risk subset. A substantial body of data demon-
strates that risk to be reduced by revascularization. Among patients with predomi-
nantly nonviable myocardium, there appears no clear advantage to revascularization. 
Ongoing randomized trials may add to and refi ne our understanding of these 
issues.

• Substantial evidence suggests that noninvasive imaging of myocardial ischemia 
and viability can provide important prognostic information in patients with 
heart failure and LV dysfunction and can predict the potential benefi t of 
revascularization.
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Involvement of the sympathetic nervous system in congestive heart failure is charac-
terized by a vicious circle, where reduced cardiac output results in neurohumoral 
activation. The hyperadrenergic state in turn causes desensitization and downregula-
tion of cardiac β-adrenergic receptors and alterations of postsynaptic signal transduc-
tion, which further impair myocardial performance. Alterations of presynaptic cardiac 
sympathetic innervation are also involved in this pathophysiologic process. Reduction 
of presynaptic catecholamine reuptake increases overexposure to catecholamines 
further and thereby contributes to disease progression.

Positron emission tomography (PET) provides noninvasive information about 
global and regional myocardial autonomic innervation. This technique has substan-
tially facilitated and refi ned the study of the heart’s nervous system in health and 
disease, and has signifi cantly contributed to a continuous improvement of the under-
standing of heart failure pathophysiology. Owing to high spatial and temporal resolu-
tion and routine attenuation correction, tracer kinetics can be defi ned in detail and 
absolute quantifi cation is feasible. Radiolabeled catecholamines and catecholamine 
analogues are available that are well understood with regard to their tracer physiologic 
properties. Additionally, receptor ligands have been introduced that can be combined 
with presynaptic tracers to gain unique insights into mechanisms of myocardial biology 
and pathology.

This chapter summarizes currently available information on the use of cardiac PET 
imaging of autonomic innervation in the failing heart. First, a brief overview on 
biology of the sympathetic nervous system, along with available PET tracers, is given. 
Then, specifi c results in heart failure are summarized and put into the perspective of 
available additional experimental and clinical evidence.

The Cardiac Autonomic Nervous System

Regulation of cardiac function is essentially achieved by the cardiac muscle fi ber 
length and its tension as an expression of ventricular volume and pressure, through 
the operation of Starling’s law of the heart. 1,2 In addition, it is well known that the 
autonomic nervous system plays an important role in cardiac adaptation to the varying 
demands of daily life.3–5 The central nervous system collects information about blood 
pressure, fl ow, and chemical milieu via receptors located in the left ventricle, carotid 
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sinus, and aortic arch, connected with afferent neurons.6 Based on the collected infor-
mation, the autonomic nervous system then controls the rate, speed, and pattern of 
heart contraction via efferent neurons. Additionally, autonomic nervous regulation is 
also infl uenced by circulating hormonal factors7 such as catecholamines8 and angio-
tensin II (Figure 22.1).9,10

The central component of the cardiac autonomic nerve system is located in the 
medulla11,12 and forms network loops with sensory afferent and efferent neurons. It 
consists of the sympathetic and parasympathetic systems, with their major neurotrans-
mitters norepinephrine and acetylcholine, respectively.13 These two systems mainly 
have opposing actions in their infl uence on cardiovascular physiology.14,15

Sympathetic nerve fi bers are well distributed throughout the entire myocardium. 
They travel along epicardial vascular structures and penetrate the myocardium as coro-
nary vessels do. In the presynaptic ending of sympathetic nerves, the sympathetic neu-
rotransmitter norepinephrine is generated from tyrosine via dihydroxyphenylalanine 
and dopamine,16–19 is imported to vesicles by energy-requiring vesicular monoamine 
transporter (VMAT), and is stored in the vesicles.19 When a fi ring impulse arrives at 
the synaptic ending, voltage-dependent calcium channels open and norepinephrine is 
released to the synaptic cleft via exocytosis.20 Only a small part of the norepinephrine 
in the cleft binds to adrenoreceptors on cardiac myocytes.19 Most of the norepinephrine 
is reabsorbed into nerve endings via the presynaptic uptake-1 transporter.21 A part of 
the absorbed norepinephrine is used again, and the other part is metabolized by mono-
amine oxidase (MAO) to 3,4-hydroxyphenylglycol (DHPG).19,22 Because nerve endings 
do not contain catechol-o-methyltransferase (COMT),23 most DHPG in the systemic 
circulation is believed to have a neural source. There is another reuptake mechanism 
into nonneuronal tissue mediated by the so-called uptake-2 transporter.24 Norepineph-
rine that is taken up into nonneuronal tissue is metabolized to 3-methoxy-4-hydroxy-
phenylglycol (MHPG) via normetanephrine (NMN) by COMT and MAO.25 Only a 
small fraction of norepinephrine released into the neural cleft spills over into vascular 
space. This fraction can be measured as norepinephrine level in coronary sinus vein 
blood.26 In addition to neuronal stimulation, there are a number of regulatory mecha-
nisms by presynaptic receptors, including α2-adrenergic receptor, which provide nega-
tive feedback for exocytosis (Figure 22.2).27

Adrenergic receptors are guanine-nucleotide-binding protein (G-protein)-coupled 
receptors28 and are classifi ed into subtypes according to pharmacologic tissue effects 
or molecular biology. β-adrenergic receptors are abundant and uniformly distributed 
throughout the heart. β-adrenergic receptors are further classifi ed into the subtypes 
β1 and β2. The ratio between β1 and β2 is approximately 5 : 1 in healthy human heart.29–31

α-adrenergic receptors are predominantly found in the vasculature but are also present 
in myocardium and constitute 15% of the total myocardial adrenergic receptors. α1-
adrenergic receptors are present postsynaptically, and α2-adrenergic receptors are 
present both postsynaptically and presynaptically.32

Medulla
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Ganglia
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Hormonal
Factors

Receptors
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FIGURE 22.1. Schematic presentation of cardiac autonomic nerve pathway. The major central 
cardiac autonomic nerve system is located in the medulla and forms network loops with affer-
ent and efferent neurons. This system controls cardiac function via efferent neurons based on 
the collected information via afferent neurons from receptors including aortic arch, carotid 
sinus, and heart. It is also infl uenced by many circulating hormonal factors.
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The parasympathetic nervous system acts predominantly against the effects of 
sympathetic function and is essential for maintaining homeostasis of heart func-
tion.15,33 Parasympathetic neurons are distributed mainly in the atria and conduction 
nodules.34 The density of parasympathetic neurons within myocardium is low com-
pared to that of sympathetic nerves, rendering them a diffi cult target for nuclear 
imaging. Acetylcholine is the main neurotransmitter in parasympathetic neurons and 
is synthesized from choline in nerve endings. It is transported via the vesicular ace-
tylcholine transporter (VAChT) into storage vesicles. Upon nerve stimulation, acetyl-
choline is then released from nerve terminals to the neural cleft35 and binds to 
muscarinic receptors (M2-subtype) on the myocardium to activate changes in cardiac 
ion channel function.36

PET Tracers for Imaging Innervation and Receptors

Presynaptic Sympathetic Innervation

PET techniques provide noninvasive information about global and regional myocar-
dial autonomic innervation.37–43 Common PET tracers for presynaptic sympathetic 
innervation are either true catecholamines or catecholamine analogues (Table 22.1). 
Radiolabeled true neurotransmitters follow the entire metabolic pathways; analogues 
resist specifi c steps of metabolism. The specifi city for the presynaptic uptake-1 trans-
porter and vesicular storage inside the nerve terminal varies among currently avail-
able tracers.
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FIGURE 22.2. Cardiac sympathetic nerve ending. Sympathetic neurotransmitter norepineph-
rine is generated in synaptic nerve endings and stored in vesicles. At neuronal stimulation, 
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Carbon-11 (11C)-meta-hydroxyephedrine (HED) is a norepinephrine analogue and 
is the most frequently used PET tracer for sympathetic neuronal imaging in human 
studies (Figure 22.3).44–49 It is synthesized by N-methylation of metaraminol with 11C-
methyl iodide, which reliably yields HED at approximately 95% radiochemical and 
98% chemical purity.50 Plasma HED is transported into cardiac sympathetic nerve 
terminals via the uptake-1 mechanism in a fashion similar to norepinephrine, but it 
is metabolically resistant to MAO and COMT enzymes.51 A validation study in pigs 
by Rosenspire et al showed that less than 5% of metabolites of HED remain in the 
heart 30 minutes after intravenous injection.50 Although HED is not metabolized by 
neuronal degradation, it is slowly metabolized by liver tissue, and some radioactive 
metabolites appear in blood. In another rat experiment, selective neuronal uptake-1 
blockage with desipramine resulted in a 92% reduction in HED myocardial tracer 
accumulation.50 Norepinephrine treatment increased clearance rate without changing 
initial uptake, suggesting competitive inhibition of neuronal uptake or accelerated 
neuronal release or both.52 Although vesicular storage seems to occur, binding inside 
vesicles is low due to a higher lipophilicity of HED compared to norepinephrine. 
These results from animal validation studies suggest that the retention of HED is 
highly dependent on reuptake by the norepinephrine transporter.

11C-epinephrine (EPI) is a more physiologic tracer than HED for evaluation of 
reuptake, vesicular storage, and metabolism in sympathetic presynaptic nerve 
terminals. EPI has been used in a few clinical studies.48,53 It is synthesized from 
norepinephrine by direct methylation with 11C-methyl iodide or 11C-methyl trifl ate. 

Table 22.1. PET Radiopharmaceuticals for Clinical Neuronal Imaging

Tracer Biologic Target

11C-hydroxyephedrine Presynaptic catecholamine uptake
11C-epinephrine Presynaptic catecholamine uptake and storage
11C-phenylephrine Presynaptic catecholamine uptake and metabolism
F-18 fl uorodopamine Presynaptic sympathetic function
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FIGURE 22.3. Dynamic PET study using the presynaptic sympathetic tracer 11C-
hydroxyephedrine (HED). Shown are representative time-activity curves for blood and 
myocardial tissue after tracer injection on the left, along with a polar map of quantitatively 
determined HED retention on the right, obtained in a normal individual.
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Radiochemical and chemical purities are approximately 98% and 97%, respectively.54

Plasma EPI is rapidly transported into cardiac sympathetic nerve terminals via uptake-
1 and stored in terminal vesicles in a fashion similar to that of norepinephrine. It is 
vulnerable to cytosolic MAO degradation. In isolated perfused rat hearts, inhibition 
of uptake-1 by desipramine and reserpine demonstrated a decrease in myocardial 
uptake and retention of EPI by 91% and 95%, respectively, compared to controls.55

However, the tracer washout acceleration by uptake-1 blockage is less in EPI com-
pared to HED.55 These results indicate that EPI is a tracer of neuronal uptake and 
vesicular storage while HED largely refl ects uptake-1 only. In a clinical study, healthy 
volunteers and patients after heart transplantation were investigated using both EPI 
and HED.53 Radiolabeled metabolites in blood at 20 minutes after injection were 82% 
and 47% for EPI and HED, respectively. However, the metabolite-corrected myocar-
dial retention fraction of EPI was higher than that of HED. Difference between 
patients and a normal control group was larger for EPI than for HED. These results 
from clinical validation studies indicate that EPI may be more suitable for the study 
of neuronal integrity.

11C-phenylephrine (PHEN) is a norepinephrine analogue that is structurally similar 
to HED but is metabolized by MAO. PHEN is a sympathomimetic amine that is 
synthesized from direct methylation of m-octopamine with either 11C-CH3I or 11C-
CFSO3CH3, achieving high specifi c activity.56 Biodistribution studies indicate that the 
initial uptake of PHEN in rat heart is approximately half that of HED.56 Washout 
occurring from 5 to 60 minutes is higher for PHEN (50%) compared to HED (20%).56

The heart neuronal selectivity determined by desipramine blockade of neuronal 
uptake is less for PHEN (76%) compared to HED.56 Pretreatment with the MAO A 
inhibitor clorgyline resulted in higher PHEN retention in the rat heart.56 Validation 
PET studies in healthy volunteers showed reduced retention and a half-life of approxi-
mately 60 minutes, while HED remained constant in myocardium.51,57 These com-
parative animal and human PET experiments indicate that PHEN washout mainly 
refl ects MAO activity.

In summary, the available 11C-labeled tracers, including HED, EPI, and PHEN, 
thus refl ect different mechanisms of norepinephrine metabolism in sympathetic nerve 
endings. These tracers can be combined to identify differential effects of disease on 
processes of norepinephrine uptake, vesicular storage, and metabolism in presynaptic 
adrenergic nerve terminals.

F-18 fl uorodopamine (FDA) is another norepinephrine analogue that has been used 
for PET imaging of sympathetic innervation and function in humans.58–62 It is labeled 
with F-18 (half-life, 110 minutes) so that tracer clearance from the heart can be sur-
veyed over a longer period of time than with 11C-labeled tracers (half-life, 20 minutes). 
Chirakal et al introduced a direct radiofl uorination method of FDA to obtain high 
specifi c activity suitable for cardiac neuronal studies.63 Plasma FDA is imported via 
the uptake-1 mechanism into sympathetic nerve endings and transported into storage 
vesicles, where it is β-hydroxylated to F-18 fl uoronorepinephrine. Animal experi-
mental data showed that pretreatment with despramine or tomoxetine markedly 
reduced cardiac uptake.64 Comparative studies of the kinetics of FDA and fl uoronor-
epinephrine revealed a faster myocardial washout for fl uorodopamine.62 These data 
suggest that myocardial radioactivity clearance after fl uorodopamine injection is 
largely attributed to ineffi cient β-hydroxylation and subsequent degradation by 
neuronal MAO.

Presynaptic Parasympathetic Innervation

F-18 fl uoroethoxybenzovesamicol (FEOBV) is a specifi c tracer that binds to the ace-
tylcholine transporter on parasympathetic neurons. Kinetic experiments in isolated 
perfused rat hearts demonstrated high extraction and rapid washout of unbound 
tracer within 5 minutes.65 However, specifi c binding in isolated perfused rat hearts 
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was low, and nonspecifi c binding was high.65 Additionally, there was considerable fl ow 
dependency of uptake65 so that the usefulness of the tracer for clinical cardiac PET 
imaging was considered low. These results emphasize that, in contrast to sympathetic 
neurons, PET imaging of cardiac parasympathetic neurons is complicated, not only 
because density of cholinergic neurons within the ventricular myocardium is low. 
Design of a cholinergic tracer is diffi cult because the parasympathetic neurotransmit-
ter mechanism is highly specifi c for acetylcholine, and cholinergic substances are very 
rapidly metabolized in blood. These factors have contributed to a persistent lack of 
established tracers for presynaptic parasympathetic innervation in heart.

Postsynaptic Autonomic Receptors

Several postsynaptic receptor ligands have been labeled and proposed as positron-
emitting radioisotopes for cardiac imaging (Table 22.2). However, the clinical use of 
receptor-targeted tracers has been limited to a few studies and still faces signifi cant 
challenges.66 High specifi c binding, high affi nity and hydrophilicity to avoid binding 
to internalized inactive receptors, lack of pharmacologic effects, and fi nally a simple 
and reliable tracer synthesis are requirements that must be met for a widespread 
application of receptor ligands for cardiac PET.

The hydrophilic nonselective β-adrenoreceptor antagonist 11C-CGP12177 is still the 
most widely used tracer for adrenergic receptor imaging.67–71 Synthesis of this tracer 
is not simple and requires 11C-phosgen as a precursor, which has prevented a broader 
clinical application until now.72 CGP12177 has high specifi c affi nity and fast plasma 
clearance, suggesting feasibility for clinical imaging.73 A graphical method that cir-
cumvents issues related to metabolites has been established for quantifi cation in 
humans.74 This approach requires a dual-injection protocol with doses of high and low 
specifi c activity.74 β-adrenergic receptor density (Bmax) measured by 11C-CGP12177 
PET correlated well with in vitro measurement from myocardial samples in healthy 
volunteers and patients with congestive cardiomyopathy.71

11C-CGP12388 is a recently introduced, nonselective β-adrenergic receptor antago-
nist (Figure 22.4). 11C-CGP12388 can be labeled more easily than CGP12177 via a 1-
pot procedure using 2–11C-acetone.72 It is also hydrophilic, even more so than 
11C-CGP12177, and the biodistribution and retention of CGP12388 are reported to be 
similar to those of CGP12177.75 Studies in isolated perfused rat heart have shown that 
there is no signifi cant difference between the Bmax and total distribution volume 
(DVtot) under high-fl ow and low-fl ow conditions. DVtot was strongly reduced by β-
adrenergic blockade using propranolol, and the Bmax correlated signifi cantly with in 
vitro values.75 Bmax estimated in 6 healthy human volunteers with 11C-CGP12388 dem-
onstrated values similar to those of 11C-CGP12177.76

11C-GB67 is an analogue of the α1-adrenergic receptor antagonist prazosin and 
is a tracer for myocardial α-adrenoceptor imaging.77 It has been labeled by 11C-
methylation of N-desmethylamido-GB67.78 Studies in rats demonstrated rapid plasma 
clearance of radioactivity.78 Uptake was blocked with nonselective α-adrenergic recep-
tor antagonists and only partially blocked with high-dose α2-antagonists and β-antag-
onists, suggesting high selectivity for myocardial α1-adrenoceptors.78 In a clinical 

Table 22.2. PET Radiopharmaceuticals for Clinical Receptor Imaging

Tracer Biologic Target

11C-CGP12177 β-adrenergic receptor (nonselective)
11C-CGP12388 β-adrenergic receptor (nonselective)
11C-GB67 α-adrenergic receptor
11C-MQNB Muscarinic receptor
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validation study in two male human volunteers, 11C-GB67 PET imaging demonstrated 
high myocardial uptake.78 These results suggest that the tracer is promising for further 
evaluation. A variety of other subtype-specifi c or nonspecifi c tracers for adrenergic 
receptors have been tested experimentally but were found to be not suitable for clini-
cal imaging, mainly due to high nonspecifi c binding or lipophilicity.

11C-methylquinuclidinyl benzilate (MQNB) is a tracer for parasympathetic musca-
rinic receptors. It is a nonmetabolized lipophilic and specifi c antagonist for muscarinic 
receptors. MQNB is synthesized with 11C-methyl iodide from 11C-CO2 and quinucli-
dinyl benzilate and purifi ed with HPLC.79 Studies in dogs showed similar decreases 
of MQNB uptake in vivo and in vitro at baseline and after treatment with an irrevers-
ible acetylcholinesterase inhibitor.80 PET studies in healthy volunteers demonstrated 
rapid plasma clearance and heart uptake mainly in the ventricular septum and in the 
left ventricular wall, while the atria were not visualized.81 Additionally, MQNB con-
centrations in the ventricular septum were found to be highest when the heart rate at 
the time of injection was low, indicating the relation between a low-affi nity confor-
mational state of the receptor and predominant vagal stimulation.81

Other Cardiac Receptor Systems

In addition to the autonomic nervous system, there are other attractive targets for 
myocardial receptor imaging. They include the endothelin, opioid, adenosine, and 
angiotensin receptor systems, which are all thought to play a role in cardiovascular 
pathophysiology.

Endothelin (ET) is a potent vasoconstrictive peptide; its elevation has been reported 
in patients with chronic heart failure.82–84 ET-1, one of the three isoforms of ET, is 
thought to play an important role in regulation of vascular function.84 ET-1 patho-
physiologic actions are mediated via binding with two receptor subtypes, ETA and 
ETB.85 The ETA receptor is located on vascular smooth muscle cells and mediates 
vasoconstriction. The ETB receptor is located on both vascular smooth muscle and 
endothelial cells. In contrast to ETA receptor bioactivity, the ETB receptor on endo-
thelial cells mediates vasodilation and growth inhibition indirectly through stimula-
tion of nitric oxide and prostacyclin production. These ET receptors are frequently 
found in the heart and are thought to be markedly involved in the pathophysiologic 
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mechanisms underlying heart failure.85 11C-L-735037, a 11C-labeled antagonist for ETA

and ETB receptors, was evaluated in a dog study.86 PET imaging showed high uptake 
in the left ventricular wall and reduced uptake after ETA inhibitor infusion.86 F-18 
SB209670 is another, fl uorine-labeled tracer for ET receptor imaging. In vivo studies 
in rats using an animal PET scanner demonstrated visualization of uptake in the rat 
heart.87

The opioid peptide receptor (OPR) is a well-established member of the G-protein-
coupled receptor (GPCR) superfamily that is involved in regulating cardiac contractil-
ity, energy metabolism, and myocyte survival or death.88–90 Animal models of heart 
failure showed activation of the opioid system, and opioid receptor-blocking agents 
may exert benefi cial cardiovascular effects in heart failure.88,89,91 11C-carfentanil and 
11C-N-methyl-naltindole are selective radioligands for mu and delta opioid receptor 
subtypes, respectively.92 Initial PET studies with both tracers in humans showed 
homogeneous visualization of the heart and a decrease in the myocardial distribution 
volume in blocking studies with naloxone.92

These examples, although preliminary and limited to few studies, show that target-
ing of other, nonautonomic receptors may be feasible and may indicate some potential 
for further studies. But challenges similar to those in imaging of autonomic receptors, 
which are related to specifi c binding, affi nity, hydrophilicity, and lack of pharmaco-
logic effects and reliable synthesis, do exist and need to be addressed before a clinical 
establishment.

Imaging of Autonomic Nerve Function in Heart Failure

Dysfunction of the autonomic nervous system is an inherent feature of the failing 
heart.93 The pathophysiologic importance of alterations of the autonomic system has 
been increasingly emphasized, and pharmacologic intervention using β-adrenergic 
blockers has become a standard feature of heart-failure therapy.94 Autonomic nerve 
dysfunction is thought to be related to progression of heart failure through direct 
effects on the myocardium and through activation of other hormonal systems such as 
the renin-angiotensin system. PET imaging has contributed signifi cantly to improving 
understanding of the role of autonomic innervation in the failing heart.

Presynaptic Sympathetic Innervation in Heart Failure

A huge body of experimental and clinical data has proven that sympathetic tone 
is increased in heart failure.26,93,95,96 High levels of circulating norepinephrine 
are observed, and increased sympathetic nerve activity has been directly identifi ed 
by clinical microneurography.97,98 Eisenhofer et al investigated cardiac norepine-
phrine turnover in patients with chronic heart failure using tritiated norepinephrine. 
Baseline plasma norepinephrine levels, DHPG levels, and DHPG production rate 
were higher, but synthesis of norepinephrine itself did not change. Both norepineph-
rine release and reuptake were increased, but the effi cacy of reuptake was reduced.99

These data suggested that norepinephrine spillover is increased approximately 
4 times, and cardiac norepinephrine store is reduced approximately 50% com-
pared to that of normal subjects.99 Reduction of functioning local presynaptic 
catecholamine uptake sites thus is likely to increase the myocardial overexposure to 
catecholamines.

The involvement of presynaptic sympathetic innervation in the pathophysiologic 
alterations occurring in the failing heart was further confi rmed by PET and 11C-HED 
in clinical studies. Vesalainen et al evaluated HED uptake in 30 patients with stable 
New York Heart Association (NYHA) class II and III heart failure due to coronary 
artery disease (n = 24) or dilated cardiomyopathy (n = 6), and in 10 healthy controls. 
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Global myocardial HED retention in all heart-failure patients was signifi cantly 
reduced compared to normals (Figure 22.5). In addition, reduced HED retention was 
proportional to the response of systolic pressure to head-tilt and barorefl ex control of 
heart rate.100 These results suggest interaction between abnormal myocardial innerva-
tion and blood pressure maintenance. In another study, reduced global myocardial 
HED retention was reported to correlate with clinical markers of heart failure such 
as impaired ejection fraction and NYHA class as well as with elevation of plasma 
catecholamine levels.101,102 Overall oxidative metabolism, determined by 11C-acetate 
PET, was not directly correlated with impaired presynaptic innervation, but a signifi -
cant correlation with impaired myocardial effi ciency was identifi ed.101,103

Regional patterns of myocardial sympathetic dysinnervation were described in 29 
patients with NYHA class II-III heart failure due to dilated cardiomyopathy.102 Sig-
nifi cant reduction was found especially in the distal myocardium and reached a 
maximum in the apical and distal inferior segments. Another interesting study by 
Ungerer et al104 in patients with terminal heart failure demonstrated signifi cant cor-
relation of in vivo measured regional HED retention with ex vivo determined down-
regulation of uptake-1 carriers in tissue samples from explanted hearts after 
transplantation.

Probably due to the mechanisms described above, the severity of alterations of 
sympathetic innervation seems to be closely related to progression of heart failure and 
patient outcome. Using nuclear imaging, this was fi rst suggested by studies using single 
photon emission computed tomography (SPECT) with the catecholamine analogue 
I-123 MIBG.105–107 Consistently, Pietila et al found that reduced global HED retention 
as determined by PET was also a predictor of adverse outcome (death or cardiac 
transplantation) in 46 patients with NYHA class II-III heart failure due to dilated 
cardiomyopathy and coronary artery disease.49 Another study reported by Pietila 
demonstrated benefi cial improvements with exercise training.108 Although obtained 
in a limited number of patients, these data suggest potential clinical usefulness of 
neuronal imaging for determining prognosis and monitoring therapy.

FIGURE 22.5. PET images of myocardial perfusion (by use of N-13 ammonia [NH3]) and 
presynaptic sympathetic innervation (by use of 11C-hydroxyephedrine [HED]) in a healthy 
normal individual (left) and in a patient with heart failure due to idiopathic dilated cardiomy-
opathy (right). Note the signifi cant reduction of HED uptake in the failing heart when com-
pared to perfusion tracer uptake in the same heart and when compared to the normal 
individual.
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Postsynaptic Receptors and Heart Failure

The hyperadrenergic state in congestive heart failure causes desensitization and 
downregulation of cardiac β-adrenergic receptors, along with alterations of postsyn-
aptic signal transduction, which impair myocardial performance.109–111 In vitro experi-
mental data have confi rmed a reduction of postsynaptic β-adrenergic receptor density 
(downregulation) and an impairment of receptor function (uncoupling), while the 
inactivating postsynaptic β-adrenergic receptor kinase-1 was elevated.112 Additionally, 
the proportion of β-adrenergic receptor subtypes seems to change in heart failure, 
resulting in decreased density of β1-receptors, but unchanged β2-receptor status.30,113

Some PET studies with postsynaptic adrenergic receptor ligands were performed 
in heart failure. Merlet et al studied 8 normal subjects and 10 patients with idiopathic 
cardiomyopathy114 and confi rmed in vivo that left ventricular β-adrenergic receptor 
density was decreased (3.1 vs 6.6 pmol/mL, respectively). Using the alternative adren-
ergic receptor ligand 11C-CGP12388, de Jong et al more recently also observed lower 
β-receptor density in patients with NYHA class II-III heart failure than in controls 
(5.4 vs 8.4 pmol/mL, respectively).115

The Parasympathetic Nervous System and Heart Failure

Based on the knowledge about impaired sympathetic innervation and the well-known, 
close interaction between sympathetic and parasympathetic innervation, it can already 
be assumed that parasympathetic innervation is also involved in heart failure patho-
physiology. Indeed, changes of parasympathetic nerve activity have been described.116

In some experimental and clinical studies, parasympathetic stimulation was shown to 
prevent pumping failure, cardiac remodeling, and life-threatening arrhythmias.117 In 
advanced chronic heart failure, however, parasympathetic drive seems to be attenu-
ated, and the resulting autonomic imbalance is thought to further promote disease 
progression.117–119

Changes in the density of ventricular muscarinic receptors have also been demon-
strated. In an experimental study in dogs, Dunlap et al showed that muscarinic recep-
tors are upregulated in heart failure induced by rapid pacing.120 Le Guludec et al 
performed 11C-MQNB PET studies in 20 patients with NYHA class II-IV heart 
failure due to idiopathic dilated cardiomyopathy and 12 controls.121 Consistent with 
experimental data, they were able to show that in vivo muscarinic receptor density 
was signifi cantly higher in patients than in controls (35 vs 26 pmol/mL), with no 
changes in affi nity constants.

Summary Points

• The pivotal role of the autonomic nerve system in the control of cardiac function 
of heart failure has been known for decades and is still increasingly important.

• Advances in molecular pharmacology and recombinant DNA technology have 
allowed further insights into signal transduction and pre- and postsynaptic interac-
tion. Progress in the fi eld has often been achieved by in vitro studies and animal 
models. Although features in animal hearts and experimental disease models 
often refl ect those in humans, the failing human heart still has some unique 
characteristics.122

• Advanced PET imaging techniques provide noninvasive, repeatable in vivo 
information on global and regional presynaptic neurotransmission and postsy-
naptic receptor function of the human heart. In addition, the spectrum of target 
molecules is continuously broadening and will allow for increasingly specifi c 
characterization.

• Autonomic innervation and receptor imaging with PET is thus a unique method 
with a strong future potential for providing profound insights into molecular patho-
physiology, monitoring of treatment, and determination of individual outcomes.
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Is it estimated that approximately 19 million people around the world suffer from 
either acute coronary syndrome (ACS) or sudden cardiac death (SCD).1,2 In the 
United States, approximately 540,000 individuals experience a myocardial infarction, 
and more than 515,000 deaths are caused by coronary artery disease (CAD) each 
year. A large proportion of these patients are asymptomatic and without clinically 
overt cardiovascular disease.1,2 These data underscore the signifi cance of early iden-
tifi cation and treatment of these high-risk patients.

It is well documented that the majority of ACSs and SCDs result from the rupture 
of high-risk, vulnerable plaques that in most cases are not fl ow limiting prior to the 
acute event.3 Plaque rupture and subsequent thrombotic occlusion of coronary vessels 
account for up to 70% of sudden coronary deaths.2 Several plaque characteristics, 
including the size of the plaque, thickness of the fi brous cap and lipid core, as well as 
degree of plaque infl ammation, are related to the risk of rupture and thrombosis that 
lead to subsequent adverse events.4 While coronary angiography remains the corner-
stone for the detection and treatment of occlusive coronary artery stenosis, more than 
60% of myocardial infarctions are caused by atherosclerotic plaques that are associ-
ated with a luminal narrowing of less than 50%.4 Thus, early detection of high-risk 
plaques may offer a novel target for detection and treatment of patients at high risk 
for coronary events.

Pathophysiology of Atherosclerotic Lesions

Early Atherosclerotic Lesions

One of the fi rst measurable changes in the evolution of CAD is the development of 
endothelial cell dysfunction.5 Many traditional risk factors for CAD are associated 
with endothelial dysfunction, including elevated low-density lipoprotein (LDL) cho-
lesterol, smoking, hypertension, diabetes, advanced age, male gender, and a family 
history of premature coronary disease.5 Several emerging risk factors have also been 
associated with abnormal endothelial function, including infl ammation, hyperhomo-
cysteinemia, and others.6,7 The biochemical hallmark of endothelial dysfunction is a 
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reduction in the bioavailability of nitric oxide (NO). This can be the result of increased 
metabolism or decreased production of NO or both.8 Nitric oxide plays several impor-
tant roles that are relevant to the pathophysiology of atherosclerosis. It is a potent 
antithrombotic agent on the endothelial surface (inhibits adhesion, activation, and 
aggregation of platelets); it reduces the adhesion and migration of leukocytes into the 
vessel wall; and it limits vascular smooth muscle cell proliferation and mediates local 
vasodilation.7,9,10

The normal coronary vessel intima is covered by endothelial cells and also contains 
muscle cells, macrophages, mast cells, and an extracellular matrix.11 Nonobstructive 
intimal thickening is often seen in response to mechanical forces including pressure, 
stretch or tension, and shear stress. Such adaptations are common at bifurcations, as 
the shear and tensile stresses are not uniformly distributed.12 However, diffuse thick-
ening may develop in relatively straight arterial segments also with evenly distributed 
stresses. In the presence of other atherosclerotic stimuli, adaptive intimal thickening 
becomes prone to development of atherosclerosis.13

Fatty streaks represent an infl ammatory reaction within the intima and consist of 
lipid-fi lled macrophages (foam cells) and T lymphocytes.14 These tend to develop in 
regions with intact but dysfunctional endothelium, particularly in atherosclerosis-
prone areas with preexisting intimal thickening. Hypercholesterolemia is associated 
with increased endothelial permeability and intimal retention of lipoproteins, among 
other infl ammatory reactions.15 The macrophages then engulf oxidized LDLs to 
become lipid-fi lled foam cells, a hallmark of fatty streaks.

Advanced Atherosclerotic Lesions

The development of atherosclerotic plaques is the hallmark of more advanced athero-
sclerosis. Plaques contain extracellular lipids, which are drawn both from blood and 
from the senescence of lipid-laden macrophages.16 Plaque progression is also associ-
ated with proliferation of connective tissue produced by smooth muscle cells. Thus, 
the lipid content of plaques may vary considerably.

Leukocyte recruitment becomes important for the growth of the atherosclerotic 
plaque. Chemoattractant cytochines (such as monocyte chemoattractant protein-1 
[MCP1]) are produced by the endothelium in response to oxidized LDL and other 
stimuli, which attracts leukocytes to the growing plaque. The ingress of macrophages 
and other infl ammatory cells leads to the development of more foam cells and the 
release of additional infl ammatory mediators. The resulting reaction produces addi-
tional chemoattractants that cause migration of smooth muscle cells from the media 
to the intima and also lead to the production of degradative enzymes such as metal-
loproteases. The arrival of fi broblasts in the intima may enhance collagen deposition 
into the plaque, making it more structurally stable. Conversely, the release of degrada-
tive enzymes results in breakdown of the collagen matrix and thinning of the fi brous 
cap, resulting in a structurally vulnerable plaque. The balance of plaque degradation 
and collagen deposition may therefore determine the structural integrity of the 
plaque.17

Calcium deposition within the atherosclerotic plaques is common and increases 
with age. Both lipid- and collagen-rich plaques may calcify.18 As discussed in Chapter 
13, the available evidence suggests that coronary calcifi cation is a marker of overall 
atherosclerotic plaque burden but does not correlate with the degree of stenosis or its 
vulnerability for acute complications.19–21 In fact, the heavily calcifi ed plaques 
may represent a more stable form of atherosclerotic plaque than the noncalcifi ed 
plaques.22

An important aspect of plaque progression is the manner by which it causes 
vessel remodeling. Growth of the atherosclerotic plaque could result in positive 
(outward) remodeling, whereby the lumen of the plaque is preserved, or negative 
(inward) remodeling, whereby the vessel lumen is compromised. Plaques responsible 
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for stable angina often cause severe luminal narrowing due to negative remodel-
ing.23–29 On the other hand, atherosclerotic plaques that cause fatal thrombosis are 
more frequently positively remodeled.30

High-Risk Plaque

An advanced plaque that is at high risk of rupturing may be referred to as a “vulner-
able plaque” or a “high-risk plaque.”31–37 It is well documented that the majority of 
acute myocardial infarctions result from complication of plaques (erosion, rupture, 
and thrombosis) that in most cases did not cause fl ow limitation prior to the acute 
event.31,38–40 From autopsy studies, it has been shown that the histological character-
istics of these plaques include a thin fi brous cap, an underlying lipid core, and abun-
dance of infl ammatory cells.31,40–46 Moreover, recent evidence demonstrates that the 
infl ammatory cells within the atheroma, especially macrophages, release matrix deg-
radation proteins that weaken the plaque, thereby rendering it susceptible to rupture.47

Epidemiological data lend further support to the concept that infl ammation plays an 
especially important role in the events that result in plaque rupture.48

Several additional plaque characteristics have been associated with plaque rupture. 
Positive arterial remodeling, paucity of collagen synthesis, lack of smooth muscle cells, 
and excess of degradative enzymes are all commonly cited.14,40,49 Additionally, mac-
rophage apoptosis not only may accelerate enlargement of the lipid pool but also may 
be a source of the procoagulant tissue factor.50 Neovascularization, which is often 
present at the base of advanced plaques, may play an active role in the recruitment of 
proinfl ammatory cells and, thus, contribute to the progression of the plaque. Even in 
the presence of plaque surface integrity, small hemorrhages are common in these 
neovascularized areas.42,51

Detection of Nonocclusive Atherosclerotic Disease

The current strategies for prediction of cardiovascular risk do not include morphologi-
cal information on the presence and severity of coronary artery disease. Clinical 
approaches emphasize traditional risk factors such as the patient’s age and sex and 
the presence and extent of established, modifi able coronary risk factors such as hyper-
tension, hyperlipidemia, diabetes mellitus, and cigarette smoking in the prediction 
and reduction of coronary risk.52 Risk-prediction algorithms, such as the Framingham 
Heart Study coronary risk score, have been shown to be a valid, generalizable tool 
for risk prediction, and current treatment guidelines have incorporated traditional 
risk factors, risk-factor algorithms, or both into recommendations for initiation of 
drug therapy for hypertension and hyperlipidemia.52–54 Despite optimal use of tradi-
tional risk-stratifi cation tools, mortality and morbidity due to coronary artery disease 
remain massive.

Invasive Approaches

There are multiple invasive modalities that have been used to assess coronary plaques. 
Although they are precise and elegant, common disadvantages of invasive approaches 
include their high cost, their small but measurable associated morbidity and mortality, 
and the fact that these procedures are justifi ed only in intermediate- to high-risk 
symptomatic patients.

Coronary Angiography

Coronary angiography currently is the gold standard for diagnosing occlusive coro-
nary artery disease. Although irregular coronary lumen suggests plaque burden, this 
technology has signifi cant limitations for nonstenotic plaque detection, including lack 



350 Part V Emerging Role of Molecular Imaging

of data regarding the vessel wall and composition of the plaque. In diffuse coronary 
disease, coronary angiography underestimates the severity of plaque burden. More-
over, one cannot detect positive remodeling seen in the early stages of plaque develop-
ment.55 Thus, absence of signifi cant coronary artery disease by cardiac catheterization 
does not rule out the presence of nonobstructive coronary atherosclerotic plaque.

Coronary Angiography with Intravascular Ultrasound

These defi ciencies can be overcome by introducing an intravascular ultrasound 
(IVUS) probe in the coronary arteries.56 These catheter-based ultrasound devices 
provide cross-sectional images of the coronary artery lumen and wall with an in-plane 
resolution of 80 to 150 µm. This method has been shown to be highly accurate to 
detect coronary atherosclerotic plaque ex vivo, compared to histology,57–60 as well as 
in patients.61 IVUS can accurately quantify plaque burden61 and remodeling of the 
coronary artery wall, measure distensibility of plaques,62,63 and monitor effects of 
lipid-lowering therapy.64,65 Some researchers suggest that IVUS can distinguish fi brous, 
lipid, and calcifi ed regions.66,67 Based on plaque echogenecity, coronary plaques can 
then be divided into three groups: highly echo refl ective (calcifi ed), hyperechoic (with 
fi brosis or microcalcifi cation), and hypoechoic (thrombotic or lipid laden). Because 
IVUS is an invasive technique, however, it can be used clinically only in patients 
undergoing coronary angiography.

Optical Coherence Tomography

Optical coherence tomography (OCT) is an invasive investigational method similar 
to IVUS that uses light interferometry to visualize subsurface structure in biological 
tissue.68 Objective OCT criteria are highly sensitive and specifi c for characterizing 
different types of atherosclerotic plaques.69 In particular, high contrast and spatial 
resolution (10 to 20 µm) enable OCT to differentiate plaque into fi brous, lipid, and 
calcifi ed components.

Other Invasive Approaches

Other invasive methods to assess coronary plaques include angioscopy (allows direct 
visualization of the plaque surface), thermography (assesses plaque temperature), 
Raman spectroscopy, and near-infrared spectroscopy (both techniques assess plaque 
composition).69–75

A noninvasive method for visualization and quantifi cation of atherosclerotic plaque 
burden within the entire coronary artery tree could provide the ability to observe the 
natural history of coronary artery disease and to assess the response of coronary 
atherosclerotic plaque to medical therapy such as lipid-lowering therapy. If successful, 
such a method would provide new insight into coronary artery disease and would have 
the potential to improve risk stratifi cation for coronary events.

Noninvasive Approaches

Endothelial Function Testing

Several techniques have been used to assess endothelial function. Most serve as bioas-
says of nitric oxide bioavailability by measuring vasodilation that results from endo-
thelial release of NO. A commonly employed method is brachial artery ultrasonography.7,9

With this technique and others, endothelial dysfunction can be identifi ed as impair-
ment in the endothelium-dependent vasodilation that is related to the presence of 
atherosclerotic risk factors such as dyslipidemia, diabetes, hypertension, and smoking. 
In addition, endothelial dysfunction has been shown to predict coronary events in 
patient groups independent of risk factors and has been suggested to account for acute 
coronary syndrome in patients without occlusive coronary disease.72,76 However, this 
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measurement is highly variable and may not be used to predict individual 
patient risk.

Detecting Carotid Intima-Media Thickness

Vascular ultrasonography and magnetic resonance imaging (MRI), also discussed in 
Chapter 24, are capable of detecting intimal thickening. A large body of literature 
demonstrates that increased carotid intima-media thickness (IMT) correlates with 
cardiovascular risk factors77,78 and is an independent predictor of myocardial infarc-
tion and stroke.79,80

Positron Emission Tomography

The high-risk, vulnerable atherosclerotic plaque differs metabolically from stable 
atherosclerotic plaques. Accordingly, metabolic imaging is an attractive candidate 
technology for differentiating vulnerable plaques from stable plaques. Several targets 
within the vulnerable plaque have the potential to be imaged, such as the infl amma-
tory components, enzymatic activity, integrins, and apoptosis. Plaque infl ammation is 
a particularly attractive target for detection and characterization of vulnerable plaque 
because infl ammation plays such a prominent role in the development, progression, 
rupture, and thrombosis of plaques.

Positron emission tomography (PET) imaging with fl uorine-18 fl uorodeoxyglucose 
(18F-FDG) is a well-tolerated, noninvasive technique that has been used extensively 
in humans to detect neoplasms, autoimmune disease, and infections.81–86 The enhanced 
FDG activity associated with such foci is often due to the increased FDG uptake of 
the associated infl ammatory cells such as macrophages.82,87,88

Relatively high uptake of FDG by macrophages, an index of plaque infl ammation, 
may be the result of two important factors: (1) macrophages have relatively high 
metabolic rates,89 and (2) macrophages do not store glycogen and therefore rely on 
external glucose as a source of fuel for the hexose monophosphate shunt pathway.90–92

When macrophages are activated, their glucose consumption increases further. The 
mechanistic basis for enhanced glucose uptake following macrophage activation is not 
well established. Increases in glycolytic rate85,89 and increased expression and trans-
location of glucose transporters are other possible mechanisms.90,93–96

FDG PET Imaging of Atherosclerotic Plaques

Preclinical Models

Several groups have shown that FDG accumulates in experimental atherosclerotic 
lesions97–99 and that the accumulation can be measured noninvasively by PET.97,98 A 
commonly employed animal model, the balloon-injured, cholesterol-fed New Zealand 
white rabbit, results in an aorta full of atherosclerotic plaques with varying degrees 
of infl ammation. Using such models, researchers have shown that FDG accumulation 
in infl amed atherosclerotic plaques approaches 20 times that which is seen in nonin-
fl amed arteries, which enables noninvasive detection of the infl amed plaques.98 More-
over, since FDG uptake in those plaques correlates with infl ammation, the measured 
FDG uptake can be used as an index of plaque infl ammation. From these studies, it 
also becomes evident that computed tomography (CT) (or another structural imaging 
method such as MR) needs to be performed in conjunction with PET to map the 
metabolic signals derived from PET onto the vasculature.

Clinical Observations

Vascular FDG uptake has been reported in humans with diseases associated with 
vessel wall infl ammation such as Takayasu arteritis, giant cell arteritis, polymyalgia 
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rheumatica, and nonspecifi c aortitis.100–103 More recently, Rudd and colleagues dem-
onstrated increased FDG uptake in symptomatic, unstable plaques compared to 
asymptomatic lesions.104 In a related ex vivo experiment, that same group reported 
accumulation of FDG within macrophage-rich areas of excised human carotid 
arteries.104

Similar data have also been reported by our group.105 Patients with carotid stenosis 
who were scheduled for carotid endarterectomy surgery underwent PET imaging (3 
hours after 25 mCi FDG administration). Patients additionally underwent either CT 
or MRI imaging for structural delineation of their carotid plaques. PET images were 
then coregistered with the MR or CT images, and carotid plaque uptake of FDG was 
determined. Less than 1 month later, subjects underwent carotid endarterectomy, at 
which time carotid specimens were collected and examined for macrophage staining. 
Carotid FDG uptake was subsequently compared to macrophage density (determined 
histologically).

Approximately 30% of carotid specimens had histological evidence of signifi cant 
infl ammation. FDG uptake determined by PET correlated with macrophage staining 
of plaques (Figures 23.1–23.3). Furthermore, FDG uptake correlated negatively with 
fi brous plaques (r = −0.76; p < 0.01). This demonstrates that carotid plaque infl amma-
tion may be assessed noninvasively with FDG PET, as validated by histology.

Future Directions in PET Imaging of Vulnerable Plaques

In addition to the imaging of extracardiac vessels, 18F-FDG may potentially be used 
to characterize coronary arterial plaques. There are several potential obstacles to 
coronary imaging: the relatively small plaque size relative to the spatial resolution of 
PET, the increased mobility of coronary vessels compared to the carotids, and the 
relatively high myocardial uptake of 18F-FDG.106–108 However, several possible solu-
tions exist, including the emergence of better PET/CT instrumentation and the use 
of simple techniques to suppress myocardial FDG uptake. Indeed, several groups are 
currently investigating the role of FDG PET in coronary plaque characterization.

Perhaps more important are the ongoing efforts to develop novel tracers directed 
at the vulnerable plaque. Much of that work to date has involved the development of 
tracers for use in single photon emission computed tomography (SPECT), with the 
expectation that PET analogues will be developed for those tracers that prove 
successful in SPECT imaging. To that end, tracers targeting apoptosis,109 the purine 
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FIGURE 23.1. Correlation between PET measurement of FDG uptake (SUVr) in carotid 
plaques, refl ecting infl ammation, and histological evidence of macrophage infi ltration (r = 0.82; 
p < 0.0001).
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receptor,110 the integrin receptor,111 and abnormal smooth muscle cell proliferation,112

among others, are being studied.

Summary Points

• PET and CT provide complementary information about atherosclerotic plaques.
• Integrated PET/CT imaging of plaques is a powerful tool for plaque characteriza-

tion that may prove clinically useful for the detection of vulnerable atherosclerotic 
plaques.

• Rapid advances in instrumentation and tracer development are expected to further 
improve plaque characterization. This imaging technology may result in the ability 
to detect plaques that are at the highest risk of rupturing and thus enable a change 
in therapy that could prevent a clinical event.
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FIGURE 23.2. Merged PET/MRI images (A) demonstrating low FDG uptake in the carotid 
plaque that was subsequently removed during surgery. The corresponding histology (B) dem-
onstrates a collagen-rich plaque with a thick fi brous cap and low lipid content (trichrome stain). 
The corresponding CD 68 stain demonstrates rare macrophage infi ltration. These histological 
features are consistent with a metabolically stable and potentially clinically stable plaque.
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Despite important clinical advances in prevention and treatment of atherosclerosis 
during the past 20 years, coronary artery disease remains the fi rst cause of mortality 
in industrialized countries.1 Atherosclerosis affects medium- and large-diameter 
arteries and is characterized by a thickening of the arterial intima typically composed 
of a lipid core with an overlying fi brous cap. Angiography remains the gold standard 
for diagnosis and quantifi cation of atherosclerotic plaques that result in fl ow-limiting 
arterial stenoses but offers only an indirect view of atherosclerosis burden.2 Positive 
remodeling of the arterial wall—a process in which the vessel dilates to limit the nar-
rowing of the lumen in presence of atherosclerotic plaques—leads to a clear underes-
timation of the true extension of atherosclerosis disease with angiography.3

High-resolution magnetic resonance imaging (MRI) has emerged as a very promis-
ing imaging technique to detect atherosclerotic plaques. Thanks to advances in both 
hardware and software, MRI now offers an inframillimetric resolution of the arterial 
wall, allowing for direct evaluation of atherosclerosis burden. Moreover, MRI does 
not expose patients to ionizing radiation and seems therefore well suited to monitor 
the extension of atherosclerotic disease and follow its evolution under antiatheroscle-
rotic treatments.

However, symptomatic atherosclerotic plaques are mostly characterized by their 
specifi c composition rather than by their size or impact on the vessel lumen. Acute 
ischemic events (acute coronary syndromes, strokes) are most frequently caused by 
the endothelial disruption of atherosclerotic plaques (superfi cial intimal erosion or 
fi brous cap rupture), triggering the formation of an intraluminal thrombus.4 These 
atherosclerotic plaques are typically described as containing a large lipid core repre-
senting more than half of the plaque volume, a thin fi brous cap (<65 µm), and a 
heavy infi ltrate of infl ammatory cells (macrophages and lymphocytes). On the pos-
tulate that early identifi cation of such lesions could preclude ischemic events, imaging 
techniques amied at the detection of vulnerable plaques, at high risk of acute throm-
bosis, are growing at a rapid pace. The most useful techniques will combine high 
spatial resolution with the detection of biological activities in atherosclerotic 
plaques.

In this chapter, we will describe the strategies to detect vulnerable atherosclerotic 
plaques with MRI. Multicontrast MRI can discriminate the components of atheroscle-
rotic plaques with different intrinsic relaxivity properties. In addition, analysis of the 
accumulation intra-vascular MR contrast agents in atherosclerotic plaques allows for 
a better identifi cation of the cellular composition of plaques. Finally, using an approach 
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similar to nuclear imaging, novel specifi c contrast agents are developed by binding a 
probe targeting a molecule or biological activity characteristic of vulnerable plaques 
to a moiety that modifi es the contrast on MRI. This latter approach opens the fi eld of 
molecular imaging to MRI.

Assessment of Atherosclerosis Burden with Cardiovascular MRI

High-Resolution MRI of Atherosclerotic Plaques

The small size of the vessels requires the acquisition of high spatial and contrast reso-
lutions for atherosclerosis imaging. Atherosclerotic plaques are detected with cardio-
vascular MRI (CMR) using high-resolution black-blood fast-spin echo MR sequences, 
obtained by nulling the signal of the fl owing blood through preparatory pulses. Black-
blood sequences improve the contrast between atherosclerotic plaques and the lumen 
and therefore offer better delineation of the contours of the plaque. New black-blood 
techniques5,6 that have recently been introduced for the simultaneous acquisition of 
multiple slices allow for the analysis of a full-length arterial segment with a reduced 
total examination time. Using these techniques, clinical studies demonstrated that 
CMR provides excellent quantitative capabilities for the measurement of total plaque 
volume with an error in vessel wall area measurement as low as 2.6% for the aorta7

and 3.5% for the carotids.8 Similar low measurement errors in plaque area and volume 
(4% to 6%) were reported by others,9,10 proving that plaque area and volume can be 
accurately assessed with CMR. In the future, 3.0 Tesla whole-body MR systems could 
further increase the spatial resolution of this technique and reduce acquisition 
times.

Correlation with Cardiovascular Risk Factors

The evaluation of the prevalence of atherosclerosis disease is still based on cardiova-
scular risk factors and probability scores measured from population studies. However, 
the accuracy of these probability scores could vary among different populations and 
even more among individuals. CMR now offers a precise imaging tool to evaluate 
directly the presence and extension of atherosclerosis disease in an individual. Hence, 
recent studies have compared, in different populations, the correlation between car-
diovascular risk factors and atherosclerosis detected with CMR. For example, in 
asymptomatic subjects from the Framingham Heart Study (FHS), FHS coronary risk 
score was strongly associated with asymptomatic aortic atherosclerosis detected by 
CMR.11 In this study, prevalence and extension of aortic atherosclerosis signifi cantly 
increased with age and predominated in the abdominal aorta.

However, in a subset study12 from the Multiethnic Study of Atherosclerosis (MESA), 
196 participants (99 Afro-americans, 97 Caucasians; 98 men, 98 women) without 
symptomatic cardiovascular disease were recruited from 6 study centers in the United 
States. Aortic wall thickness measured with CMR increased with age but varied also 
by ethnic origin and sex. Men and Afro-american participants had the greatest wall 
thickness in this study, emphasizing the differences in the prevalence of atherosclero-
sis among different populations. Longitudinal sections of the aorta of a normal subject 
and an atherosclerotic patient are shown in Figure 24.1.

In a recent study13 of 102 patients undergoing coronary angiography, aortic athero-
sclerotic plaques were detected with a higher frequency in patients with active smoking 
and high levels of low-density lipoprotein (LDL)-cholesterol, but the extension of 
atherosclerotic plaques in the aorta correlated mainly with age and high blood pres-
sure. Only atherosclerotic plaques located in the thoracic aorta were associated with 
coronary artery disease.
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These studies prove the strong correlation in an individual between cardiovascular 
risk factors and the incidence of aortic atherosclerosis detected with CMR, even if 
some differences can be observed among different populations. CMR demonstrated 
also the various effects of each cardiovascular risk factor on the location and extension 
of atherosclerosis in the aorta. Hence, CMR improves the direct evaluation of athe-
rosclerosis burden in an individual and therefore may allow to monitor the effects of 
antiatherosclerotic treatments on aortic plaques.

Monitoring of Antiatherosclerotic Treatments

Effi cacy of antiatherosclerotic treatments are currently evaluated by their benefi cial 
effects on the lipid profi le. However, CMR now provides precise measurements of 
total atherosclerotic plaque volume and seems therefore an interesting imaging tool to 
study directly the effect of lipid-lowering therapy on atherosclerotic plaques. In 51 
patients with carotid and aortic atherosclerosis, CMR was performed to measure the 
effects of lipid-lowering therapy (statins) on plaque regression. This work8 was the fi rst 
to demonstrate that lipid-lowering therapy is associated with signifi cant regression of 
established atherosclerotic lesions in humans. In an experimental rabbit study, Corti 
et al14 demonstrated the benefi cial effects of statins on atherosclerosis volume measu-
red by MRI and the additional antiatherogenic benefi ts of combining a PPARγ agonist 
with simvastatin. Finally, a recent clinical study15 using CMR has compared, the effect 
of 2 different dosages of the same statin on aortic plaque progression after 12 months. 
Treatment with the higher dosage of statin (atorvastatin, 20 mg) resulted in signifi cant 
regression of atherosclerotic plaques in the thoracic aorta and slower plaque progres-
sion in the abdominal aorta. In contrast, patients treated with the lower dosage of 
statin (atorvastatin, 5 mg) had a signifi cant progression of atherosclerotic plaques in 
both the thoracic and abdominal aorta. The plot showing the correlation between the 

Normal Subject Atherosclerotic patient

FIGURE 24.1. Longitudinal black-blood sections of the aorta (candy-cane view) of a normal 
subject (left panel) and an atherosclerotic patient (right panel). Atherosclerotic plaque can 
been seen in the aortic arch and thoracic aorta (arrows).
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reduction of LDL levels and the change in the vessel wall area in both the thoracic and 
abdominal aorta is presented in Figure 24.2.

These recent studies demonstrate that CMR is powerful tool to serially and nonin-
vasively assess the regression of atherosclerotic lesion size under lipid-lowering thera-
pies. More prospective studies are needed to determine whether there is a correlation 
between atherosclerotic plaque evolution measured with CMR and the occurence of 
acute ischemic events.

Detection of Vulnerable Atherosclerotic Plaques

Multicontrast MRI

Signal intensities detected with MRI are infl uenced by the relaxation times of protons 
(T1 and T2) and the proton density present in the different components of atheroscl-
erotic plaques. The timing of the excitation pulses of an MR sequence will determine 
the weight of T1 and T2 relaxation times or proton density in the image contrast. 
Multicontrast MRI is based on successive T1-, T2-, and proton-density-weighted 
sequences. Analysis of signal intensities detected on each of these sequences allows 
differentiate the atherosclerotic plaque components (lipid core, fi brous tissue, hemor-
rhage, and calcifi cation) by their different intrinsic relaxation properties on MRI.16

Development of dedicated softwares, that analyze the signal intensities of multicon-
trast MRI on a pixel-by-pixel basis, has further improved the identifi cation of athero-
sclerotic plaque components. An example of multicontrast MRI showing different 
plaque components and automatic segmentation of these plaques using a k-means 
cluster algorithm is shown in Figure 24.3.

Multicontrast MRI studies have focused mostly on carotid atherosclerotic plaques. 
The superfi cial location of carotid arteries and their relative absence of motion 
represent less of a technical challenge than imaging the aorta or the coronary arteries. 
In this location, multicontrast MRI could also be compared to corresponding 
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FIGURE 24.3. Multicontrast MR images of a carotid artery. Top row shows T1-weighted (T1), 
proton-density-weighted (PDW), and T2-weighted (T2) images of the same atherosclerotic 
plaque. The bottom left panel shows the RGB color composite image obtained by mapping the 
T1-weighted image to the red, the PD-weighted image to the green, and the T2-weighted image 
to the blue channel, respectively. The bottom right panel shows the plaque segmented auto-
matically into its various components using an automated k-means cluster analysis algorithm. 
Intraplaque hemorrhage (IH), necrotic core (nc), loose fi bers (lf), dense fi bers (df), and the 
fi brous cap (fc) can be clearly differentiated. (l), lumen.

histology of atherosclerotic plaques from endarteriectomy specimens. For example, 
Yuan et al17 demonstrated that in vivo multicontrast CMR of human carotid arteries 
had a sensitivity of 85% and specifi city of 92% for the identifi cation of a lipid core 
and acute intraplaque hemorrhage. Cai et al18 confi rmed the good agreement between 
the identifi cation of plaque components obtained by multicontrast MRI of carotid 
arteries and the histologic classifi cation of the American Heart Association (AHA) 
used for atherosclerotic plaques. Furthermore, in a case-controled study, Zhao et al19

studied the effect of statins on the composition of carotid plaques and demonstrated 
a substantial reduction of the lipid content in plaques (with no substantial overall 
plaque area reduction) in patients treated for 10 years with an aggressive lipid-lowe-
ring regimen compared with untreated controls. Another recent study20 evaluated the 
association between fi brous cap rupture of carotid plaques detected with multicontrast 
MRI and the history of recent transient ischemic attack or stroke. Ruptured caps 
(70%) were detected in carotid atherosclerotic plaques with a much higher frequency 
than plaques with a thick fi brous cap (9%) in symptomatic patients.

Recent histopathological studies21,22 suggest that intraplaque hemorrhage may play 
a role in plaque rupture and also represent a potent atherogenic stimulus. Therefore, 
research has being directed toward the detection of intraplaque hemorrhage with 
multicontrast MRI. A fi rst study23 proved that multicontrast MRI can accuretely 
detect intraplaque hemorrhages in carotid atherosclerotic plaques using T2*-weighted 
sequences. Interestingly, a recent study24 seems to confi rm that the detection of these 
hemorrhages in carotid atherosclerotic plaques with MRI was associated with an 
accelerated increase of plaque volume in the next 18 months.

In summary, multicontrast MRI allows for the detection of the different components 
of atherosclerotic plaques with high accuracy and is particulary promising for the 
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study of carotid atherosclerotic plaques. However, this technique requires a high MR 
signal and prolonged acquisition times, that nowadays limits its application to other 
arterial territories than the carotid arteries.

Contrast-Enhanced MRI

For a better identifi cation of atherosclerotic plaque components, research is being 
directed toward the association of contrast agents to multicontrast MRI. Recent inve-
stigations have focused on neovessels as an important factor contributing to atheros-
clerotic plaque vulnerability. The extension of neovessels was associated with increased 
infl ammatory infi ltrate in atherosclerotic plaques25 and was greater in the carotid 
endarterectomy specimens of symptomatic patients than in asymptomatic ones.26

Gadolinium chelates represent the most commonly used MR contrast agents for 
angiographies. These paramagnetic agents, shorten the T1 relaxation time of protons, 
increase the luminal signal on MRI after intravenous injection and therefore could 
be good candidates for measuring plaque neovasculature. A recent study27 demon-
strated a correlation between the increase in signal intensity in carotid atherosclerotic 
plaques with gadolinium-enhanced MRI and the extent of neovessels in plaques on 
histology. However, gadolinium chelates have a low molecular weight and distribute 
rapidly into the extracellular fl uid. Quantifi cation of neovessels with gadolinum che-
lates will require the development of new kinetic modeling of the biodistribution of 
these contrast agents in atherosclerotic plaques. Alternatively, MR contrast agents 
that remain within the blood or diffuse more slowly in the extracellular space are 
currently in development.28,29

Novel intra-vascular MR contrast agents have also been found to accumulate in 
atherosclerotic plaques. For example, gadofl uorine M is a lipophilic, macrocyclic, 
water-soluble, gadolinium chelate complex with a perfl uorinated side chain. Sirol et 
al30 and others31 demonstrated that gadofl uorine M enhanced only the aortic wall of 
Watanabe heritable hyperlipidemic rabbits but not the aorta of control rabbits. A 
strong correlation was found between the intensity of signal enhancement after the 
injection of gadofl uorine with MRI in atherosclerotic plaques and the extension of 
lipid-rich areas on corresponding histological sections. This suggests a high affi nity 
of gadofl uorine M for lipid-rich plaques (see Figure 24.4). Since the lipid core often 
represents more than half the area of vulnerable atherosclerotic plaques, gadofl uorine 
M could strongly improve the detection of these plaques with MRI.

Another class of contrast agent is represented by iron oxide nanoparticles (USPIO, 
SPIO), which are removed from the circulation by the reticuloendothelial system and 
accumulate in macrophages present in atherosclerotic plaques.32–34 Macrophages play 
a pivotal role in the progression of atherosclerosis to a symptomatic disease35 by 
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FIGURE 24.4. High-resolution in vivo MR images of a rabbit aorta. T1-weighted (A), proton-
density-weighted (B), and T2-weighted (C) images were used to characterize the atherosclero-
tic plaque. The white arrows show the different areas of the atherosclerotic plaque (fi brous cap 
in T1-weighted images [A] and large lipid core in T2-weighted images [C]). Panel D displays 
the same atherosclerotic lesion enhanced 24 hours after gadofl uorine injection via the rabbit 
ear vein. Gadofl uorine, as previously reported by Sirol et al, improves in vivo atherosclerotic 
plaque detection. The corresponding histopathological section stained with combined Masson 
and Elastic Trichrom (CME) is shown in panel E (magnifi cation, 4×). Ad, adventitia, FC, 
fi brous cap; L, lumen; LC, lipid core. (Adapted from Yonemura A, et al. (15) with permission 
from The American College of Cardiology Foundation.)
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secreting locally abundant quantities of fi brous cap–degrading matrix metalloprotein-
ases (MMP), proinfl ammatory cytokines, and tissue factor, which are involved in 
acute plaque destabilization and thrombus formation. Iron oxide contrast agents have 
superparamagnetic properties; that is, they decrease T2* relaxation time by genera-
ting heterogeneities in the local magnetic fi eld; and can be detected on MRI as signal 
voids with T2*-weighted sequences. Accumulation of iron oxide nanoparticles in the 
macrophages present in atherosclerotic plaques can be detected as a focal decrease of 
the MR signal on T2*-weighted sequences. Kooi et al33 studied 11 symptomatic patients 
scheduled for carotid endarterectomy with USPIO-enhanced MRI and found a 24% 
decrease in signal intensity on corresponding T2*-weighted sequences and uptake of 
USPIO on histology in 75% of ruptured or rupture-prone lesions (see Figure 24.5).

Several intra-vascular contrast agents have been found to accumulate in atheroscl-
erotic plaques and can be detected with MRI, either by an increase (gadolinium-based 
contrast agents) or by a decrease (iron-oxide-based contrast agents) of the MR signal. 
More clinical studies are needed to confi rm the potential of these contrast agents for 
the detection of vulnerable atherosclerotic plaques.

Molecular MRI

The ability to target molecules with specifi c contrast agents and MRI may greatly 
enhance detection and characterization of biological activities present in atheroscl-
erotic lesions. Contrast agents linked to antibodies or peptides that target specifi c 
plaque components or molecules localized in vulnerable atherosclerotic plaque are 
currently in development for MR imaging.36 For example, the scavenger receptor plays 
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FIGURE 24.5. Corresponding in vivo MR images of the internal carotid artery with T2*-
weighted gradient echo image before the administration of USPIO (A), and 24 hours later (B). A 
signal decrease is observed in the atherosclerotic plaque on the T2*-weighted image 24 hours 
after the injection of USPIO (white circle, B) compared to the pre-contrast image. On histologic 
sections from endarteriectomy specimens of patients imaged with USPIO-enhanced MRI, 
USPIO accumulated in atherosclerotic carotid plaques as shown with Perl’s staining (C, blue col-
oring, black arrow) and colocalized with macrophages on CD 68 immunostaining (D, red color-
ing, black arrow). L, lumen; C, surgical cut; T, tears. (Adapted by permission from Kooi, et al. 
Accumulation of ultra small super paramagnetic particles of iron oxide in human atherosclerotic 
plaques can be detected by in vivo magnetic resonance imaging. Circulation 2003;107:2453–8.) 
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a key role in the uptake of LDL particles into macrophages. We developed a novel 
contrast agent formed of an antibody directed against the scavenger receptor bound 
to micelles containing a high payload of gadolinium molecules that allowed us to 
detect macrophages in atherosclerotic plaques of mice. Winter et al37 recently demon-
strated in a rabbit model of atherosclerosis that regions of neovascularization in 
plaques had a 47% increase in signal intensity on MRI after the injection of αvβ3-
targeted nanoparticles. Many other specifi c MR contrast agents aimed at the detection 
of vulnerable plaques are currently tested targeting molecules such as oxidized low-
density lipoprotein (oxLDL), endothelial integrins, matrix metalloproteinases, and 
extracellular matrix proteins such as tenascin-C. These targets are highlighted in a 
recent paper by Choudhury et al38 and illustrated in Figure 24.6.

Intraluminal thrombosis represents the fi nal step of the evolution of vulnerable 
atherosclerotic plaque and could represent another interesting target for new MR-
specifi c contrast agents. Histologic studies have demonstrated that superfi cial throm-
bus surimposed on a ruptured atherosclerotic plaque characterizes plaques at high 
risk of ischemic events.39 A recent work40 analyzed the histology of intracoronary 
thrombus aspirated in 211 patients admitted for an acute myocardial infarction and 
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Nature Reviews Drug Discovery (reference 38) copyright 2004 Macmillan Magazines Ltd., 
(www.nature.com/reviews).
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found that at least 50% of these thrombi were days or weeks old. Interestingly, a new 
fi brin-specifi c MR contrast agent has recently been designed. With this agent, throm-
bus resulting from plaque rupture has been identifi ed using fi brin-specifi c MR con-
trast agents in a rabbit carotid crush injury model. In the 25 arterial thrombi induced 
by carotid crush injury, Botnar et al41 demonstrated a sensitivity and specifi city of 
100% for in vivo thrombus detection using MRI. Sirol et al42 recently used the same 
fi brin-specifi c MR contrast agent in 12 guinea pigs to demonstrate that the signal 
intensity of the thrombus was increased by more than 4-fold. The detection of thrombi 
was clearly improved from 42% identifi cation of the thrombus before the injection of 
this contrast agent to 100% detection after injection. The ability to identify compo-
nents of thrombus with molecular MRI may enable enhanced detection and charac-
terization of both luminal thrombus and components of thrombus organized in an old 
atherothrombotic lesion (see Figure 24.7). Therefore, selection of targets pivotal in 
the coagulation cascade, such as fi brin, factor XIII, integrins on the surface of plate-
lets, and tissue factor, is necessary to identify the areas of old or active thrombus 
formation.

Recently we developed a new class of MR contrast agent based on a recombinant 
high-density lipoprotein (rHDL) molecule that incorporates gadolinium-DTPA phos-
pholipids.43 This imaging agent has a small diameter of 7 nm to 12 nm, allowing for its 
diffusion in atherosclerotic plaques and, by using endogenous transport molecules, it 
does not trigger any immune reaction. Atherosclerotic plaques had a 35% increase of MR 
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FIGURE 24.7. Transverse MR images of a rabbit carotid artery, 1 week after thrombus induc-
tion, using a double inversion recovery turbo-spin echo (2IR-TSE) sequence. T1-weighted (A) 
and T2-weighted (B) images were obtained without any injection of contrast agent. White arrow 
indicates location of the thrombus. (C) displays the T1-weighted images obtained 30 minutes 
after the injection of the fi brin-specifi c contrast agent (EP-2104R). (D) displays the thrombus 
relative signal intensity changes (mean ± SE) over time for T1-W (white circles) T2-W (gray 
squares) and post–EP-2104R injection (black triangles). The gadolinium-based, fi brin-targeted 
MR contrast agent (EP-2104R) demonstrated a signifi cant enhancement of the thrombus com-
pared to T1-W images (p < 0.001). (Adapted with permission from Sirol M et al. Chronic 
thrombus detection using in vivo magnetic resonance imaging and fi brin-targeted contrast 
agent. Circulation 2005;112:1594–600. Figure 2.)
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signal intensity 24 hours after the injection of these rHDL in ApoE knockout mice. 
Furthermore, fl uorescent rHDL colocalized with macrophages present in atherosclero-
tic plaques with confocal microscopy. Figure 24.8 demonstrates the enhancement of 
atherosclerotic plaques after the injection of rHDL.

In the future, the development of specifi c contrast agents for MRI will allow for in 
vivo imaging of biological activities present in human atherosclerotic plaques and will 
improve our understanding of the pathophysiology of atherosclerotic plaque rupture 
and subsequent intraluminal thrombosis. However, targeting very specifi c molecules 
or activities goes often along with lower concentrations of contrast agents in tissues. 
Therefore, novel contrast agents, highly effi cient in enhancing the MR signal, will be 
needed in order for MRI to pursue its growth in the fi eld of molecular imaging.

Summary Points

• Thanks to the absence of ionizing radiation, CMR could represent the imaging 
technology of choice for the noninvasive detection and monitoring of atherosclero-
sis progression.

• High image quality and sensitivity to small changes in plaque size of CMR have 
already permitted serial monitoring of atherosclerotic plaque progression and 
regression in the aorta and carotid arteries. However, reduced acquisition times and 
improvement in spatial resolution are needed to extend these studies to coronary 
arteries.

• More prospective studies would also be useful to confi rm the link between the 
evolution of atherosclerosis plaque volume measured with CMR and the incidence 
of acute clinical events.

• Histologic studies have evidenced that acute ischemic events are frequently trigge-
red by the rupture or erosion of vulnerable atherosclerotic plaques. These vulnera-
ble plaques are characterized by their specifi c cellular and biological composition 
rather than by their volume. Therefore, imaging techniques have shifted from an 
anatomical to a functional evaluation of atherosclerotic plaques. Development of 

A

ApoA-I Phospholipid

Cholesterol
Ester

Triglyceride

Gd-DTPA-DMPE

Unesterified
Cholesterol

B C

D E

FIGURE 24.8. (A) The scheme represents the reconstituted HDL-like particle, phospholipid-
based contrast agent (Gd-DTPA-DMPE) with the different components of the recombinant 
HDL-like MRI contrast agent. Transverse in vivo MR images of the abdominal aorta in an 8-
week-old mouse at 9.4 Teslas before (B) and at 1 hour (C), 24 hours (D), and 48 hours (E) 
after the injection of recombinant HDL-like nanoparticles are displayed. The insets denote a 
magnifi cation of the aortic region. (Adapted with permission from Frias JC et al. Recombinant 
HDL-like nanoparticles: a specifi c contract agent for MRA and atherosclerotic plaques. J Am 
Chem Soc. 2004;126:16316–16317. (43) Copyright 2004 American Chemical Society.)
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contrast agents, which either accumulate or target vulnerable plaques, could allow 
MRI to combine precise atherosclerosis detection and identifi cation of vulnerable 
plaques.

• The development of molecular imaging of atherosclerosis will improve our under-
standing of the key steps that lead from stable atherosclerotic plaque to an acute 
ischemic event and help to identify the most pertinent target for the detection of 
vulnerable atherosclerotic plaques.

• However, recent clinical studies44,45 underscored the multiple locations of vulnera-
ble and ruptured atherosclerotic plaques and the diffuse infl ammation of the arte-
rial tree in patients with acute ischemic events compared to stable patients. Therefore, 
the initial concept of detecting seldom high-risk atherosclerotic plaques with imaging 
could shift to a more global identifi cation of vulnerable atherosclerotic patients, at 
high risk of acute clinical events, wherever the arterial location.46

• In the future, anatomical and molecular imaging of atherosclerosis should improve 
the individual evaluation of cardiovascular risk and help to optimize antiatheroscl-
erotic therapies to reduce the incidence of acute thrombotic events.
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Cardiac imaging modalities such as computed tomography (CT), magnetic resonance 
imaging (MRI), single photon emission computed tomography (SPECT), positron 
emission tomography (PET), and ultrasound have seen major advances over the past 
3 decades. In the clinical setting, these modalities can provide outstanding data 
regarding organ structure and physiologic function. However, as molecular medicine 
transitions from bench to bedside in the forms of gene and cellular therapies, novel, 
noninvasive imaging technologies need to be developed to monitor and evaluate the 
effi cacy of these treatments at the genetic and biochemical levels. This need has given 
rise to a new and rapidly evolving discipline called “molecular imaging.”1

In its broadest sense, molecular imaging can be defi ned as the characterization, 
visual representation, and quantifi cation of biological processes at the cellular and 
subcellular levels within intact living organisms.2 The fi eld remains in its infancy at 
present and to a large extent is limited to the laboratory environment. Notable excep-
tions are in the disciplines of oncology, neurology, and cardiology, which have started 
to make the transition from basic science to clinical application.

This chapter introduces the fi eld of cardiovascular molecular imaging with specifi c 
emphasis on PET and its utility in evaluating gene and cellular therapy. The chapter 
is divided into the following sections: (1) background of cardiovascular molecular 
imaging, (2) specifi c imaging techniques, (3) PET reporter genes and probes, and (4) 
recent cardiac gene and cell therapy studies and the role of PET. Because the fi eld 
may be new to many, we have simplifi ed much of the discussion of technical details 
to make the context more appealing to a broad range of readers with different 
backgrounds.

Background of Cardiovascular Molecular Imaging

Traditionally, researchers have monitored cardiac gene transfer by using reporter 
constructs such as β-galactosidase (β-gal),3 green fl uorescent protein (GFP),4

and chloramphenicol-acetyl transferase (CAT).5 Cellular transplant therapies have 
employed similar techniques as well as newer approaches such as TaqMan reverse 
transcriptase polymerase chain reaction (RT-PCR),6 Y-chromosome paint probes,7

and antibodies specifi c to various stem cell types.8 All these established traditional 
techniques, however, require invasive biopsies, postmortem tissue sampling, or both 
for analysis. Molecular imaging offers distinct advantages by allowing for noninvasive, 
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quantitative, and repetitive imaging of targeted macromolecules and biological pro-
cesses in living organisms.9 Although a vast array of molecular imaging techniques is 
available, they all require two fundamental elements: (1) a molecular probe that can 
signal confi rmation of gene expression by detecting messenger ribonucleic acid 
(mRNA) transcripts or proteins and (2) a method to monitor these probes or events. 
Presently, the two most widely used strategies are direct and indirect imaging.

Direct Molecular Imaging

Direct molecular imaging involves direct probe-target interaction. Targets can include 
receptors, enzymes, or mRNA. For probe-receptor imaging, radiolabeled monoclonal 
antibodies binding to tumor cell–specifi c surface antigens have been used for the past 
2 decades.10 A recent example of cardiac application involved imaging αvβ3 integrin 
receptor expressed during angiogenesis after myocardial infarction (MI) by using 
111In-RP748, a radiolabeled quinolone targeted at αvβ3.11 For probe-enzyme imaging,
the most well known cardiac application is 18F-fl uorodeoxyglucose (18F-FDG), used 
to assess for myocardial tissue viability. After transport across an intact cell mem-
brane, the 18F-labeled glucose analogue undergoes phosphorylation by hexokinase and 
is retained intracellularly in proportion to the rate of cellular glycolysis.12 The radioac-
tive 18F undergoes positron annihilation into 2 high-energy gamma rays (511 keV), 
which can be detected as coincidence events by PET. For probe-mRNA imaging,
radiolabeled antisense oligonucleotide (RASON) probes can be used.13,14 RASON 
probes are typically 12 to 35 nucleotides long and are complementary to a small 
segment of the target mRNA. However, the RASON approach is limited at this point 
due to (1) a low number of target mRNA (∼1000 copies) per cell compared to proteins 
(>10,000 copies), (2) limited tracer penetration across the cell membrane, (3) poor 
intracellular stability, (4) slow washout of unbound oligonucleotide probes, and (5) 
low target-to-background ratios.15 Despite these limitations, antisense imaging con-
tinues to improve, as demonstrated by Hnatowich and colleagues, who have further 
addressed issues of delivery and targeting in both in vitro and small animal models.16,17

On the other hand, direct imaging of DNA (2 copies) within the nuclear membrane 
has proved exceedingly diffi cult and is not yet feasible. In addition, knowing the activ-
ity of gene expression (as refl ected in mRNA transcripts or protein levels) rather than 
the number of DNA copies is more relevant for biological research. The main disad-
vantage of direct imaging is that it requires synthesizing a customized probe for the 
product (e.g., receptor, enzyme, or mRNA) of every therapeutic gene of interest, 
which can be time-consuming and is not generalizable to most applications.

Indirect Molecular Imaging

Indirect molecular imaging using reporter genes has been only recently validated. The 
concept of imaging reporter-gene expression is illustrated in Figure 25.1. A reporter 
gene is fi rst introduced into target tissues by viral or nonviral vectors. Using molecular 
biology techniques, the promoter or regulatory regions of genes can be cloned into 
different vectors to drive reporter-gene mRNA transcription. Promoter activity can 
be “constitutive” (always on), “inducible” (turned on or off), or “tissue specifi c” 
(expressed only in the heart, liver, or other organs).18 Translation of mRNA leads to 
a reporter protein that can interact with the reporter probe. This interaction may be 
enzyme or receptor based (as discussed under Ideal Reporter Gene and Reporter 
Probe). Probe signals can then be detected by various imaging modalities such as an 
optical charged coupled device (CCD) camera, PET, or MRI.

Clearly, the main advantage of the reporter-gene system is its fl exibility and multi-
tasking capability. By altering various components, the reporter gene can provide 
information about the regulation of DNA by upstream promoters, intracellular protein 
traffi cking, and the effi ciency of vector transduction on cells. Likewise, the reporter 
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probe itself does not have to be changed to study a new biological process, saving time 
and resources required for synthesis, testing, and validation of new reagents. However, 
the main disadvantage of indirect imaging is that it remains a surrogate marker for 
the physiologic process of interest, as opposed to a direct measure of receptor density, 
mRNA copies, or intracellular enzymatic activity, which might be more clinically 
relevant. It should be noted that, in the case of monitoring cellular survival and traf-
fi cking (e.g., cardiac cellular transplant), this is less of a concern since the focus is on 
detecting the presence of a population of cells.

FIGURE 25.1. Four different strategies of imaging reporter gene/reporter probe. (A) Enzyme-
based bioluminescence imaging. Expression of the fi refl y luciferase reporter gene leads to the 
fi refl y luciferase reporter enzyme, which catalyzes the reporter probe (D-Luciferin) that results 
in a photochemical reaction. This yields low levels of photons that can be detected, collected, 
and quantifi ed by a charge-coupled device (CCD) camera. (B) Enzyme-based PET imaging. 
Expression of the herpes simplex virus type 1 thymidine kinase (HSV1-tk) reporter gene leads 
to the thymidine kinase reporter enzyme (HSV1-TK), which phosphorylates and traps the 
reporter probe 18F-FHBG intracellularly. Radioactive decay of 18F isotopes can be detected 
using PET. (C) Receptor-based PET imaging. The 18F-FESP is a reporter probe that interacts 
with the dopamine 2 receptor (D2R) to result in probe trapping on or in cells expressing the 
D2R gene. (D) Receptor-based MRI imaging. Overexpression of engineered transferrin recep-
tors (TfR) results in increased cell uptake of the transferrin-monocrystalline iron oxide nanopar-
ticles (Tf-MION). These changes result in a detectable contrast change on MRI. (Reprinted 
from Wu JC, et al. Molecular imaging of cardiovascular gene products. J Nucl Cardiol; 11:491–
505, Copyright 2004, with permission from the American Society of Nuclear Cardiology.)
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Ideal Reporter Gene and Reporter Probe

With both the direct and indirect molecular imaging techniques, the ideal reporter 
gene or reporter probe should have the following characteristics: (1) The chromosomal 
integration or episomal expression of reporter gene should not adversely affect the 
cellular metabolism or physiology. (2) The reporter gene product should not elicit a 
host immune response. (3) The size of the promoter-enhancer elements and reporter 
gene should be small enough to fi t into a delivery vehicle. (4) Transfection (e.g., 
plasmid) or transduction (e.g., lentivirus or adeno-associated virus) using the delivery 
vector should not be cytotoxic to the cells. (5) The reporter probe should be stable in 
vivo and reach the target site despite natural biological barriers (e.g., blood-vessel wall 

Table 25.1. Summary of Common Reporter Genes and Reporter Probe for Molecular Imaging Platforms and Comparison of 
Imaging Modalities

Imaging Modality Reporter Gene Reporter Probe Mechanisms

BLI Firefl y luciferase (Fluc) D-luciferin Firefl y luciferase-luciferin reaction in
    presence of Mg2+ and ATP
 Renilla luciferase (hRl) Coelenterazine Renilla luciferase-coelenterazine
    reaction

FLI Green fl uorescence protein (GFP) N/A Excitation-emission fl uorescence
 Red fl uorescence protein (RFP) N/A Excitation-emission fl uorescence

MRI Engineered transferin receptor Transferrin-conjugated Receptor-ligand interaction
  (TfR)  superparamagnetic iron
   oxide nanoparticles
   (Tf MION)

β-galactosidase (β-Gal) EgadMe Hydrolysis of β-glycoside bond
 Tyrosinase Synthetic  Metal binding to melanin
   metallomelanins 111 In, Fe

PET Herpes simplex virus type 1 124FIAU Phosphorylation
  thymidine kinase (HSV1-tk)

18F-FHPG Phosphorylation
18F-PCV Phosphorylation

 Herpes simplex virus type 1 18F-FHBG Phosphorylation
  mutant thymidine kinase
  (HSV1-sr39tk)

18FPCV Phosphorylation
 Dopamine 2 receptor (D2R) 18F-FESP Receptor-ligand
 Mutant dopamine 2 receptor 18F-FESP Receptor-ligand
  (D2R80A)

SPECT HSV1-tk 131FIAU Phosphorylation
 Human sodium iodide symporter 123Iodide or Active symport
  (hNIS) 99mtechnetium

Ultrasound — — —

CT — — —
BLI   3–5 mm Seconds– minutes 1–2 cm 10−15–10−17 Visible light µg–mg
FLI   2–3 mm Seconds– minutes <1 cm 10−9–10−12 Visible light or near infrared µg–mg
MRI  25–100 µm Minutes–hours No limit 10−3–10−5 Radiowaves µg–mg
PET  1–2 mm Seconds– minutes No limit 10−11–10−12 High-energy gamma rays ng
SPECT 0.5–1.5 mm Minutes No limit 10−10–10−11 Lower-energy γ rays ng
Ultrasound  50–500 µm Seconds– minutes mm– cm Not known High-frequency ultrasound µg–mg
CT  50–200 µm Minutes No limit Not known X-rays Not available



25 Evaluating Gene and Cell Therapy 377

or blood-brain barrier). (6) The reporter probe should accumulate only within cells 
that express the reporter gene to yield a high signal-to-background ratio. (7) After-
ward, the reporter probe should clear rapidly from the circulation to allow repetitive 
imaging within the same living subject. (8) The reporter probe or its metabolites should 
not be cytotoxic to the cells. (9) The image signals should correlate well with true levels 
of reporter gene mRNA and protein in vivo. (10) The reporter gene and reporter probe 
should be potentially applicable for human imaging in the future.15 At present, no 
single reporter-gene or reporter-probe assay meets all these criteria. Thus, the optimal 
choice of reporter-gene and reporter-probe assay will depend on the particular applica-
tion, organ system, and imaging modality available at a given institution (Table 25.1).

Imaging Techniques

Of the numerous molecular imaging modalities available for monitoring genetic and 
cellular activity, radionuclide-based assays (e.g., PET, SPECT, planar scintigraphy) 
are the most useful clinically. A number of other devices are being used to monitor 
biological processes in animal models of diseases. Considerable efforts have been 
made toward the development of miniaturized, small-animal imaging systems such as 
CCD cameras for bioluminescence/fl uorescence, ultrasound, SPECT/PET, and MRI 
(Figure 25.2). Given the vast array of imaging tools available for biological research, 
a brief discussion highlighting the strengths and weaknesses of each modality is 
warranted.

Optical Imaging

Bioluminescence imaging utilizes the photogenic properties of various luciferase 
genes cloned from different organisms, such as fi refl y (Photinus pyralis), jellyfi sh 
(Aequorea), coral (Renilla), and dinofl agellates (Gonyaulx). In the case of the fi refl y, 
the fi refl y luciferase enzyme (FL) converts its substrate (D-luciferin) to oxyluciferin 
via an ATP-dependent pathway. This process emits low levels of photons (2–3 eV), 
which can be detected and counted by an ultrasensitive CCD camera (e.g., Xenogen 
IVIS system).19 Unlike bioluminescence, fl uorescence imaging does not require injec-
tion of a reporter substrate but relies on an excitation wavelength that produces an 
emission wavelength for measurement.20 Recent technological advances (e.g., eXplore 
Optix system) have allowed the measurement, quantifi cation, and visualization of 
fl uorescence intensity in small living animals using the time-domain approach.21 In 
general, optical-based imaging is a relatively low-cost endeavor (i.e., typically $100–
200,000 versus $500,000–2 million for small animal PET and MRI systems) with the 
capacity for high throughput (i.e., several mice can be scanned once). However, the 
aforementioned techniques suffer from low spatial resolution, inability to monitor 
multiple physiologic processes, and photon attenuation/scatter within deep tissues.22

Moreover, optical imaging has yet to be extrapolated into clinical usage. Novel intra-
vascular catheter devices capable of detecting bioluminescence signals, fl uorescence 
signals, or both from deeper tissues or organs may be possible, but the general prac-
ticality of “invasive imaging” remains to be seen.

Magnetic Resonance Imaging

Unlike optical imaging, MRI has the advantage of a very high spatial resolution (25 
to 100 µm) and the ability to measure more than one physiological parameter at once 
by using different radiofrequency pulse sequences.23 This makes MR a very attractive 
option for imaging reporter-gene expression. The imaging signal is generated as a 
result of spin relaxation effects, which can be altered by atoms with high magnetic 
moments (e.g., gadolinium and iron). One particularly useful MR imaging signal 
amplifi cation system is based on the cellular internalization of superparamagnetic 
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probes such as monocrystalline iron oxide nanoparticles (MION) and cross-linked 
iron oxide (CLIO).24 MIONs or CLIOs can be linked to a variety of biomolecules to 
produce injectable probes for targets such as hematopoietic and neural progenitor 
cells,25,26 activated thrombotic factor XIII,27 and endothelial cell surface markers such 
as E-selectin.28 These studies hold promise for in vivo imaging in humans, given the 
widespread availability of clinical MR scanners, the nontoxic and biodegradable 
properties of intravenous superparamagnetic particles, and the precedent of similar 
preparations already in clinical use.29 However, persisting residual signals from super-
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FIGURE 25.2. Multiple imaging modalities are available for small animal molecular imaging. 
(A) Small animal PET whole-body coronal image of a rat injected with 18F-FDG, showing 
uptake of tracer in tissues including muscles, heart, brain, and bladder due to renal clearance. 
(B) Small animal CT coronal image of a mouse abdomen after injection of intravenous iodin-
ated contrast medium. (C) Small animal SPECT coronal image of a mouse abdomen and pelvis 
regions after injection of 99mTc-methylene diphosphonate, showing spine, pelvis, tail, vertebrae, 
and femurs due to accumulation of tracer in bone. (D) Optical fl uorescence image of a mouse 
showing GFP-expressing tumors that have spread to the liver, abdomen, spine, and brain. (E) 
Small animal MRI coronal T2-weighted image of a mouse brain. (F) Optical bioluminescence 
image of a mouse with a subcutaneous xenograft expressing renilla luciferase (Rluc) in the left 
shoulder region, after tail-vein injection of the reporter substrate coelentrazine. Images were 
obtained using a cooled CCD camera. The color image of visible light is superimposed on a 
photographic image of the mouse with a scale in photons per second per square centimeter 
per steradian (sr). (Reproduced with permission from Reference 9.)
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paramagnetic particles may hinder the capacity for quantitative and repetitive imaging. 
MR is also several log of orders less sensitive (10−3 to 10−5 molar) for detection of 
reporter probes compared to optical bioluminescence imaging (10−15 to 10−17) or PET 
(10−11 to 10−12) imaging.9 Therefore, further strategies for robust signal amplifi cation 
will be necessary before this modality can be of practical use for imaging cardiac gene 
expression and detecting small numbers of transplanted cells.

Ultrasound

The scope of ultrasound for cardiac molecular imaging remains limited, largely due to 
the few options available for acoustically compatible molecular probes. Targeted con-
trast agents have been constructed by linking ligands of interest to liposomes, perfl uo-
rocarbon nanoparticles, and encapsulated microbubbles,30 but these agents are relatively 
large (>250 nm), precluding effi cient tissue penetration. While ultrasound-based 
molecular imaging may play an increasing role in endothelial imaging, its utility as a 
molecular cardiac imaging modality to track gene or cell therapy remains to be seen.

Computed Tomography

Like ultrasound, CT is quite limited in its application as a true molecular imaging 
modality. Development of radiopaque probes that can accumulate in suffi cient quanti-
ties for meaningful assessment of physiologic processes has proven diffi cult. Com-
pared to MRI, CT-based images exhibit poor soft-tissue contrast, necessitating 
iodinated contrast media in addition to any probes that might be used. Presently, CT 
is best reserved for use as an adjunct anatomical imaging modality that can comple-
ment functional information obtained by other molecular imaging techniques, such 
as PET and optical imaging. In the future, improved probes may increase the appli-
cability of CT imaging.

Radionuclide Imaging

Radionuclide probes are the fi rst example of molecular probes used in the clinical 
setting; this technology represents the evolutionary roots of molecular imaging as it 
is known today. PET, SPECT, and planar scintigraphy have all been used to detect 
radionuclide-labeled probes. However, PET exhibits several advantages compared to 
other modalities. First, PET is more sensitive than SPECT and MRI for detection of 
probe activity. This may allow monitoring of gene delivery by vectors with relatively 
low transfection effi ciencies (e.g., plasmid) or weak promoters (e.g., tissue specifi c), 
as well as detection of low numbers of cells (e.g., cardiac stem cell transplants). 
Second, PET imaging is more quantitative (unlike MRI) and allows for dynamic 
imaging with tracer kinetic modeling for analysis of rate constants underlying the 
biochemical processes.31 Third, as many PET tracers have a short half-life (e.g. 
∼110 min for 18F), daily repetitive imaging of tracer retention by targeted tissues is 
possible. Fourth, PET imaging is tomographic (unlike two-dimensional images from 
optical imaging), and thus a relatively precise location of probe signal can be identifi ed 
within the heart. This is especially apt in the basic research environment, as current 
generations of small animal PET scanners have a resolution of 13–23 mm3 compared 
to ∼63 mm3 for clinical PET scanners.32 Finally, studies performed in these small 
animal PET scanners can potentially be scaled up to patients using clinical PET scan-
ners with relative ease.33

PET Reporter Genes and Probes

Of all the imaging techniques discussed, radionuclide imaging represents the most 
promising approach for clinical imaging of biological processes. It has several 
desirable characteristics, including robust detection sensitivity, quantitative capacity, 
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tomographic resolution, and clinically available scanners. Translation into the clinical 
setting is well under way, with signifi cant progress over the last few years. The fi rst 
phase I/II clinical trial was published in 2001.34 This study involved 5 patients (age 
range, 49 to 67 years) with recurrent glioblastomas who were infused intratumorally 
with liposome complex containing herpes simplex virus type 1 thymidine kinase 
(HSV1-tk). After vector administration, only 1 of 5 patients had specifi c 124I-FIAU-
associated radioactivity observed within the infused tumor. No specifi c FIAU-
accumulation was observed in the other 4 patients, in whom tumor histology showed 
a signifi cantly lower number of proliferating tumor cells. These data indicate that a 
certain critical number of the thymidine kinase-gene transduced tumor cells per voxel 
(threshold) must be present for accumulation of FIAU and detection by PET. This 
study was limited by pharmacokinetic issues related to the blood-brain-barrier and 
clearance of 124I-FIAU radiotracer.

Recently, a more detailed clinical trial involving PET imaging of gene expression 
was completed in Spain.35 In this study, 7 patients (age range, 51 to 78 years) with hepa-
tocellular carcinomas underwent intratumoral injection of recombinant adenovirus 
carrying the cytomegalovirus promoter driving HSV1-tk (Ad-CMV-HSV1-tk). Suc-
cessful PET imaging was achieved by using 9-(4-fl uoro-3-hydroxymethylbutyl)guanine 
(18F-FHBG) as the PET reporter probe with very good signal-to-background ratio. 
Anatomic and metabolic correlation was obtained by fusion PET/CT imaging (Figure 
25.3). Repeated imaging was also possible in this study because of the relatively short 
half-life of 18F (∼110 min). The HSV1-tk, in addition to serving as a reporter gene, can 
be used to destroy tumor cells by exploiting its ability to convert a nontoxic prodrug 
such as valganciclovir into a phosphorylated, cytotoxic compound.

These two studies demonstrate the principle of using PET reporter gene to assess 
novel therapeutic strategies and monitor clinical responses in human subjects. The 
PET reporter probe 18F-FHBG has been shown to have favorable characteristics such 
as in vivo stability, rapid blood clearance, low background signal, and acceptable radia-
tion dosimetry in humans.36,37 18F-FHBG has recently been approved by the FDA as an 
investigational new drug (IND). It is hoped that with further validation, similar studies 
can be performed in patients with cardiovascular diseases using a variety of PET 
reporter genes and PET reporter probes as discussed in the following paragraphs.

The most common enzyme-based reporter gene is the HSV1-tk.38,39 Unlike the 
mammalian thymidine kinase enzyme, the viral thymidine kinase enzyme (HSV1-
TK) acts on a broad range of substrates. The HSV1-TK can phosphorylate thymidine 
analogue probes such as FIAU and guanosine analogue probes such as FHBG. Once 
phosphorylated, the reporter probes are trapped intracellularly and the radioisotope 
(124I or 18F) attached to the compounds can be detected as coincidence events by PET 
imaging. The main advantage of 18F versus 124I is its shorter half-life (T1/2 ∼110 minutes 
vs 4.2 days), which allows for repetitive imaging on a daily basis.

The second version of HSV1-tk is a mutant form (HSV1-sr39tk) that differs from 
HSV1-tk by 7 nucleotide substitutions leading to 5 different nonpolar amino acids.40

The HSV1-sr39TK enzyme phosphorylates acycloguanosine derivatives (e.g., fl uori-
nated ganciclovir and penciclovir as reporter probes) effectively while minimizing 
interaction with endogenous thymidine kinase.41 Dynamic imaging in animal tumor 
models using the HSV1-sr39tk/18F-FHBG combination also appears to be more sensi-
tive compared to HSV1-tk/14C-FIAU. Whereas the 18F-FHBG is well retained in 
HSV1-sr39tk-expressing cells (C6-stb-sr39tk+) 4 hours following injection, 14C-FIAU 
is rapidly cleared from HSV1-tk-expressing cells (MH3924A-stb-tk+).42 A more recent 
study suggests that [3H]2′-fl uoro-2′-deoxyarabinofuranosyl-5-ethyluracil ([3H]-FEAU) 
may exhibit the most robust affi nity for either HSV1-tk or HSV1-sr39tk reporter 
genes, although further work is clearly warranted to assess optimal combinations of 
reporter genes and probes.43

The third version of the HSV1-tk gene is called truncated thymidine kinase (HSV1-
ttk). It has a deletion of the fi rst 135 base pairs that contain a nuclear localization 
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signal.44 This deletion leads to increased cytoplasmic localization of the HSV1-tTK 
enzyme, resulting in better image signal activity due to higher interaction rates 
between HSV1-tTK and the FHBG reporter probe.45 The 135-base-pair-deletion 
mutant also lacks the cryptic testis-specifi c transcriptional start point and thus over-
comes the problem of male sterility in transgenic mice carrying the HSV1-tk gene.46

Finally, a “humanized” version of HSV1-tk with more robust enzyme activity and 
attenuated immunogenicity is being evaluated for suicide- and reporter-gene pur-
poses. In general, the main advantage of enzyme-based reporter genes is that the 
imaging sensitivity can be greatly enhanced by the enzymatic amplifi cation of the 
reporter probe signal.

Several receptor-based PET reporter genes have also been described, two of 
which are discussed here. The fi rst is the dopamine 2 receptor (D2R), a 415-amino-
acid protein with a 7-transmembrane-spanning domain found in substantial levels 
primarily in the striatum.47 The D2R gene has been used as a PET reporter gene, 
both in an adenoviral delivery vector and in stably transfected tumor cell xenografts.48

The location, magnitude, and duration of D2R reporter-gene expression can be 
monitored by PET detection of D2R-dependent sequestration of injected 3-(2′-18F-
fl uoroethyl)-spiperone (18F-FESP) probe, a high-affi nity D2R ligand. The second is 
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FIGURE 25.3. PET/CT imaging of HSV1-tk transgene expression in humans. Columns show 
the 5-mm thick coronal, sagittal, and transaxial slices, respectively, from an 18F-FHBG PET/
CT study in a patient. All sections are centered on the treated tumor lesion and show 18F-
FHBG accumulation at the tumor site (arrows). Anatomic and metabolic correlation can be 
obtained by fused PET/CT imaging. The white spots on the liver seen on the CT images cor-
respond to lipiodol (arrowheads) retention after transarterial embolization of the tumor and 
a transjugular intrahepatic portosystemic shunt (star). Tracer signal can be seen in the treated 
lesion (arrows), while no specifi c accumulation of the tracer can be seen in necrotic, lipiodol-
retaining regions around it. H, heart; L, liver; LB, large bowel; RL, right lung; Sp, spleen. 
(Reproduced with permission from the American Gastroenterological Association from 
Penvelas I, et al. (35).)
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the somatostatin type 2 receptor (SSTr2), which is expressed primarily in the pituitary 
gland. When it is used as a reporter gene, the location of SSTr2 expression can be 
monitored by systemic injection of a technetium-99m-labeled SSTr2 peptide probe 
(99mTc-P829) and subsequent imaging with a conventional gamma camera.49 Another 
promising approach involves the human sodium/iodide symporter (hNIS) gene, which 
is expressed in the thyroid gland. The accumulation of radioactive iodine isotopes (123I
and 131I) has been used in nuclear medicine for the diagnosis and targeted therapy of 
thyroid pathology.50 Overall, the main advantage of receptor-based reporter genes is 
that they are cloned from endogenous genes: D2R from striatum, SSTr2 from pitu-
itary, and hNIS from the thyroid gland. These endogenous genes will minimize host 
immune response and increase the chances of prolonged gene expression.

Recent Cardiac Gene and Cell Therapy Studies

Evaluating Gene Therapy

Gene transfer has been heralded as the most promising therapy of molecular medicine 
in the 21st century. It is usually defi ned as the transfer and expression of DNA to 
somatic cells of an individual with a resulting therapeutic effect.51 In cardiovascular 
diseases, gene therapy offers an exciting new approach to express therapeutic factors 
locally in the myocardium. In general, the successful application of gene therapy 
requires 3 essential elements: (1) a vector for gene delivery, (2) targeted delivery of 
the vector to the target tissue, and (3) a therapeutic gene to be expressed in a particu-
lar patient population.

Historically, the fi eld of cardiac angiogenesis attracted much attention from the 
cardiovascular community in the late 1990s, as most animal studies and phase 1 non-
randomized trials uniformly showed positive results. However, recent phase 2 ran-
domized trials such as the VIVA (Vascular Endothelial Growth Factor in Ischemia 
for Vascular Angiogenesis),52 FIRST (FGF Initiating Revascularization Trial),53

AGENT (Adenovirus Fibroblast Growth Factor Angiogenic Gene Therapy),54 and 
KAT (Kuopio Angiogenesis Trial)55 have demonstrated neither consistent nor sub-
stantial effi cacy. In retrospect, several lessons can be learned from these trials. They 
showed that angiogenesis is a complex process regulated by the interaction of various 
growth factors and likely cannot be effectively induced or augmented by the transient 
injection of a single protein or gene.56 Strikingly, for the aforementioned studies, 
there was no available method of assessing gene expression in vivo, and hence, the 
investigators were blinded as to whether the lack of symptomatic improvement was a 
result of transient gene expression, poor delivery technique, or host infl ammatory 
response.

In the fi rst proof-of-principle study using in vivo cardiac PET imaging, adenovirus 
carrying mutant thymidine kinase reporter gene (Ad-CMV-HSV1-sr39tk; 1 × 109 pfu) 
was injected intramyocardially.57 The reporter probe 18F-FHBG was injected intrave-
nously before PET imaging. Cardiac reporter gene expression was robust but transient 
(∼2 weeks total duration), presumably due to host cellular immune responses against 
the adenoviral vector.58 The kinetics of cardiac transgene expression varied signifi -
cantly among different animals, suggesting that the effi ciency of gene transfer differed 
due to interindividual response. Leakage into the systemic circulation allowed the 
adenovirus to bind to coxsackie-adenovirus receptors (CAR) on hepatocytes, leading 
to expression at an unintended target site.59 With PET imaging, the transgene expres-
sion could be localized tomographically at the anterolateral wall along the short, verti-
cal, and horizontal axes, as shown in Figure 25.4.

In a follow-up study, Inubushi et al examined the quantitative aspects of the HSV1-
sr39tk and 18F-FHBG system.60 Myocardial 18F-FHBG accumulation was visualized 
with viral titers down to 1 × 107 particle-forming units (pfu) but not with <1 × 106 pfu 
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of HSV1-sr39tk. For comparison, most clinical trials use an adenoviral dosage of 1 ×
1010 to 1 × 1012 pfu.51 There was a good correlation between the percentage injected 
dose (%ID) for myocardial 18F-FHBG accumulation calculated from PET images and 
ex vivo HSV1-sr39TK enzyme activity (r2 = 0.79, p < 0.0001). This suggests that non-
invasive imaging can be used in parallel or in lieu of traditional postmortem biochemi-
cal assays. More recently, gamma camera imaging of cardiac transgene expression 
using adenoviral-mediated expression of human sodium iodide symporter (Ad-CMV-
hNIS) and 123I or 99mTc as reporter probes was shown to be a practical and effective 
alternative to HSV1-tk and HSV1-sr39tk imaging.61

In most of the studies discussed above, however, transient cardiac gene expression 
and unintended target-site expression within the liver were noticed. These observa-
tions suggest that ischemic heart patients who underwent intracoronary infusion of 
adenovirus carrying either fi broblast growth factor (FGF)54 or vascular endothelial 
growth factor (VEGF)55 in clinical trials likely encountered these two issues.

The feasibility of transferring imaging results from a small animal PET scanner to 
a clinical PET scanner (ECAT EXACT scanner, Siemens/CTI) has been demon-
strated in a porcine model. Bengel et al showed that myocardial tissues infected with 
adenovirus expressing HSV1-tk had signifi cantly higher 124I-FIAU retention during 
the fi rst 30 minutes following injection.62 The FIAU uptake correlated with ex vivo 
images, autoradiography, and immunohistochemistry for reporter gene product after 
euthanasia. However, the signal-to-background ratio at the site of HSV1-tk injection 
was only ∼1.25 during the fi rst 30 minutes following delivery. Afterward, there was 
signifi cant washout at 45 to 120 minutes postinjection, and the 124I-FIAU retention 
became similar to control myocardial regions. Thus, the combination of HSV1-tk/

A
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FIGURE 25.4. Small animal PET imaging of cardiac reporter gene expression. (A) At day 4, whole-body small animal PET 
image of a rat shows focal cardiac 18F-FHBG activity at the site of intramyocardial Ad-CMV-HSV1-sr39tk injection. Liver 18F-
FHBG activity is also seen due to systemic adenoviral leakage with transduction of hepatocytes. Control rat injected with Ad-
CMV-Fluc shows no 18F-FHBG activity in both cardiac and hepatic regions. Signifi cant gut and bladder activities are seen for 
both study and control rats due to route of 18F-FHBG clearance. (B) Tomographic views of cardiac small animal PET images. 
The 13N-NH3 (grayscale) images of perfusion are superimposed on 18F-FHBG images (color), demonstrating HSV1-sr39tk 
reporter-gene expression. 18F-FHBG activity is seen in the anterolateral wall for the study rat compared to background signal 
in the control rat. Perpendicular lines represent the axis for vertical and horizontal cuts. Color scale is expressed as %ID/g.
(Reproduced with permission from Reference 57.)
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FIAU may be less ideal than HSV1-sr39tk/FHBG for imaging cardiac transgene 
expression,63 consistent with data from the oncology literature.42

The described cardiac studies nicely demonstrate the concepts and feasibility of 
utilizing reporter gene–based PET imaging. However, to effectively monitor and guide 
gene therapy, the PET reporter gene must be linked to a therapeutic gene 
of interest such as VEGF or FGF. To fi rst demonstrate that the expression of two linked 
genes can have high fi delity, Chen et al constructed a bicistronic adenoviral vector 
whereby a CMV-driven receptor-based PET receptor gene (a mutant D2R, or D2R80a) 
was coupled to an enzyme-based PET reporter gene (HSV1-sr39tk) using an internal 
ribosomal entry site (IRES).64 After injecting Ad-CMV-D2R80a-IRES-HSV1-sr39tk 
into the rat myocardium, longitudinal imaging with PET reporter probes 18F-FESP and 
18F-FHBG, respectively, revealed a good correlation between the two linked PET 
reporter genes (r2 = 0.73; p < 0.001). These results suggest that, if one of the PET reporter 
genes is replaced with a therapeutic gene, a correlated expression would likely exist and 
allow for indirect monitoring of the therapeutic gene. Besides the IRES system, other 
techniques of linking a therapeutic gene to a reporter gene also are available, including 
the use of two separate delivery vectors,65 fusion of reporter genes,45 bidirectional tran-
scription,66 and a dual-promoter approach, as described in the next paragraph.

The fi rst proof-of-principle study using PET imaging to track therapeutic gene 
expression was conducted by Wu et al, in which adenovirus with a CMV promoter 
driving a VEGF121 therapeutic gene and a second CMV promoter driving HSV1-
sr39tk reporter gene was constructed.67 The two expression cassettes are separated by 
poly adenine sequences (Ad-CMV-VEGF121-polyA-CMV-HSV1-sr39tk-polyA). The 
adenovirus was injected into the myocardium of adult rats that had undergone left 
anterior descending artery ligation to create an MI model. Control animals received 
adenovirus without an expression cassette (Ad-null) instead. Reporter gene expres-
sion was limited to approximately 2 weeks due to the host cellular immune response 
(Figure 25.5). Repeat adenoviral injections into the same ischemic territory at 2 
months did not induce any reporter-gene expression due to the host humoral immune 
response.58 Evaluating vascular patterns at 10 weeks using immunohistochemical 
staining for CD31 and smooth muscle actin revealed signifi cantly higher mean capil-
lary (747 ± 104 vs 450 ± 101 per mm2) and small blood vessel (8.1 ± 0.8 vs 5.1 ±
1.2 per mm2) densities in the VEGF-treated group versus control (p < 0.05 for both). 
Functional assessment was also carried out: left ventricular ejection fraction showed 
mild improvement in the VEGF-treated study group (43.4 ± 8.1% at baseline to 47.3 
± 12.5% at week 10) compared with the control group (47.5 ± 9.3% to 45.2 ± 8.4%), 
but this did not reach statistical signifi cance. The VEGF-treated study animals also 
showed an encouraging trend toward lower 13N-NH3 perfusion defects (15.2 ± 3.1% 
to 13.8 ± 2.6%) and 18F-FDG metabolism defi cits (12.7 ± 4.3% to 11.5 ± 4.6%), but 
these changes were also not statistically signifi cant. As expected, the control group 
did not show any signifi cant changes in perfusion (14.0 ± 4.0% to 15.3 ± 4.1%) or 
metabolism (13.4 ± 2.3% to 15.1 ± 3.0%) scores (p = NS).

Taken together, these results suggest that the microscopic level of neovasculature 
induced by VEGF did not translate into signifi cant changes in clinically relevant 
physiological parameters such as myocardial contractility, perfusion, and metabolism 
under the study conditions tested. Nonetheless, important lessons can be learned from 
these animal studies as well as clinical trials.

For cardiac gene therapy to be successful, biological issues related to pharma-
cokinetics and functional and physiological effects of gene expression will need to 
be fully understood before expecting clinical effi cacy.68 Future effective application 
of gene therapy will be contingent on (1) a better understanding of the mechanics of 
gene delivery and incorporation of target genes into the host and (2) monitoring 
of therapeutic gene expression directly or via reporter-gene constructs integrated 
into the delivery vector. To this end, molecular imaging, and more specifi cally PET 
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imaging, holds great promise as an effective clinical tool for following genetic 
therapy.

Cardiac Cell Therapy

In recent years, stem cell therapy has rivaled gene therapy as a promising treatment 
modality for ischemic heart disease. Several phase 1 clinical studies have shown that 
the implantation of skeletal myoblasts (SKM),69 endothelial progenitor cells (EPC),70

or bone marrow stem cells (BMSC)71 into the infarcted myocardium can improve 
function. The mechanisms by which stem cells achieve this effect are not completely 
known. Possible mechanisms include stem cells secreting paracrine factors, providing 
a mechanical scaffold, and recruiting other peripheral and resident cardiac stem 
cells.72 However, the analysis of stem cell therapy, like that of gene therapy, relies 
primarily on postmortem histology to identify their presence. The ability to study 
stem cell survival and proliferation in the context of the intact living body rather 
than postmortem histology would yield better insight into stem cell biology and 
physiology.

In the fi rst proof-of-principle study using reporter genes to track cardiac cell sur-
vival, Wu et al transduced embryonic rat H9c2 cardiomyoblasts with adenovirus car-
rying either fi refl y luciferase or HSV1-sr39tk reporter gene before injecting into the 
rat myocardium (Figure 25.6).73 Cell survival was monitored noninvasively by optical 
bioluminescence or small animal PET imaging. Cell signal activity was quantifi ed in 
units of photons per second per square cm per steradian (photons/s/cm2/sr) or per-
centage injected dose of 18F-FHBG per gram tissue (%ID/g), respectively. In both 
cases, drastic reductions in signal activity were seen within the fi rst 1 to 4 days due to 
acute donor cell death from infl ammation, ischemia, and apoptosis. Interestingly, this 
pattern of cell death was consistent with other reports using traditional ex vivo assays 
such as TUNEL apoptosis,74 classical histology,75 and TaqMan RT-PCR.6 All these ex 
vivo techniques required large numbers of animals to be sacrifi ced at different time 
points.

Given that several types of reporter genes and reporter probes are now available, 
it should be possible in the future to perform multimodality imaging of stem cell 
transplantation. For example, preliminary studies have demonstrated the feasibility 
of imaging murine embryonic stem cells transplanted into the rat myocardium.76

These cells were genetically manipulated to express a triple fusion reporter that con-
sists of red fl uorescence protein for FACS analysis and single-cell fl uorescence micros-
copy, fi refl y luciferase for high-throughput bioluminescence imaging, and thymidine 
kinase for small animal PET imaging (Figure 25.7). Similar studies are also under 
way evaluating BMSC implantation into the murine heart, where the implanted cells 
are harvested from transgenic mice that constitutively express both GFP and fi refl y 
luciferase (unpublished data). These multireporter-gene approaches allow for multi-
modal evaluation of stem cell survival kinetics and differentiation in the host myocar-
dium. Finally, reporter-gene imaging may be helpful for evaluating other issues 
relevant to stem cell biology, such as imaging stem cell survival, proliferation, and 
differentiation.

The fi rst steps toward using molecular imaging technology to track cardiac cell 
therapy in humans have already been taken. In a recent study by Hofmann et al, PET 
imaging was used to track 18F-FDG-labeled autologous bone marrow used to treat 
acute MI in 9 patients.36 Unselected bone marrow cells were radiolabeled with 100 MBq 
18F-FDG and infused into the infarct-related coronary artery (3 patients), or injected 
into the antecubital vein (3 patients). In an additional group of 3 patients, a CD34+-
enriched population of bone marrow cells was delivered by intracoronary infusion. In 
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FIGURE 25.6. Optical bioluminescence and small animal PET imaging of cardiac cell trans-
plantation in living animals. (A) Study rat transplanted with embryonic H9c2 cardiomyoblasts 
(3 × 106) emits signifi cant cardiac bioluminescence activity at days 1, 2, 4, 8, 12, and 16 (p <
0.05 vs control). Control rat shows background signal only. (B) The location, magnitude, and 
duration of cell survival are determined by longitudinal imaging of 18F-FHBG activity (gray-
scale) within the same rat. (C) Tomographic views of cardiac PET images shown in short, verti-
cal, and horizontal axes. At day 2, study rat transplanted with embryonic cardiomyoblasts 
expressing HSV1-sr39tk shows signifi cant 18F-FHBG uptake (color) superimposed on 13N-NH3

images (grayscale). Control rat shows homogeneous 13N-NH3 perfusion but background 18F-
FHBG uptake. (D) Autoradiography of the same study rat at day 2 confi rms trapping of 18F
by transplanted cells at the lateral wall at fi ner spatial resolution (∼50 µm). (Reproduced with 
permission from Reference 73.)

FIGURE 25.5. Small animal PET imaging of cardiac angiogenic gene therapy. (A) Schematic 
of Ad-CMV-VEGF121-CMV-HSV1-sr39tk-mediated gene expression. Two separate gene 
cassettes with CMV promoters driving the expression of a VEGF121 therapeutic gene and 
an HSV1-sr39tk reporter gene separated by polyA tails. The translated product of VEGF121 is 
soluble and excreted extracellularly, whereas the translated product of HSV1-sr39tk (HSV1-
sr39TK) traps 18F-FHBG intracellularly by phosphorylation. (B) Noninvasive imaging of the 
kinetics of cardiac transgene expression. Gene expression peaked at day 1 and rapidly decreased 
thereafter. A second injection (arrow) of Ad-CMV-VEGF121-CMV-HSV-sr39tk at day 60 
yielded no detectable signal on day 62 and day 64. Error bars represent mean ± standard error 
of the mean. (C) A representative rat scanned longitudinally with transaxial 18F-FHBG PET 
images shown at similar slice levels of the chest cavity. The grayscale is normalized to the 
individual peak activity of each image. In this rat, myocardial 18F-FHBG accumulation was 
visualized at the anterolateral wall (arrow) from day 1 to day 14 but not day 17, 62, or 64. (D) 
In vivo gene, perfusion, and metabolism imaging with PET. At day 2, representative images 
showing normal perfusion (13N-NH3) and metabolism (18F-FDG) in a sham rat, anterolateral 
infarction in a control rat (Ad-null), and anterolateral infarction in a VEGF-treated study rat 
(Ad-CMV-VEGF121-CMV-HSV1-sr39tk) in short, vertical, and horizontal axis (grayscale). 
The color scale is expressed as % ID/g for 18F-FHBG uptake. As expected, both the sham and 
control animals had background 18F-FHBG signal only (blue) that outlined the shape of the 
chest cavity. In contrast, the study rat showed robust HSV1-sr39tk reporter-gene activity near 
the site of injection. (A–D, Reproduced with permission from Reference 67.)
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all groups, cells were administered 5 to 10 days following coronary stenting, and PET 
imaging was carried out 50 to 75 minutes after the procedure. PET successfully 
detected 18F signals in all groups, with higher intramyocardial signal in the intracoro-
nary versus intravenous delivery groups. Of the two groups receiving intracoronary 
infusion, the CD34+-enriched population had a higher myocardial signal than 
unselected BMSC (1.3% to 2.6% vs 14% to 39%, p < 0.005), suggesting enhanced 
homing to the injured myocardial milieu associated with CD34+ stem cells 
(Figure 25.8).

Although conducted in a small number of patients, this study nicely demonstrates 
a potential means to track stem cell therapy on a short-term basis. The fact that a 
differing myocardial signal between groups was observed is encouraging, as it helps 
validate the sensitivity of clinical PET scanning for tracking cellular delivery and 
homing. The major limitation of this technique is its inability to track long-term sur-
vival kinetics and cellular traffi cking following therapy, as the half-life of 18F-FDG is 
only ∼110 minutes. Furthermore, the PET signals do not provide information regard-
ing cell proliferation because the radiotracers cannot be “passed” on from mother to 
daughter cells. It would be most useful, for example, to observe changes in myocardial 
stem cell populations over weeks and correlate their late-phase survival or prolifera-
tion with functional improvement. In the future, genetically engineered constructs 
(e.g., VEGF therapeutic gene linked to the TK reporter gene) integrated into the 
transplanted stem cells may allow for such measurements using a variety of the 
molecular imaging techniques discussed.

horizontal coronal sagittal
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PET Fusion

FIGURE 25.7. Preclinical validation of tracking transplanted embryonic stem (ES) cells using 
a small animal PET scanner. After cell transplant, animals underwent 18F-FHBG reporter-
probe imaging (top row) for detection of cell survival and 18F-FDG imaging (middle row) for 
assessment of myocardial metabolic activity. Note that background bone uptake of free fl uoride 
is seen in both images. Fusion of the two images (bottom row) shows the exact location of 
transplanted embryonic stem cells carrying the triple fusion reporter gene (arrow) at the 
anterolateral wall. The small animal PET imaging provides horizontal, coronal, and sagittal 
views. Similar studies should be feasible using human clinical PET scanners in the future. 
(Reprinted from Cao F, et al. In vivo visualization of embryonic stem cell survival, prolifera-
tion, and migration after cardiac delivery. Circulation 2006;113:1005–1014, with permission.)
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Summary Points

• PET imaging has emerged as a valuable tool for monitoring gene delivery and, more 
recently, evaluating cellular therapy.

• Although the fi eld is in its infancy, PET-based molecular imaging in humans is 
likely to grow rapidly as “molecular medicine” tailored to individual patients 
becomes a clinical reality in the future.

• Successful therapies will be predicated on a sound understanding of the pharma-
cokinetics and functional and biological aspects of gene therapy and cellular 
delivery.

• Cardiac molecular imaging is an important tool that can help achieve these 
goals.
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FIGURE 25.8. Monitoring of myocardial biodistribution of 18F-FDG-labeled bone marrow 
cells in humans. Left posterior oblique (A) and left anterior oblique (B) views of the chest and 
upper abdomen of a patient, 65 minutes after transfer of 18F-FDG-labeled, unselected bone 
marrow cells into the left circumfl ex coronary artery. Bone marrow cell homing is detectable 
in the lateral wall of the heart (infarct center and border zone), liver, and spleen. Left posterior 
oblique (C) and left anterior oblique (D) views of the chest and upper abdomen of another 
patient, 70 minutes after transfer of 18F-FDG-labeled, CD34+ -enriched bone marrow cells into 
the left anterior descending coronary artery. Homing of CD34 + -enriched cells is detectable in 
the anteroseptal wall of the heart, liver, and spleen. CD34+ cell homing is most prominent in 
the infarct border zone (arrowheads), but not in the infarct center (asterisk). (Reproduced 
with permission from Reference 36.)
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Since recognition of the key role of angiogenic factors in tumor growth more than 3 
decades ago, physiological and pathological vascular development has been implicated 
in a number of pathological states including infl ammation (e.g., coronary atheroscle-
rotic plaque), diabetic retinopathy, peripheral vascular disease, and ischemic heart 
disease.1

Despite the recent advances in medical technology, therapy, and revascularization 
techniques for coronary artery disease, there is still a relatively large population of 
patients suffering from advanced coronary disease and myocardial ischemia that 
cannot be adequately managed by a combination of maximal antianginal medication, 
angioplasty, or coronary artery bypass surgery. Therefore, therapeutic stimulation of 
vascular growth in the management of myocardial ischemia seems to be a useful 
strategy in treating such patients. Indeed, a number of clinical trials from the past 
decade have examined the role of physiological regulators of blood vessel growth to 
promote vascular development to treat peripheral vascular disease and ischemic heart 
disease.2

The clinical studies of angiogenesis have demonstrated a mixed or inconsistent 
therapeutic benefi t, and the assessment of therapeutic effect was focused predomi-
nantly on the physiologic consequences of the intervention. In spite of this, there is a 
tremendous need for development of noninvasive, targeted approaches for direct 
evaluation of the molecular events associated with angiogenesis. Furthermore, imaging 
of angiogenesis in a clinical setting allows individualized patient selection and moni-
toring of the therapeutic intervention.

New Vessel Formation

Vessel formation is governed by 3 distinct mechanisms. Early in development, blood 
vessels form from endothelial progenitor cells that differentiate and proliferate within 
a previously avascular tissue to build a primitive tubular network. This process, known 
as vasculogenesis, was initially described during embryonic development of the aorta 
and major veins as well as the capillary plexus connecting these major vessels.3 This 
initial vessel network matures through both pruning and vessel enlargement; endo-
thelial cells integrate tightly with smooth muscle cells or pericytes and extracellular 
matrix (ECM) in the process of angiogenic remodeling.3 Angiogenesis or angiogenic 
sprouting is a different process, responsible for most new vessel formation in the adult, 
stimulated mainly by tissue hypoxia.4 It involves the sprouting of new capillaries by 
cellular outgrowth from preexisting vessels into a previously avascular tissue.5 In 
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contrast, arteriogenesis is defi ned as the process of remodeling of newly formed or de 
novo growth of collateral conduits in response to local changes in shear stress.1 Con-
troversy remains whether arteriogenesis represents collateral development de novo 
(like angiogenesis) or whether it represents remodeling and enlargement of preexist-
ing vascular channels. Studies of rodent hindlimb ischemia clearly defi ned arteriogen-
esis as remodeling of preexisting vessels.6 It remains uncertain whether extensive 
preexisting collaterals are present in humans, although some functional studies in 
patients demonstrate the existence of collateral fl ow with the onset of temporary coro-
nary occlusion.5

Hypoxia-induced angiogenesis is the best understood of the neovascularization 
processes in molecular terms. A number of ongoing clinical trials have been directed 
at stimulation of the angiogenic processes in conditions of ischemic heart and periph-
eral circulation diseases. However, the noninvasive evaluation of angiogenesis has 
been diffi cult.

Mechanism of Angiogenesis

The angiogenic process involves a cascade of events, illustrated in Figure 26.1. These 
include degradation of the basal membrane surrounding the parental vasculature, 
local proliferation and migration of vascular smooth muscle and endothelial cells, 
participation of blood-derived macrophages and circulating stem cells, and coales-
cence of endothelial cells to form tubular structures.2,3

An expanding number of local and circulating mediators and angiogenic factors are 
involved in this process, including vascular endothelial growth factor (VEGF), the 
most critical initiator of vascular formation by angiogenic sprouting. The angiogenic 
response is also modifi ed by angiopoietin-1 (Ang-1), which is required for further 
remodeling and maturation of newly formed vessels, as well as by ephrin-B2, which 
is important in distinguishing arterial from venous vessels.3 Moreover, the composi-
tion of ECM and intercellular adhesion molecules (e.g., integrins) also modulate 
angiogenesis.7
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FIGURE 26.1. Regulation of angiogenesis. VEGF, vascular endothelial growth factor; VEGF-
R1, VEGF receptor-1; VEGF-R2, VEGF receptor-2; EC-specifi c RTK, endothelial cell spe-
cifi c receptor tyrosine kinase; Ang-1, angiopoietin-1; Ang-2, angiopoietin-2; Tie2, angiopoietin 
receptor. (Reproduced from Fam NP, et al. Clinician guide to angiogenesis. Circulation. Nov 
25 2003;108(21):2613–8, with permission.)
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Hypoxia, defi ned as an imbalance between oxygen supply and demand in tissue, is 
one of the most potent stimulators of angiogenesis. In turn, angiogenesis provides 
increased perfusion and oxygenation through new vessel growth as a natural adapta-
tion process to hypoxia. Early cellular responses to hypoxia are initiated by hypoxia-
inducible factor 1α (HIF-1α).5,8,9 HIF-1α as a transcriptional factor induces, among 
others, genes directly involved in angiogenesis, including the well-characterized 
VEGF, inducible nitric oxide synthase, lactate dehydrogenase, erythropoietin, and 
angiopoietins.8

The VEGF family consists of 5 closely related genes (VEGF-A, VEGF-B, VEGF-
C, VEGF-D, and PlGF), which have overlapping abilities to interact with a set of 
cell-surface receptor tyrosine kinases (VEGFR-1 and VEGFR-2). VEGFR-2 seems 
to mediate the major growth and permeability actions of VEGF, as demonstrated in 
mice that lack VEGFR-2 and consequently have a complete absence of vasculature.9,10

On the other hand, VEGFR-1 may have a negative role in suppressing signaling 
through VEGFR-2, as demonstrated in mice that lack VEGFR-1 and as a result have 
excess formation of endothelial cells that coalesce into abnormally disorganized 
tubules.3

In response to a hypoxic event, VEGF expression is induced, causing endothelial 
cell migration, proliferation, and development of leaky, immature, and unstable vessels 
(Figure 26.1). In contrast, Ang-1, which is a ligand for Tie2 receptor tyrosine kinase, 
stabilizes and protects the adult vasculature through recruitment of pericytes and the 
reestablishment of basement membrane. In transgenic animals, embryos lacking Ang-
1 or Tie2 develop a normal vasculature that fails to undergo normal remodeling.11 In 
mature vessels, Ang-1 inhibits endothelial cell activation, thus hindering the angio-
genic response in the onset of hypoxia. Angiopoietin-2 (Ang-2) possesses a similar 
high affi nity for Tie2 receptor, like Ang-1; however, it can either activate or antagonize 
Tie2.3 Studies of transgenic mice lacking Ang-2 led to the hypothesis that Ang-2 is a 
key destabilizing factor involved in initiating angiogenic remodeling. Indeed, Ang-2 
blocks Ang-1-Tie2 signaling, allowing endothelial cells to revert to a more plastic and 
destabilized state of developing vessels. These vessels then could be prone to two fates. 
Under certain conditions, in the absence of VEGF, Ang-2 expression may lead to 
vessel regression. On the other hand, destabilized vessels would be more sensitive to 
angiogenic changes induced by growth factors (e.g., VEGF), which would facilitate 
the formation of capillary sprouts.1,3,9

The studies presented above give a brief insight into the process of angiogenesis 
that involves a number of specifi c factors and events. More important, it is evident 
that a specifi c angiogenic program to regulate these factors both spatially and tempo-
rally is required for effi cient neovascularization. Supporting the clinical potential of 
both VEGF and Ang-1, it is essential to know that VEGF administration can promote 
formation of only leaky and unstable vessels, whereas Ang-1 can protect adult vascu-
lature from vascular leakage, thus facilitating the maturation and stabilization of 
newly formed vessels.1,3

Therapeutic Angiogenesis

Early therapeutic strategies directed toward random delivery of a single growth factor 
to stimulate the development of an entirely new functional network of vessels appear 
somewhat naive in spite of recent advances in the fi eld.

Most clinical trials targeting angiogenesis focus on inhibiting the process (e.g., in 
cancer patients); however, more recently new applications have emerged in which 
angiogenesis is therapeutically promoted (e.g., ischemic cardiac disease). To stimulate 
angiogenesis in the heart, a number of angiogenic factors have been used in both 
animal studies and human clinical trials using different routes of administration, 
including direct injection of the agent or adenoviral gene transfer. In the onset of 
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peripheral vascular diseases, similar approaches have been used to stimulate angio-
genic process in ischemic limbs. However, despite claims of success in early small 
trials, to date all double-blinded randomized clinical trials of stimulated angiogenesis 
have been somewhat disappointing, showing no clear benefi t over placebo in patients 
with severe ischemic conditions.

Six large, randomized placebo-controlled clinical trials of therapeutic myocardial 
revascularization have been reported to date (Table 26.1). The effi cacy of intracoro-
nary administration of recombinant human VEGF165 (rhVEGF165) was tested in the 
VIVA trial (VEGF in Ischemia for Vascular Angiogenesis). Patients with severe, 
chronic angina pectoris unsuitable for angioplasty were randomized to receive placebo 
or low-dose or high-dose rhVEGF165 by a single intracoronary infusion, followed by 
repeated intravenous infusions on days 3, 6, and 9. Only the high-dose treatment with 
rhVEGF165 showed signifi cant (p < 0.05) improvement in angina class at day 120, but 
it was not accompanied by improvement in myocardial perfusion.

Identical proangiogenic compound (VEGF165) was used in two other large clinical 
trials for the treatment of myocardial ischemia: the Kuopio Angiogenesis Trial (KAT) 
and more recently the Euroinject One Trial.12 KAT evaluated intracoronary admin-
istration of VEGF165 after angioplasty by adenoviral gene transfer in the prevention 
of restenosis. Treated patients demonstrated no improvement in restenosis rate; 
however, myocardial perfusion improved signifi cantly, which suggests a potential 

Table 26.1. Summary of Selected Clinical Trials of Therapeutic Angiogenesis

Trial N Patients Intervention Follow-up Outcome/Conclusions

FIRST (CAD) 337 Chronic angina Intracoronary rFGF2 90 d to 6 m Both exercise time and nuclear
  Ineligible for    perfusion changes 
   revascularization    nonsignifi cant

VIVA (CAD) 178 Chronic angina Intracoronary VEGF165 60 and 90 d Both nuclear perfusion and
  Ineligible for    angiography nonsignifi cant
   revascularization   Angina class improvement in 
      high-dose VEGF group at 
      day 120

AGENT (CAD)  79 Chronic angina Intracoronary 4 and 12 wk Exercise treadmill testing 
  Multivessel CAD  Ad5-FGF4   results nonsignifi cant

REVASC (CAD)  71 Chronic angina Intramuscular 12 and 26 wk Improvements in exercise
  Ineligible for  Ad5-VEGF121   treadmill time at 26 wk,
   revascularization    exercise time to angina at 12 
      and 26 wk, total exercise time 
      at 12 and 26 wk

KAT (CAD) 103 Chronic angina Intracoronary VEGF165 6 m Improved perfusion in
  Suitable for    adenovirus group
   revascularization

EUROINJE CT  80 Stable severe angina Intramyocardial 3 m Nuclear perfusion 
 ONE (CAD)  Ineligible for  phVEGF165   nonsignifi cant
   revascularization   Improvement in regional wall
      motion

TRAFFIC (PVD) 190 Chronic claudication Intraarterial rFGF2 90 d Improvement in exercise time
      at 90 d

RAVE (PVD) 105 Chronic claudication Intramuscular 12 and 26 wk No improvement in exercise
    Ad5-VEGF121   time or quality of life
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advantage of gene therapy in reaching a clear clinical benefi t. In the Euroinject One 
Trial, patients with stable angina and no option for revascularization were injected 
with either plasmid gene transfer of VEGF165 or placebo plasmid in the myocardial 
region that showed stress-induced myocardial perfusion defect as assessed by SPECT 
imaging with technetium-99 (99mTc)-labeled sestamibi or tetrofosmin. At the endpoint 
of this study (at 3 months), no differences among groups were found with respect to 
clinical and perfusion characteristics. Although myocardial perfusion did not improve, 
regional wall motion signifi cantly improved after the VEGF gene transfer, suggesting 
an anti-ischemic effect.

Direct intramyocardial injection of replication-defective adenovirus containing the 
VEGF121 gene via a minithoracotomy was used in the REVASC trial (Randomized 
Evaluation of VEGF for Angiogenesis in Severe Coronary disease). This study showed 
a sustained clinical improvement after gene therapy.

Other trials assessed the therapeutic effi cacy of fi broblast growth factor-2 (FGF2). 
Single-bolus intracoronary injection was used in the double-blind, randomized, 
placebo-controlled FIRST study (FGF2 Initiating Revascularization Support Trial). 
This study demonstrated no signifi cant differences between the groups assessed with 
nuclear perfusion and in terms of the quality of life. The approach to achieve sustained 
local levels of a fi broblast growth factor by the FGF4 gene transfer was used in the 
AGENT trial (Angiogenic GENe Therapy). Effi cacy assessment suggested a tendency 
to have greater improvements in exercise time but with no statistical signifi cance.

In recent years, new therapies have been introduced in patients with peripheral 
vascular disease (PVD) to stimulate peripheral angiogenesis, which involve adminis-
tration of growth factors delivered directly or through a gene transfer. Two major 
randomized, double-blind, placebo-controlled trials have evaluated the use of both 
FGF2 and Ad-VEGF121 in the therapy of patients with PVD. The TRAFFIC trial 
(Therapeutic Angiogenesis with Recombinant Fibroblast growth Factor-2 for Inter-
mittent Claudication) demonstrated that a single infusion of FGF2 protein signifi -
cantly increased walking time and improved ankle-brachial index at 90 days. The 
second trial, RAVE (Regional Angiogenesis with Vascular Endothelial growth factor), 
evaluated intramuscular delivery of adenoviral VEGF121 but demonstrated no signifi -
cant difference in standard clinical endpoints and clinical benefi t.

Assuming that therapeutic angiogenesis is useful in the management of peripheral 
vascular disease or ischemic heart disease, then either the optimal dose and route of 
delivery of angiogenic growth factors have not been established or our tools to evalu-
ate these therapies are inadequate. Current approaches use gene therapy to deliver a 
proangiogenic agent over a sustained period in the target tissue. In addition, because 
of the lack of a direct biologic marker of angiogenesis, the evaluation of therapeutic 
angiogenesis in clinical trials is focused on standard clinical endpoints, including the 
assessment of quality of life, exercise time, symptoms, and survival. Some studies have 
used nuclear imaging to evaluate only physiologic consequences of the therapy; there-
fore, there is a need to develop noninvasive imaging strategies for direct evaluation 
of molecular events associated with angiogenesis.

Imaging of Angiogenesis: Nontargeted Approaches

Imaging of Angiogenesis and the Assessment of Physiologic Consequences

The ability to monitor the effects of therapeutic angiogenesis has been a long-standing 
challenge. This can be achieved either by assessment of functional effects or by direct 
monitoring of blood vessel growth. The major consequence of angiogenic process is 
restoration of perfusion and tissue oxygenation, which in turn diminishes the effects 
of myocardial or peripheral ischemia. Therefore, the effi cacy of therapeutic angiogen-
esis can be assessed by the evaluation of standard physiologic parameters such as 
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regional myocardial perfusion, regional ventricular function, and metabolism. Alter-
natively, molecular imaging of angiogenesis and angiogenic markers as well as direct, 
angiographic visualization of new vasculature have received noticeable attention 
recently.5

Imaging of Perfusion

Effective therapeutic angiogenesis should restore myocardial perfusion (at stress and 
rest) as well as improve regional left ventricular function; therefore, in many clinical 
trials standard nuclear perfusion imaging was used. Assuming that the idea of improved 
perfusion due to angiogenic therapy is valid, remarkably little effect was observed 
with this imaging modality in treated patients despite symptomatic improvement. This 
raises concerns about the spatial resolution of single photon emission computed 
tomography (SPECT) imaging, stress protocols, choice of imaging modality, as well 
as perfusion tracer kinetics. Moreover, because angiogenesis may cause alterations in 
the microvascular structure, function, and permeability, imaging approaches that use 
diffusible tracers may be confounded.

Changes in perfusion are routinely assessed by either SPECT or positron emission 
tomography (PET) imaging. More recently, magnetic resonance imaging (MRI) has 
been applied as an alternative to SPECT and PET imaging. As described in Chapters 
5 and 12, PET perfusion agents generally track fl ow better than SPECT agents do, 
particularly at high, stressor-induced fl ows. In addition, PET imaging provides better 
sensitivity and an established approach for attenuation correction that gives a greater 
potential for image quantifi cation. However, PET imaging is an expensive technique, 
requiring on-site radionuclide generated by either a cyclotron or a generator, and the 
experience with PET in clinical coronary artery disease (CAD) trials in the United 
States is limited. MRI emerges as a novel technique providing great spatial resolution 
and high sensitivity to fl ow changes. Despite those advantages, validation studies are 
scarce, and experience with the use of MRI perfusion in large clinical trials is some-
what limited.

Imaging of Hypoxia

Hypoxia, defi ned as an imbalance between oxygen delivery and oxygen demand in a 
given tissue, is one of the most potent inducers of angiogenesis. In other words, angio-
genesis per se is an adaptation to hypoxia, providing increased perfusion and oxygen 
through new vessel growth. Hypoxia imaging may offer a new approach for assessment 
of myocardial ischemia and therapeutic angiogenesis. 99mTc-labeled nitroimidazoles 
have been used as scintigraphic tracers for hypoxia imaging. The assessment of tissue 
oxygenation with nitroimidazoles may be a useful indicator of the balance of fl ow and 
oxygen consumption that would permit the evaluation of angiogenic therapies.

The proposed mechanism of hypoxic tissue retention of nitroimidazoles has been 
described elsewhere.13,14 Briefl y, nitroimidazoles diffuse through cell membrane and 
undergo reduction to form R-NO2

− radical anion. In the normooxic conditions, reduced 
nitroimidazole undergoes oxidation yielding superoxide and noncharged nitroimid-
azole, which may diffuse back into vascular space. In contrast, in the onset of hypoxia, 
R-NO2

− radical undergoes further reduction to nitroso-compounds that may bind to 
amines and remain trapped within the cell.

Several investigators have evaluated the potential of radiolabeled imidazoles for 
imaging of hypoxia with both SPECT and PET. Experimental studies have shown a 
potential of the positron-emitting 18F-labeled misonidazole to detect hypoxic tissue. 
However, the wide use of this approach has been limited by both the availability of 
PET technology and the slow clearance of the radiotracer from blood and liver, which 
may complicate clinical imaging of the cardiovascular system. Initial studies have 
shown the uptake of misonidazole in hypoxic myocardium independent of a reduction 
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in fl ow. Moreover, reoxygenation did not reverse this retention, suggesting irreversible 
binding.15,16

More recently, 99mTc-labeled nitroimidazoles have been introduced as an alternative 
approach for imaging of regional myocardial hypoxia using both in vitro and in vivo 
preparations.14 Shi et al performed SPECT 99mTc-labeled nitroimidazole (BMS-181321) 
imaging in an open-chest canine model of partial coronary occlusion and pacing-
induced demand ischemia.17 BMS-181321 was preferentially retained in ischemic but 
viable myocardium; however, unfavorably high liver uptake might limit its use in clini-
cal myocardial imaging. Other researchers also noted a signifi cant hepatic uptake of 
BMS-181321.18,19

BMS-194796 (currently called BRU-59-21) is a more hydrophilic nitroimidazole 
derivative of BMS-181321 that has demonstrated superior properties for hypoxia 
imaging and improved heart-to-liver uptake ratios relative to BMS-181321.18,19

Preliminary studies with BRU-59-21 showed a twofold increase in radiotracer reten-
tion in low-fl ow ischemic regions after 2 minutes of total coronary occlusion in the 
open-chest dog. The signifi cant liver uptake still, however, poses an important disad-
vantage for clinical imaging of myocardial hypoxia. Therefore, further chemical modi-
fi cations of nitroimidazoles may be necessary to improve retention in hypoxic tissue 
and to optimize target-to-background activity ratios.

Imaging of Angiogenesis: Targeted Approaches

Molecular Targeted Imaging

The linking of noninvasive imaging of biological markers with a therapeutic interven-
tion is attractive for approaches that rely on the selective delivery of bioactive mole-
cules to the site of disease. The same binding molecule used for the delivery of agents 
can facilitate their detection using either radionuclides or fl uorophores. Molecular 
imaging is defi ned as the in vivo characterization and measurement of biological 
processes at both the cellular and molecular levels. Targeted nuclear imaging origi-
nated from the concept of molecular imaging being defi ned in terms of a probe-target 
interaction, where the probe localization and signal magnitude are directly related to 
the interaction with the target epitope or peptide.

Availability of Biological Targets

Imaging cell-specifi c surface antigens with radiolabeled monoclonal antibodies rep-
resents some of the earliest molecular imaging applications still used in both experi-
mental and clinical nuclear medicine research. Moreover, monoclonal antibodies are 
at present the only clinically proven class of high-affi nity binding molecules, which 
can be generated against virtually any marker of disease. Slow elimination from the 
blood and predominant accumulation in the liver are main disadvantages of using 
antibodies for imaging applications, which typically prefer rapidly clearing antibody 
fragments. To overcome these limitations, new recombinant fragments that retain 
high affi nity for target antigens and rapid blood clearance are being developed by 
genetic engineering. In the addition, the generation of monoclonal antibodies by 
hybridoma technology as well as identifi cation of disease-associated antigens has 
stimulated preclinical and clinical studies of imaging of angiogenesis.20

Regulatory peptides represent another group of ligands for targeting angiogenesis. 
These ligands are small, readily diffusible molecules that express a broad range of 
receptor-mediated actions. Studies in animals with integrin-binding RGD-containing 
(Arg-Gly-Asp) peptides have demonstrated the feasibility of this approach to track 
angiogenesis.2,21–24 However, quantitative biodistribution studies are critical in order 
for confi rmation of these initial promising observations.
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Aptamers, defi ned as single-stranded nucleic acids capable of adopting a complex 
three-dimensional structure, are an alternative class of molecules that can be gener-
ated against a variety of target antigens. This approach is based on the generation of 
large libraries of single-stranded nucleic acids, which can be panned for their binding 
to a target antigen. The potential of aptamers for tumor angiogenesis imaging has 
been investigated recently.20

Targeted imaging of biological markers is essential for understanding and tracking 
the temporal changes of the angiogenic process. However, it is critical to identify 
potential targets for imaging of angiogenesis. The recently identifi ed targets generally 
fall into three principal categories: endothelial cell markers, nonendothelial cells 
involved in angiogenesis, and markers of the extracellular matrix. During the recent 
decade, most effort has been invested in the targeted imaging of endothelial cell 
markers of angiogenesis, which include VEGF receptors, integrins (αvβ3 and αvβ5), 
FGF receptors (Syndecan-4), and CD13.2 More recently, agents (inhibitors of matrix 
metalloproteinases, MMPs) targeted at the process of postischemic myocardial remod-
eling are being developed, which have a potential to identify which patients are likely 
to develop heart failure as well as which are likely to respond to angiogenic 
therapy.25,26

Instrumentation

The advent of new molecular imaging strategies directed at the noninvasive evaluation 
of angiogenesis would be impossible without the revolution in imaging technology that 
has occurred during recent years. Table 26.2 illustrates the differences among the 
current most commonly used imaging modalities. Newer high-resolution computed 
tomography (CT), as well as ultrasound-based approaches, represents medical imaging 
techniques that provide primarily anatomical images. Due to the popularity and low 
cost of ultrasound instrumentation, efforts in recent years have been devoted toward 
development of ultrasound probes to study biochemical processes at a molecular 
level.24,27–29 However, these probes are still in an early stage of development, tend to 
remain intravascular, and may have limited sensitivity. MRI also offers very high 
spatial resolution and unlimited depth penetration, which suggests that this might be 
a more ideal approach for molecular imaging. Unfortunately, MRI techniques suffer 
from a lack of widely available MRI-compatible molecular probes and relatively low 
sensitivity. To overcome the limited sensitivity of MRI, novel strategies have been 
employed. These include MRI signal amplifi cation based on the cellular internaliza-
tion of highly paramagnetic probes such as iron oxide or gadolinium nanoparticles. 
Indeed, there are a limited number of studies using paramagnetic nanoparticles to 
track biological processes, such as angiogenesis.30,31

Among the many imaging modalities available, nuclear imaging is particularly 
suited for targeted imaging because of its superior sensitivity, which requires only a 
trace amount of the probe (in the range of nanograms), and an overall clinical avail-
ability. Both PET and SPECT permit a relatively precise localization of radiotracer 
retention; however, both modalities suffer from a lack of anatomical information. 
Accordingly, nuclear imaging systems have been combined with a modality that pro-
vides high spatial resolution anatomic information. Indeed, the introduction of hybrid 
systems (PET/CT and SPECT/CT) has greatly enhanced the performance and accu-
racy of nuclear imaging. The CT component of these hybrid systems is used to relate 
tracer signal to anatomical landmarks and correct for nonuniform attenuation.

Molecular Probes and Applications

With the development of novel therapies for the treatment of ischemic heart disease 
directed at the stimulation of angiogenesis, noninvasive targeted imaging strategies 
offer far more than analysis of standard physiologic changes. The future for noninva-
sive imaging of angiogenesis and the remodeling process rests on the development of 
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targeted biological markers. As outlined below, the potential for targeted nuclear 
imaging of the VEGF receptors and αvβ3 integrin has been demonstrated in animal 
models of postinfarct angiogenesis (Table 26.3).

Imaging of VEGF Receptors

As described earlier, the VEGF receptor represents a specifi c marker of hypoxic stress 
within the tissue and therefore may provide a target for imaging of ischemia-mediated 
angiogenesis. VEGF was identifi ed as a fundamental mediator of angiogenesis in the 
tumor environment; therefore, the initial efforts for targeted imaging of VEGF recep-
tors come from cancer studies. Most of the studies used radiolabeled monoclonal 
antibody constructs or VEGF isoforms.

Collingridge et al developed a novel PET tracer based on human monoclonal anti-
body (VG76e) labeled with positron-emitting iodine-124 (124I). Li et al developed a 
SPECT tracer constructed by labeling VEGF165 isoform with 123I. Both groups have 
demonstrated high specifi city in binding and feasibility for in vivo imaging of angio-
genesis in tumor.32,33

Other investigators verifi ed the practicability of VEGF-targeted tracers for imaging 
ischemia-induced angiogenesis. Lu et al have demonstrated feasibility of molecular 
imaging of angiogenesis with indium-111 (111In)-labeled VEGF121 in a rabbit model of 
hindlimb ischemia.35 The planar images showed a focal uptake in ischemic hindlimb 

Table 26.2. Advantages and Disadvantages of Different Imaging Modalities Used in Clinical Imaging

Modality Spatial Resolution Sensitivity (mol/L) Advantages Disadvantages

PET 1–2 mm 10−11–10−12 Emission directly Very short half-life
    proportional to  tracers
    concentration of Limited availability
    radiolabeled probe Expensive instrument
   Superior sensitivity
    for molecular
    imaging

SPECT 0.5–2 mm 10−10–10−11 Emission directly Exposure to ionizing
    proportional to  radiation
    concentration of Accuracy limited by
    radiolabeled probe  attenuation of low-
   Superior sensitivity  energy photons
    for molecular 
    imaging

Ultrasound 0.05–0.5 mm — Inexpensive, widely Limited penetration 
    available  depth
   No ionizing radiation Lack of molecular probes

CT 0.05–0.2 mm — Absorption directly Exposure to ionizing
    proportional to  radiation
    concentration of Contrast agent toxicity
    contrast agent

MRI 0.02–0.1 mm 10−3–10−5 No ionizing radiation Low sensitivity
   Variety of available Susceptible to motion
    contrast agents Lack of molecular
   Low toxicity of probes
    contrast agents
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that was confi rmed by the immunohistochemistry of VEGFR-1 and VEGFR-2 recep-
tors. Although no capillary-density measurements to confi rm angiogenesis were per-
formed, this study successfully utilized a naturally occurring ligand (VEGF isoform) 
as a radiolabeled probe. Advantages of this approach include specifi city of VEGF121

for hypoxia-inducible VEGF receptors and the lack of immunogenicity associated 
with the use of antibodies as targeting ligands. Despite favorable blood clearance, 
111In-VEGF121 was strongly retained in the liver and kidneys, which limits its use in 
myocardial imaging. Moreover, this approach depends strongly on total VEGF121

receptor density.
More recently, Blankenberg et al described a novel imaging construct comprised of 

a standard 99mTc-labeled protein noncovalently bound to a “docking tag” fused to a 
“targeting protein.”41 The assembly of this complex was based on interactions between 
“adapter protein” (human 109-amino acid, HuS), “docking tag” (15-amino-acid frag-
ments of ribonuclease I, Hu-tag), and VEGF121. Planar and SPECT images performed 
in mice implanted with mammary adenocarcinoma cells demonstrated signifi cant 
uptake of 99mTc-HuS/Hu-VEGF121 within subcutaneous tumor. This study suggested 
that it was possible to identify tumor neovasculature in lesions as small as several 
millimeters in soft tissue. Moreover, this approach can be adapted for in vivo delivery 
of other targeting proteins of interest without affecting their bioactivity.41

VEGF receptor imaging could complement routine clinical perfusion imaging by 
providing additional information relevant to hypoxic stress. Dual isotope imaging with 
99mTc or 111In-labeled VEGF-targeted probe and thallium-201 (201Tl) chloride or 99mTc-
sestamibi perfusion tracers could be useful for identifying sites of ongoing angiogen-
esis and regions at risk of ischemic injury.2 Moreover, targeted approaches for VEGF 
imaging could improve the evaluation of therapeutic angiogenesis and the selection 
of sites for local delivery of proangiogenic agents. Despite successful applications of 
VEGF-targeted imaging approaches in cancer models, further studies in clinical 
models of myocardial ischemia will be required to validate this imaging concept in 
clinical practice.

Table 26.3. Selected Targeted Molecular Imaging Applications Using Endothelial Markers of 
Angiogenesis

Marker Probe Modality Application References

VEGF 124I-VG76e PET Tumor angiogenesis Collingridge et al32

VEGF165
123I-VEGF165 SPECT Tumor angiogenesis Li et al33,34

VEGF121
111In-VEGF121 SPECT Peripheral limb Lu et al35

    angiogenesis

αvβ3 Gd-LM609 MRI Tumor angiogenesis Sipkins et al36

αvβ3
111In-RP748 SPECT Tumor angiogenesis Harris et al37

   Myocardial Meoli et al38

    angiogenesis

αvβ3
123I-RGD SPECT Myocardial Johnson et al39

    angiogenesis

αvβ3
125I-c(RGD(I)yV) SPECT Peripheral limb Lee et al40

    angiogenesis

αvβ3
99mTc-NC100692 SPECT Peripheral limb Hua et al23

    angiogenesis

αvβ3 Targeted microbubbles ECHO Tumor angiogenesis Leong-Poi et al24
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Imaging of αvβ3 Integrin

Endothelial cell adhesion and migration are two of the most important processes 
associated with the onset of angiogenesis. The αvβ3 integrin (vitronectin receptor) has 
a critical role in mediating cell-matrix adhesion and cell migration, and thus angio-
genesis. This integrin mediates the adhesion of cells to a large number of ECM pro-
teins by recognizing the conserved amino acid triplet RGD (Arg-Gly-Asp).42 The αvβ3

integrin is minimally expressed on normal resting blood vessels and signifi cantly 
upregulated in angiogenic vessels;36 therefore, it represents a potential novel target for 
imaging angiogenesis, whereas RGD peptide could be considered as a molecular 
probe. Initial imaging studies involved monoclonal antibody against αvβ3 integrin 
(LM609) as a paramagnetic contrast agent in MR imaging;3 however, these studies 
have been limited by slow blood clearance of the tracer.

Radiolabeled tracers based on cyclic RGD peptides with high affi nity for the αvβ3

integrin have been synthesized and characterized by Haubner et al.43 This preliminary 
work supported the potential for radiolabeled targeting of αvβ3 for imaging angiogen-
esis. Despite successful imaging of tumor angiogenesis and favorable clearance from 
the blood, these compounds are cleared predominantly through the hepatobiliary 
system, which may complicate angiogenesis imaging in the heart.

Lee et al were the fi rst to report the potential of 123I-labeled RGD peptide for tar-
geted imaging of the peripheral angiogenesis in a murine model of hindlimb isch-
emia.40 Shortly after this initial report, Hua and coworkers demonstrated the potential 
of a 99mTc-labeled peptide (NC100692, GE Healthcare, UK) for targeted imaging of 
the peripheral angiogenesis in murine model of hindlimb ischemia using high-resolu-
tion pinhole planar and microSPECT imaging.23 The 99mTc-NC100692 was injected at 
multiple times after surgical right femoral artery occlusion, and both pinhole planar 
and microSPECT imaging were performed to evaluate temporal changes in angio-
genic process within the ischemic limb. The nuclear imaging results were confi rmed 
by both tissue gamma well counting and immunohistochemistry. There was a 2.5-fold 
increase in the radiotracer uptake in ischemic hindlimb compared to contralateral 
control leg as assessed by nuclear imaging (Figure 26.2). The dual-immunofl uores-
cence staining of tissue samples with both endothelial cell marker (CD31) and fl uo-
rescent analog of NC100692 confi rmed colocalization of radiotracer uptake within 
angiogenic endothelial cells. In addition, isolectin staining of tissue samples taken 
from control and ischemic hind limb confi rmed ongoing angiogenesis by signifi cant 
temporal increase in capillary density. These observed temporal changes in murine 
hindlimb angiogenesis were also confi rmed by Leong-Poi et al by using contrast-
enhanced ultrasound and microbubbles targeted at endothelial integrins.24

These preliminary experimental studies suggest that radiolabeled αvβ3-targeted 
RGD-based agents may be valuable noninvasive markers of angiogenesis after isch-
emic injury. Indeed, 99mTc-labeled NC100692 was used to evaluate myocardial angio-
genesis in transgenic animals (with no gene for matrix metalloproteinase-9, MMP-9) 
subjected to surgical myocardial infarction.44 Lindsey et al demonstrated that relative 
NC100692 activity in myocardial segments with diminished perfusion (0% to 40% 
nonischemic) was higher in MMP-9 knockout than in wild-type mice; therefore, the 
targeted strategies to inhibit MMP-9 early post-MI (to prevent from left ventricle 
remodeling) will likely not impair the angiogenic response (Figure 26.3).

To overcome limitations in the imaging of myocardial angiogenesis associated with 
a signifi cant liver uptake, new tracers selective for αvβ3 integrin have been developed. 
Harris and coworkers recently reported the high affi nity and selectivity of an 111In-
labeled quinolone (111In-RP748, Bristol-Myers-Squibb, USA) for the αvβ3 integrin and 
feasibility for tumor angiogenesis imaging.37 The same construct has been evaluated 
by Sadeghi et al for in vitro endothelial cell culture.45 These investigators have dem-
onstrated that RP748 and its homologues bind preferentially to the activated αvβ3 on 
endothelial cells in vitro and exhibit favorable binding characteristics for in vivo 
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imaging. They found an approximately 15-fold increase in RP748 affi nity for αvβ3

integrin on endothelial cells in the presence of Mn2+ activator, compared with nonac-
tivated cells. Moreover, the same group demonstrated feasibility of RP748 imaging to 
track the proliferative process associated with carotid artery injury.45 These fi ndings 
may potentially lead to the development of noninvasive imaging strategies for vascular 
cell proliferation–associated states (i.e., postangioplasty restenosis).
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FIGURE 26.2. (A) In vivo planar pinhole images of control animals and at variable time points 
after femoral occlusion. Mice were injected with 99mTc-NC100692 intravenously. Hot spots were 
shown on days 3 and 7 and decreased on day 14. (B) Imaging analysis showed a signifi cant (p
< 0.05) increase in radiotracer ischemic-to-nonischemic retention ratio on days 3 and 7 versus 
the control group in the ischemic hind limb distal to the occlusion. This was confi rmed by 
gamma well counting of ratio of radiotracer activity in ischemic to nonischemic contralateral 
hind limb (C). (Reprinted with permission from Reference 23.)
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FIGURE 26.3. (A) Representative in vivo dual isotope 201Tl and 99mTc-NC100692 microSPECT/
CT images are shown for wild-type and MMP-9-null mice. MicroSPECT short axis (SA) 
images are shown in standard format, coregistered with microCT images. The 99mTc-NC100692 
microSPECT images are displayed in red color scale and fused with 201Tl (green scale) and CT 
(grayscale) images to defi ne uptake of the αvβ3 targeted radiotracer relative to the 201Tl perfu-
sion defect and anatomic structures within the chest. The areas boxed in white in the images 
on the left are enlarged in the images on the right. White solid arrows indicate regions of 
increased 99mTc-NC100692 uptake in anterior-lateral infarct territory. White asterisks indicate 
99mTc-NC100692 activity associated with angiogenesis at the thoracotomy site. 99mTc-NC100692 
activity is also seen in the liver. (B) By well counting, the relative uptake of the 99mTc-labeled 
αvβ3 peptide NC100692 was higher in MMP-9 null mice (N = 7), compared to wild-type mice 
(N = 10), in the infarct region (0% to 40% nonischemic region). *p < 0.05 for wild-type versus 
MMP-9 null. (Reprinted with permission from Reference 44.)
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Studies by Meoli et al demonstrated the potential of 111In-RP748 for in vivo SPECT 
imaging of myocardial angiogenesis.38 These investigators used a canine model of 
myocardial infarction that is known to produce nontransmural infarction and peri-
infarct ischemia. They reported favorable kinetics of 111In-RP748 and observed a focal 
uptake of the radiotracer within the infarct region. This uptake was found to be asso-
ciated with activation of the αvβ3 integrin. To interpret the 111In-RP748 hot-spot 
SPECT images, perfusion images with 99mTc-sestamibi were acquired and coregis-
tered. Representative in vivo and ex vivo dual-isotope SPECT images of dog hearts 
subjected to myocardial infarction are shown in Figure 26.4. These studies demon-
strated that 3 weeks post–myocardial infarction, 111In-RP748 was selectively retained 
in regions of injury-induced angiogenesis where 99mTc-sestamibi perfusion was reduced. 
To confi rm that 111In-RP748 tracks ischemia-induced angiogenesis, the same group 
performed an additional series of rat studies in which 111In-RP748 uptake in the 

Short Axis

111In-RP748
20 min

111In-RP748

111In-RP748
75 min

99mTc-MIBI

99mTc-SestaMIBI

Color
Fusion

FUSION

RV

LV

VLA HLA

FIGURE 26.4. In vivo and ex vivo 111In-RP748 and 99mTc-sestamibi (99mTc-MIBI) images from 
dogs with chronic infarction. (Top) Serial in vivo 111In-RP748 SPECT short axis (SA), vertical 
long axis (VLA), and horizontal long axis (HLA) images in a dog 3 weeks after left anterior 
descending (LAD) artery infraction at 20 minutes and 75 minutes after injection in standard 
format. 111In-RP748 SPECT images were registered with 99mTc-MIBI perfusion images (third 
row). The 75-minutes 111In-RP748 SPECT images were colored red and fused with 99mTc-MIBI 
images (green) to better demonstrate localization of 111In-RP748 activity within the heart 
(color fusion, bottom row). White arrows indicate region of increased 111In-RP748 uptake in 
anterior wall. This corresponds to the anteroapical 99mTc-sestamibi perfusion defect. (Bottom) 
Ex vivo 99mTc-sestamibi (left) and 111In-RP748 (center) images of myocardial slices from a dog 
3 weeks after LAD occlusion, with color fusion image on the right. Short axis slices are in the 
standard orientation. Arrows indicate anterior location of nontransmural perfusion defect 
region and corresponding area of increased 111In-RP748 uptake. (Reprinted with permission 
from Reference 38.)
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myocardium was correlated with the uptake of a 99mTc-labeled nitroimidazole (BRU-
5921) retained in hypoxic myocardium and perfusion defect assessed with 201Tl 
chloride.46

The value of the αvβ3-targeted-imaging approach for assessment of myocardial 
angiogenesis was recently confi rmed by another group of investigators, which injected 
a 123I-labeled RGD peptide in pigs with chronic ischemia treated with direct intra-
myocardial injection of phVEGF165.39

Other imaging modalities have been used to noninvasively assess angiogenesis. 
However, most of the work on imaging of myocardial angiogenesis was done using 
SPECT tracers. A limited number of studies utilized PET tracers or RGD-based 
ultrasound contrast agents; however, they have been restricted to the assessment of 
tumor angiogenesis. With the increasing availability of PET scanners there is also a 
considerable interest in developing novel positron-emitting tracers targeted at αvβ3 to 
noninvasively track angiogenesis in the clinical setting.47

Chen et al synthesized and applied a positron emitter copper-64 (64Cu)-labeled 
PEGylated dimeric RGD peptide radiotracer for lung cancer imaging in mice.21 The 
radiotracer revealed rapid blood clearance via renal system and minimum nonspecifi c 
activity accumulation in normal tissue. PEGylation improved tumor-targeting effi cacy 
and reduced biliary excretion. Unfortunately, lower receptor binding affi nity as com-
pared to the dimeric RGD peptide, resulted in decreased tumor uptake. Although 
this agent is an excellent PET tracer for integrin-positive tumor imaging, biodistribu-
tion data strongly suggest that peptide ligands of this class may be promising for 
imaging integrin expression in the myocardium.

More recently, the general advantage of the glycosylation approach in designing 
peptide-based tracers with favorable imaging properties for clinical applications has 
been confi rmed. 18F-galacto-RGD, a glycosylated cyclic pentapeptide (Arg-Gly-Asp-
DPhe-Val), was synthesized and characterized by Haubner et al. This tracer also 
showed high affi nity and selectivity for the αvβ3 integrin and receptor-specifi c accu-
mulation in αvβ3-positive tumors as well as rapid predominantly renal elimination.22

The radiotracer uptake was correlated with the measurement of αvβ3 integrin expres-
sion assessed by Western blotting and immunohistochemistry of human αvβ3 (LM609) 
and murine β3. In addition to the microPET imaging in mice, these investigators per-
formed initial evaluation of tumor angiogenesis in humans. In all patients, rapid renal 
excretion was observed, resulting in fast tracer elimination from blood and low back-
ground activity. On average, a 9-fold higher activity accumulation was found in the 
tumor than in muscle.

To further improve the retention of αvβ3 radioligands, multimeric (composed of 
several identical subunits) RGD peptides were recently introduced. Although all 
work was done in tumor imaging, these multimeric RGD peptides showed increased 
binding affi nities in vitro and improved tracer accumulation compared with the 
monomeric compounds, which shows promise for its use in imaging of myocardial 
angiogenesis.22

Summary Points

• Molecular imaging of angiogenesis can be used in both preclinical development and 
clinical applications. The validation of potential disease targets in vivo and the 
distribution of new tagged drugs at the desired site represent the main advantages 
of molecular imaging in preclinical development.

• In clinical applications, molecular imaging of angiogenesis can distinguish patient 
populations that would likely respond to angiogenic therapy from nonresponders. 
Furthermore, disease progression and response to therapy can be tracked in patients 
with faster feedback than currently available techniques.

• Angiogenesis manifests phenotypically in many disease pathways, which, if success-
fully modulated, would allow targeting of a great number of pathological processes 
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in patients. The modulation of angiogenesis currently attracts considerable scientifi c 
and business interest, and this trend is likely to rise. In addition, the sequencing of 
the human genome and the wide use of transgenic animals in basic science have 
resulted in the identifi cation of many new potential therapeutic targets. Therefore, 
the imaging technology, which has already demonstrated promise in evaluation of 
angiogenesis, may prove useful for prognostication and early assessment of thera-
peutic effi cacy.48

• The scientifi c community should be aware that too often the excitement of scientifi c 
curiosity can lead to a lack of practical focus. Developing new strategies in imaging 
of angiogenesis can successfully be accomplished only through close collaboration 
of multidisciplinary teams with a wide range of expertise. Moreover, we need to 
consider other alternatives, including nonimaging biomarkers, and “gene chips.” 
These approaches belong to the new group of decision-making tools that may cost 
only a fraction of what imaging costs. Imaging may provide far more useful clinical 
data; however, awareness of competing technologies is required when developing 
novel imaging strategies.

• The future of noninvasive imaging of angiogenesis rests on two pathways: advance-
ment of imaging technology and the further development of novel targeted biologic 
markers of angiogenesis. Indeed, the introduction of hybrid systems for imaging of 
small animals (microSPECT/CT and microPET/CT) greatly enhanced the perfor-
mance and accuracy of nuclear imaging. CT is now available in clinical SPECT and 
PET scanners and can be used for anatomical localization as well as for attenuation 
and partial volume correction.

• Additionally, novel targets of angiogenesis continue to be identifi ed, and new selec-
tive tracers remain under development. The interactions of integrins with the ECM 
are critical for vascular formation. MMPs are responsible for degradation of the 
myocardial ECM, and a clear cause-effect relationship between MMPs and angio-
genesis has been demonstrated in experimental animal models. In light of this fact, 
recent effort has been placed on developing PET and SPECT tracers for MMP 
activity modeled after selective MMP inhibitors.25,26

• In our development of approaches for imaging of angiogenesis, we need to keep in 
mind practical and important clinical applications. Congestive heart failure (CHF) 
is one of these important clinical problems. Previous studies suggest that CHF may 
result from myocardial ischemia in the presence or absence of obstructive epicardial 
coronary artery disease.10,49 Therefore, both targeted imaging of αvβ3 integrin and 
MMPs may be useful in the noninvasive imaging of angiogenesis and remodeling 
of the ECM and could be useful in the setting of CHF to track effi cacy of thera-
peutic intervention directed at augmentation of microvascularity and restoring 
normal cardiac function.

• Targeted imaging of angiogenesis may become routine in clinical cardiovascular 
nuclear medicine laboratories in conjunction with standard imaging of physiological 
parameters. These hybrid imaging approaches will likely play a critical role for both 
diagnostic and prognostic purposes, as well as for evaluation of gene therapy 
strategies.
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 Case 1 Normal Vasodilator Stress PET/CT Study

Clinical History

A 52-year-old female with dyslipidemia and a family history of ischemic heart disease 
was referred for evaluation of nonanginal chest pain.

Electrocardiogram

The patient’s resting electrocardiogram (ECG) showed sinus bradycardia.

Medications

Atorvastatin, Paroxetine, Fexonfenadine, Atenolol

Study Protocol

Myocardial perfusion PET study following the IV administration of 60 mCi of 
rubidium-82 (82Rb) at rest and during peak dipyridamole stress, respectively. Gated 
myocardial perfusion PET images were obtained at rest and during peak stress.

Vasodilator stress was achieved with a standard IV infusion of dipyridamole 
(0.142 mg/kg/min) for 4 minutes. The heart rate increased from 47 beats per minute 
(bpm) at rest to a peak heart rate of 61 bpm, and the blood pressure increased from 
119/43 mm Hg at rest to 131/63 mm Hg at peak hyperemia. The infusion was termi-
nated due to the completion of the dipyridamole protocol. The clinical response to 
dipyridamole was nonischemic. The ECG response to dipyridamole was nonischemic. 
There were no arrhythmias during the dipyridamole infusion. Imaging parameters 
were described in Chapters 10 and 11.

Breath-hold-gated cardiac CT was performed using a 16-channel CT scanner with 
a 0.5-second rotation time. Quantitative coronary calcium scores were calculated 
according to the method described by Agatston.

Findings

 A. Image quality:
1. Emission images: Excellent.
2. Transmission images: Excellent.
3. Registration of transmission and emission images: Good. Figure 1 demon-

strates good registration in both the axial (A) and coronal (B) slices.
 B. Rest-stress 82Rb perfusion images: The images demonstrated normal left ventricle 

(LV) size. They also demonstrated normal right ventricle (RV) size with normal 
RV tracer uptake at rest. There were no regional perfusion defects seen on the 
stress or rest images (Figure 2).

 C. Gated PET images: Demonstrated a rest LV ejection fraction (LVEF) of 78% and 
end systolic volume index (ESVI) 7 mL/m2. The LVEF during peak stress was 
83%. The LV volumes appeared normal. There were no regional wall motion 
abnormalities. The images demonstrated normal regional wall thickening. The RV 
function appeared normal.

 D. Ancillary fi ndings: There was a small calcifi ed pleural granuloma in the right 
lower lobe. There was no pleural effusion or thickening.
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FIGURE 1. Fused emission (82Rb) and 
CT transmission images in axial (A) 
and coronal (B) slices demonstrating 
good registration between the two data 
sets.

FIGURE 2. Dipyridamole stress and 
rest 82Rb images in corresponding short 
axis, vertical long, and horizontal long 
axis slices. The short axis slices repre-
sent progression from the apical (left) 
to the basal (right) part of the heart and 
are oriented with the anterior wall on 
the top, the lateral wall to the right, the 
inferior wall at the bottom, and the 
interventricular septum to the left. The 
vertical long axis slices represent pro-
gression from the septum (left) to the 
lateral (right) wall and are oriented 
with the anterior wall on the top, the 
inferior wall at the bottom, and the LV 
apex to the right. The horizontal long 
axis slices represent progression from 
the inferior (left) to the anterior (right) 
wall and are oriented with the septal 
wall on the left, the lateral wall to the 
right, and the LV apex on the top. The 
images demonstrate normal myocardial 
perfusion throughout the LV.
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 E. Cardiac CT: The Agatston coronary calcium score was 0. This score is less than 
the 10th percentile rank for women age 50 to 55.

Final Impression

These combined PET/CT results are normal and suggest no evidence of calcifi ed or 
hemodynamically signifi cant coronary artery disease (CAD).

Discussion

This study demonstrates the typical features of a normal 82Rb myocardial perfusion 
study, as described in Chapters 10 and 11. Rest and stress perfusion images demon-
strate normal homogeneous radiotracer distribution. Note the lack of the usual ante-
rior wall attenuation artifacts typically seen with single photon emission computed 
tomography (SPECT) imaging in women. The cavity size of the stress images is typi-
cally the same or smaller than at rest. There is an increase in ejection fraction from 
rest to peak stress, even with vasodilator stress.

Follow-up

Aggressive risk-factor modifi cation for primary prevention of CAD.

Case 2 Normal Dobutamine Stress PET/CT Study

Clinical History

A 62-year-old female with hypertension, dyslipidemia, and a family history of isch-
emic heart disease was referred for evaluation of dyspnea.

Electrocardiogram

Normal sinus rhythm and nonspecifi c ST-T wave abnormalities.

Medications

Lisinopril, Hydrochlorothiazide, Pravachol, Asprin/dipyridamole, Nabumetone

Study Protocol

Myocardial perfusion PET study following the intravenous (IV) administration of 
60 mCi of 82Rb at rest and during peak dobutamine stress, respectively. Gated myo-
cardial perfusion PET images were obtained at rest and during peak stress using a 
prescan delay of 90 seconds.



418 Part VI Case Illustrations of Cardiac PET and Integrated PET/CT

Cardiac stress was achieved with a standard IV infusion of dobutamine (to a peak 
of 40 mcg/kg/min) with no additional Atropine. The heart rate increased from 85 bpm 
at rest to a peak heart rate of 158 bpm (100% of age-predicted heart rate [APHR]), 
and the blood pressure increased from 149/83 mm Hg at rest to 165/90 mm Hg at peak 
stress (rate-pressure product [RPP] of 26070). The infusion was terminated due to 
the completion of the dobutamine protocol. The clinical response to dobutamine was 
nonischemic. The blood pressure response was normal. The ECG response to dobu-
tamine was nonischemic. There were no arrhythmias during the dobutamine 
infusion.

Coronary calcium score was assessed as defi ned in Case 1.

Findings

 A. Image quality:
1. Emission images: Excellent.
2. Transmission images: Excellent.
3. Registration of transmission and emission images: Good.

 B. Rest-stress 82Rb perfusion images: The images demonstrated normal LV size. 
They also demonstrated normal RV size with normal RV tracer uptake at 
rest. There were no regional perfusion defects seen on the stress or rest images 
(Figure 3).

 C. Gated PET images: Demonstrated a rest LVEF of 60%. The LVEF during peak 
stress was 74%. The LV volumes appeared normal. There were no regional wall 

FIGURE 3. Dobutamine stress and rest 
82Rb images in corresponding short 
axis, vertical long axis, and horizontal 
long axis slices. The short axis slices 
represent progression from the apical 
(left) to the basal (right) part of the 
heart and are oriented with the anterior 
wall on the top, the lateral wall to the 
right, the inferior wall at the bottom, 
and the interventricular septum to the 
left. The vertical long axis slices repre-
sent progression from the septum (left) 
to the lateral (right) wall and are ori-
ented with the anterior wall on the top, 
the inferior wall at the bottom, and the 
LV apex to the right. The horizontal 
long axis slices represent progression 
from the inferior (left) to the anterior 
(right) wall and are oriented with the 
septal wall on the left, the lateral wall 
to the right, and the LV apex on the top. 
The images demonstrate normal myo-
cardial perfusion throughout the LV.



motion abnormalities. The patient demonstrated normal regional wall thickening. 
The RV function appeared normal.

 D. Ancillary fi ndings: None.
 E. Gated cardiac CT: There is moderate coronary artery calcifi cation. The Agatston 

coronary calcium score was 301. This score is greater than the 90th percentile rank 
for women aged 61 to 65 years.

Final Impression

The combined PET/CT results show moderate calcifi ed coronary atherosclerosis 
without evidence of fl ow-limiting CAD.

Discussion

This study demonstrates the typical features of a normal rest and peak dobutamine 
82Rb myocardial perfusion study as described in Chapters 10 and 11. Rest and stress 
perfusion images demonstrate normal homogeneous radiotracer distribution. Because 
images are obtained during peak dobutamine infusion, the cavity size is signifi cantly 
smaller on the stress compared to the rest images.

Follow-up

Aggressive risk-factor modifi cation for secondary prevention of coronary artery 
disease.

Case 3 Misregistration Artifact

Clinical History

A 60-year-old male with hypertension was referred for evaluation of nonanginal chest 
pain.

Electrocardiogram

Normal.

Medications

Atenolol, Hydrochlorothiazide, Aspirin

Study Protocol

As defi ned in Case 1, except that a gated noncontrast CT for coronary calcium score 
was not obtained. The clinical and ECG responses to stress were nonischemic.

Case 3 Misregistration Artifact 419



420 Part VI Case Illustrations of Cardiac PET and Integrated PET/CT

Findings

 A. Image quality:
1. Emission images: Excellent.
2. Transmission images: Excellent.
3. Registration of transmission and emission images: Inadequate. The axial images 

demonstrate severe misregistration (Figure 4), with the anterolateral wall on 
the emission images overlapping the lung fi eld on the CT transmission images 
(arrows).

 B. Rest-stress 82Rb perfusion images: A large perfusion defect of severe intensity in 
the mid- and basal anterior and anterolateral wall, showing complete reversibility 
(Figure 5).

 C. Gated PET images: Demonstrated normal regional wall motion and wall thicken-
ing on gated rest images.

 D. Ancillary fi ndings: None.

Final Impression

Uninterpretable stress myocardial perfusion PET study.

FIGURE 4. Fused emission (82Rb) and CT transmission images in axial slices demonstrating 
severe misregistration between the two data sets, with the anterolateral wall on the 82Rb images 
overlapping the lung fi eld on the CT transmission images (arrows).



Discussion

The reversible defect in the anterolateral wall could represent artifact from misregis-
tration of emission and transmission images. However, true ischemia in the distribu-
tion of a diagonal coronary artery cannot be excluded. Inspection of the PET and CT 
transmission images demonstrates signifi cant misregistration between the two. The 
pattern of misregistration, with the emission images moved cephalad in relation to 
transmission images (Figure 4), is usually the result of differences in breathing pat-
terns between the short CT transmission (∼10–15 seconds) and longer (∼5 minutes) 
82Rb PET images. As discussed in Chapters 1, 3, and 10, this type of misregistration 
often results in undercorrection of PET images in regions with signifi cant overlap with 
the lung, which has a very low attenuation coeffi cient. Quality control of the emission 
and transmission images is crucial for recognizing motion artifacts.

Follow-up

The stress PET study was repeated on the following day. Unlike the previous study, 
the new one demonstrated adequate registration of PET and CT transmission images 
(Figure 6), resulting in a normal myocardial perfusion stress study (Figure 7). Gated 
PET images revealed normal wall motion. LVEF was 60% at rest and increased to 
76% during peak stress.

FIGURE 5. Dipyridamole stress and 
rest 82Rb images in corresponding short 
axis, vertical long axis, and horizontal 
long axis slices. The short axis slices 
represent progression from the apical 
(left) to the basal (right) part of the 
heart and are oriented with the anterior 
wall on the top, the lateral wall to the 
right, the inferior wall at the bottom, 
and the interventricular septum to the 
left. The vertical long axis slices repre-
sent progression from the septum (left) 
to the lateral (right) wall and are ori-
ented with the anterior wall on the top, 
the inferior wall at the bottom, and the 
LV apex to the right. The horizontal 
long axis slices represent progression 
from the inferior (left) to the anterior 
(right) wall and are oriented with the 
septal wall on the left, the lateral wall 
to the right, and the LV apex on the top. 
The stress images demonstrate a large 
and severe perfusion defect through-
out the anterolateral wall, showing 
complete reversibility.
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FIGURE 6. Fused emission (82Rb) and CT transmission images in 
axial slices now demonstrate good registration between the two data 
sets.

FIGURE 7. Dipyridamole stress and 
rest 82Rb images in corresponding short 
axis, vertical long axis, and horizontal 
long axis slices. The short axis slices 
represent progression from the apical 
(left) to the basal (right) part of the 
heart and are oriented with the anterior 
wall on the top, the lateral wall to the 
right, the inferior wall at the bottom, 
and the interventricular septum to the 
left. The vertical long axis slices repre-
sent progression from the septum (left) 
to the lateral (right) wall and are ori-
ented with the anterior wall on the top, 
the inferior wall at the bottom, and the 
LV apex to the right. The horizontal 
long axis slices represent progression 
from the inferior (left) to the anterior 
(right) wall and are oriented with the 
septal wall on the left, the lateral wall 
to the right, and the LV apex on the 
top. The images now demonstrate 
normal myocardial perfusion through-
out the LV.



Case 4 Attenuation Correction Artifact

Clinical History

A 74-year-old man with diabetes, dyslipidemia, peripheral arterial disease, and known 
ischemic dilated cardiomyopathy was referred for preoperative evaluation prior to 
peripheral bypass surgery. He had a prior history of myocardial infarction with stent-
ing of the left circumfl ex coronary artery and an automatic implantable cardiac defi -
brillator (AICD).

Electrocardiogram

Normal sinus rhythm and left bundle branch block (LBBB).

Medications

Metoprolol, Lisinopril, Furosemide, Aspirin, Insulin

Study Protocol

As defi ned in Case 1, except that a gated noncontrast CT for coronary calcium score 
was not obtained. The clinical and ECG responses to stress were nonischemic.

Findings

 A. Image quality:
1. Emission images: Excellent.
2. Transmission images: Intense beam-hardening artifact from AICD wires in the 

inferoseptal region (arrow on Figure 8).
3. Registration of transmission and emission images: Good.

FIGURE 8. Fused emission (82Rb) and CT transmission images in sagittal slices demonstrating 
good registration between the two data sets. The arrow points to the AICD wire, resulting in 
beam hardening on the CT images.
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 B. Rest-stress 82Rb perfusion images: No regional perfusion defects were seen 
(Figure 9). There is a hot spot in the inferoseptal wall more pronounced on the 
stress images (arrow).

 C. Gated PET images: Demonstrated a rest LVEF fraction of 26% that remained 
unchanged at peak stress, 27%. The LV volumes appeared severely dilated. There 
were severe global wall motion abnormalities. The RV function appeared 
normal.

 D. Ancillary fi ndings: None.

Final Impression

The PET images demonstrate no evidence of fl ow-limiting CAD. However, there is 
evidence of severe LV systolic dysfunction.

FIGURE 9. Dipyridamole stress and rest 82Rb images in corresponding short axis, vertical long 
axis, and horizontal long axis slices. The short axis slices represent progression from the apical 
(left) to the basal (right) part of the heart and are oriented with the anterior wall on the top, 
the lateral wall to the right, the inferior wall at the bottom, and the interventricular septum to 
the left. The vertical long axis slices represent progression from the septum (left) to the lateral 
(right) wall and are oriented with the anterior wall on the top, inferior wall at the bottom, and 
the LV apex to the right. The horizontal long axis slices represent progression from the inferior 
(left) to the anterior (right) wall and are oriented with the septal wall on the left, the lateral 
wall to the right, and the LV apex on the top. There is a hot spot in the inferoseptal wall, more 
pronounced on the stress images (arrow), resulting from the overcorrection of the emission 
images due to metal artifact from the AICD.



Discussion

As discussed in Chapters 1, 3, and 10, metallic devices in the heart, usually with 
increased density and attenuation coeffi cient, result in overcorrection of the adjacent 
region of the emission images, frequently leading to hot spots. Although theoretically 
possible, in our practice we have noticed that these artifacts do not typically mask 
signifi cant ischemia. Metallic valves, AICDs, and pacemaker wires are the usual cul-
prits, with stents and CABG clips less likely to cause these artifacts. Metallic heart 
valves are usually too far basal to cause any impact on the images. These are cases in 
which a traditional gamma-ray transmission can be more helpful.

Follow-up

None.

 Case 5 High-Risk PET/CT Scan

Clinical History

A 61-year-old woman with risk factors of hypertension, dyslipidemia, diabetes, a 
family history of ischemic heart disease, and obesity was referred for risk stratifi cation 
after a non-ST segment elevation myocardial infarction.

Electrocardiogram

Sinus bradycardia, fi rst-degree AV block, poor R-wave progression, and nonspecifi c 
T-wave abnormalities.

Medications

Metoprolol, Amlodipine, Captopril, Isosorbide mononitrate, Aspirin, Atorvastatin, 
Fenofebrate, Enoxaparin

Study Protocol

As defi ned in Case 1. The clinical and ECG responses to stress were nonischemic.

Findings

 A. Image quality:
1. Emission images: Good.
2. Transmission images: Excellent.
3. Registration of transmission and emission images: Excellent.

 B. Rest-stress 82Rb perfusion images: There was transient dilatation of the LV during 
stress. There was a large and severe perfusion defect involving the mid- and apical 
anterior, apical inferior, apical septal, and apical lateral walls, and the LV apex, 
showing near-complete reversibility. In addition, there was a medium-size and 
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severe perfusion defect involving the mid- and basal inferior and basal inferoseptal 
walls, showing complete reversibility (Figure 10).

 C. Gated PET images: Demonstrated a rest LVEF of 56% that decreased during 
peak stress to 51%. The LV volumes appeared transiently enlarged during peak 
stress. There was severe hypokinesis of the mid- and apical anterior walls and the 
LV apex, as well as the basal inferoseptal and inferior walls, with concordant 
reduction in wall thickening. The RV function appeared normal.

 D. Ancillary fi ndings: None.
 E. Gated cardiac CT: There was extensive coronary artery calcifi cation. The Agatston 

coronary calcium score was 1367 (Figure 11). This score is greater than the 90th 
percentile rank for women age 61 to 65 years.

FIGURE 10. Stress and rest 82Rb images in corresponding short axis, vertical long axis, and 
horizontal long axis slices. The short axis slices represent progression from the apical (left) to 
the basal (right) part of the heart and are oriented with the anterior wall on the top, the lateral 
wall to the right, the inferior wall at the bottom, and the interventricular septum to the left. 
The vertical long axis slices represent progression from the septum (left) to the lateral (right) 
wall and are oriented with the anterior wall on the top, the inferior wall at the bottom, and 
the LV apex to the right. The horizontal long axis slices represent progression from the inferior 
(left) to the anterior (right) wall and are oriented with the septal wall on the left, the lateral 
wall to the right, and the LV apex on the top. The images demonstrate transient LV dilatation 
and increased radiotracer uptake in the right ventricle during stress. In addition, there are 
large and severe perfusion defects involving the apical LV segments, the mid-anterior wall, 
as well as the mid- and basal inferior and basal inferoseptal walls, showing complete 
reversibility.



Final Impression

There was evidence of extensive calcifi ed coronary plaque burden.
The PET images demonstrate extensive areas of severe stress-induced ischemia 

throughout the mid-left anterior descending (LAD) and posterior descending artery 
(PDA) territories.

Transient ischemic dilation of the left ventricle and decrease in LVEF during peak 
stress suggest signifi cant ischemic burden or severe multivessel CAD or both.

Discussion

This patient has large and severe perfusion defects that are reversible and consistent 
with ischemia in two coronary territories. As discussed in Chapter 11, transient dila-
tion of the left ventricle and decrease in LVEF during peak stress suggest severe 
multivessel CAD.

Follow-up

Coronary angiography demonstrated 3-vessel CAD with 100% stenosis of the proxi-
mal LAD, 95% ostial stenosis of a ramus branch, 45% stenosis of the proximal RCA, 
and 100% stenosis of the mid-RCA with a right dominant circulation. The patient 
underwent CABG.

 Case 6 High-Risk PET/CT Scan

Clinical History

An 83-year-old male with hypertension and obesity was referred for a dipyrida-
mole myocardial perfusion PET study to evaluate for nonanginal chest pain and 
dyspnea.

FIGURE 11. Axial CT images demonstrating extensive calcifi cation of the distal left main, 
proximal left anterior descending (LAD), fi rst diagonal branch (Diag), and distal right coro-
nary (Distal RCA)arteries.
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Electrocardiogram

Normal sinus rhythm, fi rst-degree atrioventricular (AV) block, and LBBB

Medications

Acebutolol, Aspirin, Ranitidine, Epogen

Study Protocol

Imaging protocol: As defi ned in Case 1. The clinical and ECG responses to stress 
were nonischemic.

Findings

 A. Image quality:
1. Emission images: Excellent.
2. Transmission images: Excellent.
3. Registration of transmission and emission images: Good.

 B. Rest-stress 82Rb perfusion images: Transient dilatation of the LV was noted. A 
small defect of moderate intensity was noted in the mid- and basal inferolateral 
wall (arrow) that was completely reversible (Figure 12).

 C. Gated PET images: Demonstrated a rest LVEF of 58% that declined during peak 
stress to 39%. The LV volumes appeared moderately dilated. There was infero-

FIGURE 12. Stress and rest 82Rb images 
in corresponding short axis, vertical 
long axis, and horizontal long axis 
slices. The short axis slices represent 
progression from the apical (left) to the 
basal (right) part of the heart and are 
oriented with the anterior wall on the 
top, the lateral wall to the right, 
the inferior wall at the bottom, and the 
interventricular septum to the left. The 
vertical long axis slices represent pro-
gression from the septum (left) to the 
lateral (right) wall and are oriented 
with the anterior wall on the top, the 
inferior wall at the bottom, and the LV 
apex to the right. The horizontal long 
axis slices represent progression from 
the inferior (left) to the anterior (right) 
wall and are oriented with the septal 
wall on the left, the lateral wall to the 
right, and the LV apex on the top. The 
images demonstrate transient dilata-
tion of the LV during stress, with a 
small perfusion defect of moderate 
intensity in the mid- and basal infero-
lateral wall (arrow), showing complete 
reversibility.



lateral wall hypokinesis during peak stress, which improved at rest. The RV func-
tion appeared normal.

 D. Ancillary fi ndings: None.
 E. Gated cardiac CT: There is extensive coronary artery calcifi cation, including 

proximal left main coronary artery. The Agatston coronary calcium score was 
2902. This score is greater than the 90th percentile rank for men older than 
71 years.

Final Impression

Extensive calcifi ed coronary plaque burden. Moderate dipyridamole-induced perfu-
sion defect in the distribution of the left circumfl ex coronary artery (LCX) territory. 
However, a decrease in LVEF at peak stress and transient LV dilatation suggest sig-
nifi cant multivessel CAD.

Discussion

In contrast to the previous case, this patient has a small perfusion defect with moder-
ate ischemia in a single-vessel distribution. Although PET is a sensitive means for 
identifi cation of obstructive CAD, it is somewhat limited for delineating the extent of 
underlying anatomic disease due to balance reduction in myocardial perfusion in the 
setting of multivessel CAD. High-risk scan features including transient left ventricular 
dilatation during peak stress and/or a decline in LVEF during peak stress are helpful 
to correctly identify patients with multivessel CAD.

Follow-up

Coronary angiography demonstrated 3-vessel coronary artery disease with 90% ste-
nosis of left main coronary artery, 60% stenosis of LAD, 80% ostial stenosis of a 
ramus branch, and 80% stenosis of the proximal LCX artery in a left dominant cir-
culation. Patient underwent CABG.

 Case 7 Assessing Myocardial Viability with PET/CT Study

Clinical History

An 80-year-old female with history of diabetes, dyslipidemia, ischemic dilated cardio-
myopathy, and remote anterior myocardial infarction was referred for evaluation of 
troponin elevation in the setting of massive gastrointestinal bleed and anemia.

Electrocardiogram

Normal sinus rhythm and intraventricular conduction delay (IVCD).

Medications

Carvedilol, Lisinopril, Furosemide, Atorvastatin, Enoxaparin, Insulin
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Study Protocol

Imaging protocol: Gated rest study with 60 mCi of 82Rb and a prescan delay of 120 
seconds. No stress imaging was performed.

FDG study: After rest perfusion imaging, the patient received 50 gm of oral glucose 
followed by 20 IU of regular insulin IV to optimize myocardial glucose utiliza-
tion. The patient received 12 mCi of FDG intravenously, and 60 minutes later 
(to allow for trapping of FDG in the myocardium) gated PET images were 
acquired.

Findings

 A. Image quality:
1. Emission images: Excellent.
2. Transmission images: Excellent.
3. Registration of transmission and emission images: Excellent.

B. Rest 82Rb perfusion and 18FDG images: Severe LV dilatation and radiotracer 
uptake in the right ventricle. A large defect of severe intensity in the mid-anterior 
wall, anterolateral wall, and anteroseptal wall, the entire apical portion of the 
ventricle and LV apex, showing a matched reduction in FDG uptake in all hypo-
perfused LV segments (PET match, Figure 13).

 C. Gated PET images: Demonstrated a rest LVEF of 35%. The LV volumes appeared 
severely dilated. The mid-anterior wall, anterolateral wall, anteroseptal wall, and 
the entire apical portion of LV and LV apex were akinetic, with reduced regional 
wall thickening. The RV function appeared normal.

 D. Ancillary fi ndings: None.
 E. Gated cardiac CT: There is extensive coronary artery calcifi cation. The Agatston 

coronary calcium score was 2095. This score is greater than the 90th percentile 
rank for women older than 71 years.

Final Impression

A large region of myocardial scar in the LAD coronary territory. There are large 
areas of viable myocardium in the distribution of the left circumfl ex and RCA coro-
nary territories. Severe LV systolic dysfunction.

Discussion

The various patterns of perfusion and metabolism correlations are described in 
Chapter 18. This case illustrates the classic “PET match pattern,” refl ecting myocar-
dial scar and, consequently, a low probability for improvement in LV function if 
revascularization is performed.

Follow-up

Due to patient’s signifi cant medical comorbidities, large region of myocardial scar in 
the LAD coronary distribution, and lack of symptoms, she was managed medically 
without coronary angiography or revascularization.



 Case 8 Assessing Myocardial Viability with PET/CT Study

Clinical History

A 68-year-old female with known CAD and severe LV dysfunction was evaluated for 
myocardial viability for potential coronary revascularization.

Electrocardiogram

Normal sinus rhythm and IVCD.

FIGURE 13. Rest 82Rb and FDG images in corresponding short axis, vertical long axis, 
and horizontal long axis slices. The short axis slices represent progression from the apical (left) 
to the basal (right) part of the heart and are oriented with the anterior wall on the top, the 
lateral wall to the right, the inferior wall at the bottom, and the interventricular septum to 
the left. The vertical long axis slices represent progression from the septum (left) to the 
lateral (right) wall and are oriented with the anterior wall on the top, the inferior wall at the 
bottom, and the LV apex to the right. The horizontal long axis slices represent progression 
from the inferior (left) to the anterior (right) wall and are oriented with the septal wall on the 
left, the lateral wall to the right, and the LV apex on the top. The images demonstrate severe 
LV dilatation and radiotracer uptake in the right ventricle. There is a large and severe perfu-
sion defect involving the mid-anterior, anterolateral, and anteroseptal walls, all the apical LV 
segments, and the LV apex, showing concordant reduction in FDG uptake (so-called PET 
match).
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Medications

Lopressor, Captopril, Lasix, Furosemide, Atorvastatin

Study Protocol

Imaging protocol: Gated rest study with 60 mCi of 82Rb and a prescan delay of 120 
seconds. No stress imaging was performed.

FDG study: After rest perfusion imaging, the patient received 25 gm of oral glucose 
followed by 9 units of regular insulin IV to optimize myocardial glucose utilization. 
The patient received 12 mCi of FDG intravenously, and 60 minutes later (to allow 
for trapping of FDG in the myocardium) gated PET images were acquired.

Findings

 A. Image quality:
1. Emission images: Excellent rubidium and FDG images.
2. Transmission images: Excellent.
3. Registration of transmission and emission images: Excellent.

 B. Rest 82Rb perfusion and 18FDG images: The images demonstrated severe LV 
dilatation. They also demonstrated normal RV size with increased RV tracer 
uptake at rest. The rest perfusion images demonstrated a large and severe perfu-
sion defect involving the mid- and apical anterior, anteroseptal, anterolateral, 
and apical inferior walls, with relatively preserved FDG uptake (PET mismatch). 
In addition, there was a moderate-sized and severe perfusion defect through-
out the lateral wall, also showing preserved FDG uptake (PET mismatch) 
(Figure 14).

 C. Gated PET images: Demonstrated a rest LVEF of 21% and ESVI 70 mL/m2 with 
severely enlarged LV volumes. There was severe global LV systolic dysfunction, 
with akinesis of the apical LV segments and the LV apex. The RV function 
appeared normal.

 D. Ancillary fi ndings: None.

Final Impression

A large region of viable but hibernating myocardium throughout the mid-LAD and 
left circumfl ex coronary artery territories.

Discussion

Overall, the total amount of scar was calculated at ∼5% of the LV mass. Severe global 
LV systolic dysfunction was seen with advanced remodeling. The overall likelihood 
of a signifi cant improvement in LV function following revascularization is high.

Follow-up

Coronary angiogram revealed 60% left main stenosis, 95% LAD stenosis, and 100% 
left circumfl ex stenosis with severe mitral regurgitation. The patient underwent coro-
nary artery bypass surgery with mitral annuloplasty.



 Case 9 Troubleshooting Myocardial Viability Assessment with PET/CT

Clinical History

A 47-year-old male with hypertension, dyslipidemia, diabetes, a family history of 
ischemic heart disease, obesity, and prior CABG was referred for a PET study for 
evaluation of chest pain and dyspnea.

Electrocardiogram

Sinus bradycardia and nonspecifi c T wave abnormalities.

FIGURE 14. Rest 82Rb and FDG images in corresponding short axis, vertical long axis, and 
horizontal long axis slices. The short axis slices represent progression from the apical (left) to 
the basal (right) part of the heart and are oriented with the anterior wall on the top, the lateral 
wall to the right, the inferior wall at the bottom, and the interventricular septum to the left. 
The vertical long axis slices represent progression from the septum (left) to the lateral (right) 
wall and are oriented with the anterior wall on the top, the inferior wall at the bottom, and 
the LV apex to the right. The horizontal long axis slices represent progression from the inferior 
(left) to the anterior (right) wall and are oriented with the septal wall on the left, the lateral 
wall to the right, and the LV apex on the top. The images demonstrate severe LV dilatation 
and increased radiotracer uptake in the right ventricle, refl ecting increased pulmonary pres-
sure. There is a large and severe perfusion defect involving the mid- and apical anterior, 
anteroseptal, anterolateral, lateral, and apical inferior walls and the LV apex, with relatively 
preserved FDG uptake (so-called PET mismatch).
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Medications

Metoprolol, Enalapril, Furosemide, Aspirin, Pravachol, Insulin

Study Protocol

Imaging protocol: As defi ned in Case 1, except that a gated noncontrast CT for coro-
nary calcium score was not obtained. The clinical and ECG responses to stress were 
nonischemic.

FDG study: After perfusion imaging, the patient received 50 gm of oral glucose and 
28 units of regular insulin IV to optimize myocardial glucose utilization. The 
patient received 12 mCi of FDG intravenously, and 60 minutes later (to allow for 
trapping of FDG in the myocardium) gated PET images were acquired.

Findings

 A. Image quality:
1. Emission images: Excellent rubidium images. Limited FDG images.
2. Transmission images: Excellent.
3. Registration of transmission and emission images: Good.

 B. Rest-stress 82Rb perfusion and 18FDG images: There is a medium-sized defect of 
severe intensity throughout the lateral and inferolateral walls. Limited FDG 
images with patchy FDG uptake in the apical anterior wall and parts of the inferior 
wall (Figure 15).

 C. Gated PET images: Demonstrated a rest LVEF of 30%. The LV volumes appeared 
moderately dilated. There was moderate global hypokinesis with akinesis of the 
inferolateral wall and reduced wall thickening. The RV function appeared normal.

 D. Ancillary fi ndings: None.

FIGURE 15. Rest 82Rb and FDG images 
in corresponding short axis, vertical 
long, and horizontal long axis slices. The 
short axis slices represent progression 
from the apical (left) to the basal (right) 
part of the heart and are oriented with 
the anterior wall on the top, the lateral 
wall to the right, the inferior wall at the 
bottom, and the interventricular septum 
to the left. The vertical long axis slices 
represent progression from the septum 
(left) to the lateral (right) wall and are 
oriented with the anterior wall on the 
top, the inferior wall at the bottom, and 
the LV apex to the right. The horizontal 
long axis slices represent progression 
from the inferior (left) to the anterior 
(right) wall and are oriented with the 
septal wall on the left, the lateral wall to 
the right, and the LV apex on the top. 
There is a medium-size perfusion defect 
of severe intensity throughout the lateral 
and inferolateral walls. The FDG images 
are technically limited, demonstrating 
patchy uptake in the apical anterior wall 
and parts of the inferior wall.



Final Impression

A moderate-sized area of scar in the LCX/obtuse marginal (OM) territory. Severe 
LV systolic dysfunction, which appears to be disproportionate to the size of prior 
infarction.

Discussion

This case illustrates diffi culties with FDG imaging seen in patients with insulin resis-
tance. As described in Chapter 18, overcoming insulin resistance is critical for good-
quality FDG images. Uptake of FDG in ischemic territories is independent from 
availability of insulin, and hence the presence of insulin resistance does usually inter-
fere with identifi cation of ischemic but viable myocardium. However, improper FDG 
uptake in normal myocardium can limit quantifi cation of the magnitude of tissue 
viability.

Follow-up

FDG images were repeated after administration of an additional 4 IU of regular 
insulin IV, with signifi cant improvement in myocardial uptake of FDG (Figure 16). 
These images demonstrate a concordant reduction of both perfusion and FDG 
throughout the inferolateral wall without evidence of residual viability (PET 
match).

FIGURE 16. Repeat FDG images after administration of additional 4 IU of regular insulin IV, 
with signifi cant improvement in myocardial uptake. These images now demonstrate a concor-
dant reduction of both perfusion and FDG uptake throughout the inferolateral wall (so-called 
PET match).
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Case 10 Integrating Calcium Scoring with Myocardial Perfusion PET

Clinical History

A 45-year-old asymptomatic male with coronary risk factors of hyperlipidemia and 
family history of premature CAD (brother with myocardial infarction at age 45) was 
referred for evaluation of preclinical atherosclerosis. His calculated Framingham risk 
score suggested intermediate risk.

Electrocardiogram

Normal.

Medications

Metoprolol, Asprin, Zocor

Study Protocol

As defi ned in Case 1. The clinical and ECG responses to stress were nonischemic.

Findings

 A. Image quality:
1. Emission images: Excellent.
2. Transmission images: Excellent.
3. Registration of transmission and emission images: Good.

 B. Rest-stress 82Rb perfusion images: The images demonstrated normal LV size. 
They also demonstrated normal RV size with normal RV tracer uptake at rest. 
There were no regional perfusion defects seen on the stress or rest images (Figure 
17).

 C. Gated PET images: Demonstrated a rest LVEF of 64%. The LVEF during peak 
stress was 68%. The LV volumes appeared normal. There were no regional wall 
motion abnormalities. The patient demonstrated normal regional wall thickening. 
The RV function appeared normal.

 D. Ancillary fi ndings: None.
 E. Gated cardiac CT: There is severe coronary artery calcifi cation involving the left 

main (LM), LAD, and LCX coronary arteries (Figure 18). The Agatston coronary 
calcium score was 1140. This score is greater than the 90th percentile rank for men 
age 45 years.

Final Impression

Evidence of extensive calcifi ed coronary plaque burden. However, the stress PET 
results suggest no fl ow-limiting coronary stenosis.



FIGURE 17. Dipyridamole stress and 
rest 82Rb images in corresponding short 
axis, vertical long axis, and horizontal 
long axis slices. The short axis slices 
represent progression from the apical 
(left) to the basal (right) part of the 
heart and are oriented with the anterior 
wall on the top, the lateral wall to the 
right, the inferior wall at the bottom, 
and the interventricular septum to the 
left. The vertical long axis slices repre-
sent progression from the septum (left) 
to the lateral (right) wall and are ori-
ented with the anterior wall on the top, 
the inferior wall at the bottom, and the 
LV apex to the right. The horizontal 
long axis slices represent progression 
from the inferior (left) to the anterior 
(right) wall and are oriented with the 
septal wall on the left, the lateral wall 
to the right, and the LV apex on the top. 
There is normal relative myocardial 
perfusion on both the rest and stress 
images.

FIGURE 18. Axial CT image demonstrating extensive calcifi cation of the distal left main (LM), 
left anterior descending (LAD), and proximal left circumfl ex (LCX) coronary arteries.

 Case 10 Integrating Calcium Scoring with Myocardial Perfusion PET 437



438 Part VI Case Illustrations of Cardiac PET and Integrated PET/CT

Discussion

Approximately half of asymptomatic individuals with high coronary artery calcium 
scores (Agatston score >400) have ischemic myocardial perfusion defects. Although 
extremely sensitive, however, a high coronary artery calcium score is not specifi c for 
identifi cation of fl ow-limiting stenoses. A recent expert panel on appropriateness of 
SPECT myocardial perfusion imaging has recommended myocardial perfusion 
imaging as appropriate for further assessment of these patients.

Follow-up

Based on the combined results, the patient was managed medically with aggressive 
risk-factor modifi cation.

Case 11 Integrating Myocardial Perfusion and LV Function Assessments to 
Identify High-Risk Patients

Clinical History

A 68-year-old male with coronary risk factors of hypertension and diabetes was evalu-
ated for progressive anginal symptoms prior to thoracic surgery for mesothelioma.

Electrocardiogram

Normal.

Medications

Aspirin, Atorvastatin, Metformin

Study Protocol

Imaging protocol: Gated stress followed by gated rest study with two separate injec-
tions of 60 mCi of 82Rb and a prescan delay of 90 seconds.

Stress protocol: Standard Adenosine (0.142 mg/kg/min) for 6 minutes without isch-
emic symptoms or ECG changes.

Gated cardiac CT (coronary CT angiography): A breath-hold cardiac CT study per-
formed on a 16-slice CT scanner with a rotation time of 0.5 second using a total of 
120 mL of Ultravist 370. The patient was premedicated with 10 mg of IV Lopressor 
prior to the study with an average heart rate of 62 bpm prior to the scan.

Findings

 A. Image quality:
1. Emission images: Excellent.
2. Transmission images: Excellent.



3. Registration of transmission and emission images: Good.
4. CT coronary angiogram: Excellent.

 B. Rest-stress 82Rb perfusion images: The images demonstrated normal LV size and 
normal tracer uptake in the lungs. They also demonstrated normal RV size with 
normal RV tracer uptake at rest. There were no regional perfusion defects seen 
on the stress or rest images (Figure 19).

 C. Gated PET images: Gated PET images revealed normal wall motion and wall 
thickening at rest with an LVEF of 63% that declined to 50% during peak stress 
with mild-moderate global hypokinesis.

 D. Gated cardiac CT: Figure 20 demonstrated selected multiplane reformat cardiac 
CT images. Left dominant coronary anatomy with normal coronary ostial 
location.
Left main coronary artery: The distal LM coronary artery demonstrates a 9.4-mm 

calcifi ed plaque with severe luminal narrowing (80%) (see cross section 
highlighted in red square box).

FIGURE 19. Adenosine stress and rest 82Rb images in corresponding short axis, vertical long 
axis, and horizontal long axis slices. The short axis slices represent progression from the apical 
(left) to the basal (right) part of the heart and are oriented with the anterior wall on the top, 
the lateral wall to the right, the inferior wall at the bottom, and the interventricular septum to 
the left. The vertical long axis slices represent progression from the septum (left) to the lateral 
(right) wall and are oriented with the anterior wall on the top, the inferior wall at the bottom, 
and the LV apex to the right. The horizontal long axis slices represent progression from the 
inferior (left) to the anterior (right) wall and are oriented with the septal wall on the left, the 
lateral wall to the right, and the LV apex on the top. There is normal relative myocardial per-
fusion on both the rest and stress images.
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Left anterior descending artery: The proximal and mid-LAD coronary artery is 
severely calcifi ed in its proximal segment and small in caliber. One diagonal 
branch was seen with a 44-mm calcifi ed plaque resulting in >75% luminal 
narrowing.

Left circumfl ex coronary artery: The proximal OM branch showed 70% 
stenosis.

 E. Ancillary fi ndings: Noncontrast images showed evidence of mesothelioma in the 
left lung.

Final Impression

Severe LM coronary artery stenosis with signifi cant balanced ischemia.

Discussion

This is an example of a patient with no perfusion defects but a decline in LVEF 
during peak stress, suggesting signifi cant left main or 3-vessel CAD. A CT coronary 
angiogram reveals severe calcifi ed CAD with tight distal LM stenosis. As discussed 
in Chapter 14, extensive calcifi cation can overestimate the degree of luminal narrow-

FIGURE 20. Selected multiplanar 
reformats of the CT coronary angio-
gram demonstrating extensive calcifi ed 
coronary plaque in the left main (LM), 
left anterior descending (LAD), and 
left circumfl ex (LCX) coronary arter-
ies. Diag, fi rst diagonal branch.



ing due to blooming artifact on the CT images. The combined procedure helped 
identify signifi cant left main stenosis noninvasively.

Follow-up

Invasive coronary angiography confi rmed left dominant system with 70% distal LM, 
80% ostial LAD stenosis, and 70% LCX stenosis. Patient had progressive anginal 
symptoms necessitating intra-aortic balloon pump in the catheterization laboratory 
and underwent CABG surgery.

 Case 12 Integrating Myocardial Perfusion and CT Coronary Angiography to 
Diagnose and Manage High-Risk Patients

Clinical History

A 56-year-old male with dyslipidemia was evaluated for typical anginal symptoms.

Past Medical History

The patient underwent an exercise treadmill test in May 2005 and exercised for 11:45 
minutes to a maximal heart rate of 143 bpm and a maximal blood pressure of 
180 mm Hg. He experienced mild chest pain and arm tingling without ECG changes. 
A technetium-99m (99mTc)-sestamibi study performed at an outside hospital was 
reported as a fi xed inferior wall defect with a diagnosis of inferior wall scar versus 
diaphragmatic attenuation. Despite maximal medical therapy, the patient continued 
to have ongoing symptoms but declined coronary angiography. Hence, he was referred 
for a rest-stress 82Rb PET with CT coronary angiography.

Electrocardiogram

Normal.

Medications

Aspirin, Zocor, Atorvastatin

Study Protocol

Imaging protocol: Rest-gated stress study with two separate injections of 60 mCi of 
82Rb and a prescan delay of 120 seconds.

Stress protocol: Standard dobutamine infusion to a maximum of 40 mcg/kg/min. The 
maximal heart rate was 104 bpm (73% age predicted maximal heart rate) with a 
maximal RPP of 17745. The patient tolerated the infusion well without symptoms 
or ECG changes.

Gated cardiac CT (coronary CT angiography): A breath-hold cardiac CT study was 
performed on the 64-slice CT scanner with a rotation time of 0.33 second using a 
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total of 85 mL of Ultravist 370. The patient was premedicated with 15 mg of IV 
Lopressor and 0.4 mg of SL nitroglycerin prior to the study with an average heart 
rate of 66 bpm prior to the scan.

Findings

 A. Image quality:
1. Emission images: Excellent.
2. Transmission images: Excellent.
3. Registration of transmission and emission images: Excellent.
4. CT coronary angiogram: Excellent.

 B. Rest-stress 82Rb perfusion images: Normal left ventricular size. There was a small 
but severe perfusion defect involving the mid- and basal inferior and the basal 
inferoseptal walls, showing complete reversibility (Figure 21).

FIGURE 21. Dobutamine stress and rest 82Rb images in corresponding short axis, vertical long 
axis, and horizontal long axis slices. The short axis slices represent progression from the apical 
(left) to the basal (right) part of the heart and are oriented with the anterior wall on the top, 
the lateral wall to the right, the inferior wall at the bottom, and the interventricular septum to 
the left. The vertical long axis slices represent progression from the septum (left) to the lateral 
(right) wall and are oriented with the anterior wall on the top, the inferior wall at the bottom, 
and the LV apex to the right. The horizontal long axis slices represent progression from the 
inferior (left) to the anterior (right) wall and are oriented with the septal wall on the left, the 
lateral wall to the right, and the LV apex on the top. The stress images demonstrate a medium-
size and severe perfusion defect involving the mid- and basal inferior and basal inferoseptal 
walls, showing complete reversibility.



 C. Gated PET images: Gated PET images demonstrate inferior wall hypokinesis 
during peak stress with an EF of 61% that remained unchanged at rest.

 D. Gated Cardiac CT: Figure 22 demonstrates selected multiplanar reformatted 
cardiac CT images (A) and corresponding views of catheter-based coronary angi-
ography (B). Right dominant coronary anatomy with normal coronary ostia.
Left main coronary artery: A small calcifi ed plaque with 20% stenosis.
Left anterior descending: The proximal LAD coronary artery shows a long 

complex mixed plaque with 70% stenosis. The mid-LAD distal to the takeoff 
of the second diagonal branch shows a small discrete calcifi ed plaque with 
>70% stenosis. The distal LAD is visualized but too small in caliber to defi ne 
stenosis. The fi rst diagonal branch is small in caliber but patent. The second 
diagonal branch is a good-caliber vessel with a 50% stenosis.

Left circumfl ex coronary artery: The proximal LCX shows a 50% to 70% stenosis. 
The fi rst and second OM branches are patent without stenosis.

Right coronary artery: The proximal RCA shows two sequential plaques with 50% 
and 70% stenosis. The mid-RCA shows a total occlusion (arrow). The distal 
RCA shows a long complex plaque with 90% stenosis. The acute marginal, 
posterior descending, and fi rst posterolateral branches are well visualized and 
without angiographic stenosis.

 E. Ancillary fi ndings: None.

FIGURE 22. Selected curved multiplanar reformats of the CT coronary angiogram (A) and 
corresponding views of the catheter-based coronary angiogram (B). The CT images demon-
strate a severely calcifi ed plaque in the proximal left anterior descending (LAD; arrow in left 
upper panel), and severe noncalcifi ed plaques in the proximal left circumfl ex (LCX; arrow in 
mid upper panel), and mid-right coronary artery (RCA; arrow, right upper panel), correlating 
with areas of signifi cant stenoses in the conventional coronary angiogram. Diag, fi rst diagonal 
branch.
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Final Impression

Severe hemodynamically signifi cant 3-vessel CAD.

Discussion

Severe angiographic stenosis of the RCA that was fl ow limiting on the stress PET study. 
Extensive areas of calcifi ed and noncalcifi ed coronary atherosclerosis in the LAD and 
LCX coronary arteries without evidence of stress-induced perfusion abnormalities on 
stress PET. However, the lack of increase in LVEF during peak stress was suggestive of 
signifi cant 3-vessel CAD. The integrated PET/CTA study was useful in defi ning the 
anatomic extent and physiologic signifi cance of CAD.

Follow-up

The patient underwent CABG with left internal mammary artery (LIMA) to left 
anterior descending artery, a vein graft to the RCA, and another vein graft to the 
LCX.

Case 13 Integrating Myocardial Perfusion and CT Coronary Angiography to 
Diagnose and Manage Patients with Suspected CAD

Clinical History

A 73-year-old male with dyslipidemia, family history of premature CAD, and smoking 
was referred for evaluation prior to esophageal surgery.

Electrocardiogram

Normal.

Medications

Atenolol, Zocor, Asprin

Study Protocol

Imaging protocol: Rest-gated stress PET study with two separate injections of 60 mCi 
of 82Rb and a prescan delay of 120 seconds.

Stress protocol: Standard Adenosine infusion (142 mcg/kg/min). The patient tolerated 
the infusion well without symptoms or ECG changes.

Gated cardiac CT (coronary CT angiography): A breath-hold cardiac CT study was 
performed on the 64-slice CT scanner with a rotation time of 0.33 second using a 
total of 85 mL of Ultravist 370. The patient also received 5 mg of IV Lopressor and 
0.4 mg of SL nitroglycerin prior to the study with an average heart rate of 58 bpm 
prior to the scan.



Findings

 A. Image quality:
1. Emission images: Excellent.
2. Transmission images: Excellent.
3. Registration of transmission and emission images: Excellent.
4. CT coronary angiogram: Excellent.

 B. Rest-stress 82Rb perfusion images: Normal left ventricular size. A medium-sized 
defect of severe intensity in the mid- and basal antero-lateral walls with signifi cant 
but not complete reversibility (Figure 23).

 C. Gated PET images: Gated PET images demonstrate a rest EF of 33% with global 
hypokinesis of the left ventricle worse in the inferior wall.

FIGURE 23. Adenosine stress and rest 82Rb images in corresponding short axis, vertical long 
axis, and horizontal long axis slices. The short axis slices represent progression from the apical 
(left) to the basal (right) part of the heart and are oriented with the anterior wall on the top, 
the lateral wall to the right, the inferior wall at the bottom, and the interventricular septum to 
the left. The vertical long axis slices represent progression from the septum (left) to the lateral 
(right) wall and are oriented with the anterior wall on the top, the inferior wall at the bottom, 
and the LV apex to the right. The horizontal long axis slices represent progression from the 
inferior (left) to the anterior (right) wall and are oriented with the septal wall on the left, the 
lateral wall to the right, and the LV apex on the top. The images demonstrate a medium-size 
defect of severe intensity in the mid- and basal antero-lateral walls with signifi cant but not 
complete reversibility.
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 D. Gated cardiac CT: Selected curved multiplanar reformatted cardiac CT images 
(Figure 24). Right dominant coronary anatomy with normal coronary ostia.
Left main: No stenosis.
Left anterior descending: The proximal and mid-LAD coronary artery shows two 

discrete calcifi ed plaques with 40% and 50% stenosis in cross section (not 
shown), respectively. The fi rst diagonal branch shows a 30% stenosis. No other 
diagonal branches were seen. The distal LAD and the fi rst septal perforator 
branch were well visualized and without stenosis.

Left circumfl ex coronary: The proximal LCX shows a calcifi ed plaque with >90% 
stenosis after the takeoff of the fi rst OM branch. The fi rst and the second OM 
each have a calcifi ed plaque with 20% and 80% stenosis, respectively. The 
distal LCX was too small in caliber to adequately characterize.

Right coronary: The proximal RCA was normal. The mid- and distal RCA were 
ectatic with diffuse disease. The PDA and one right posterolateral branch were 
well seen but too small to adequately characterize.

 E. Ancillary fi ndings: None.

Final Impression

Hemodynamically signifi cant LCX CAD.

Catheter Coronary Angiogram Findings

Right dominant. No left main disease. No signifi cant LAD disease. Proximal LCX 
showed a 100% lesion with left-to-left collaterals. Mid-RCA showed a discrete 70% 
stenosis and a 90% stenosis of the ostial PDA.

Discussion

The CTA results show severe 2-vessel angiographic coronary artery stenosis. However, 
the stress PET images demonstrated physiologically signifi cant disease only in the 
LCX coronary artery. The presence of left-to-left collateral fl ow led to misinter-

FIGURE 24. Selected curved multiplanar reformats of the CT coronary angiogram demon-
strating severe calcifi ed coronary plaque in the proximal left anterior descending (LAD) and 
left circumfl ex (LCX), and obtuse marginal (OM) coronary arteries (right panel). The right 
coronary artery (RCA; left panel) is ectatic with extensive calcifi cations and a signifi cant 
stenosis in its mid-segment.



pretation of the total occlusion of LCX on the CT images, but PET images correctly 
diagnosed this to be most hemodynamically signifi cant. Thus the combined informa-
tion from both studies was complementary in making a diagnosis and appropriate 
management decisions.

Follow-up

Percutaneous intervention of the LCX was attempted but unsuccessful. RCA was 
stented using a drug-eluting stent.

 Case 14 Normal PET/CT with Incidental CT Findings

Clinical History

A 65-year-old female with hypertension, family history of premature CAD, and prior 
chest radiation therapy was evaluated for atypical chest pain.

Electrocardiogram

Normal.

Medications

Lopressor, Verapamil, Irbesartan, Hydrallazine

Study Protocol

Imaging protocol: Gated rest followed by gated stress study with two separate injec-
tions of 60 mCi of 82Rb and a prescan delay of 120 seconds.

Stress protocol: Standard dipyridamole infusion (0.14 mg/kg/min) for 4 minutes 
without symptoms or ECG changes.

Findings

 A. Image quality:
1. Emission images: Excellent.
2. Transmission images: Excellent.
3. Registration of transmission and emission images: Good.

 B. Rest-stress 82Rb perfusion images: Normal left ventricular size. There were no 
rest or stress myocardial perfusion defects.

 C. Gated PET images: Demonstrated a rest LVEF of 70%. There were no regional 
wall motion abnormalities. The RV function appeared normal.

 D. Ancillary fi ndings: The CT transmission images demonstrated a focal cystic lesion 
in the right breast measuring 11 × 11 × 9 mm (Figure 25).
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FIGURE 25. Axial CT transmission image demonstrating an incidental focal cystic lesion in 
the right breast measuring. 11 × 11 × 9 mm.

Final Impression

The PET images demonstrate no evidence of fl ow-limiting CAD. However, there is 
evidence of a large breast cyst on the CT scan at the site of recent surgery for breast 
cancer and confi rms fi ndings described on a prior breast ultrasound.

Discussion

It is important to systematically review all the imaging data. In this case, the CT 
transmission images demonstrated clinically relevant extracardiac fi ndings.

Follow-up

None.

Case 15 Normal PET/CT with Incidental CT Findings

Clinical History

A 56-year-old female with hypertension, dyslipidemia, and a family history of prema-
ture CAD was evaluated for atypical chest pain.

Electrocardiogram

Normal.



Medications

Verapamil, Irbesartan, Lopressor, Asprin

Study Protocol

Imaging protocol: Gated rest followed by gated stress study with two separate injec-
tions of 60 mCi of 82Rb and a prescan delay of 120 seconds.

Stress protocol: Standard dipyridamole infusion (0.14 mg/kg/min) for 4 minutes 
without symptoms or ECG changes.

Findings

 A. Image quality:
1. Emission images: Excellent.
2. Transmission images: Excellent.
3. Registration of transmission and emission images: Good.

 B. Rest-stress 82Rb perfusion images: Normal left ventricular size. There was a small 
defect of mild intensity in the mid- and apical anterior walls with mild 
reversibility.

 C. Gated PET images: Demonstrated a rest LVEF of 67% that was essentially 
unchanged at 68% during peak stress. There were no regional wall motion abnor-
malities. The RV function appeared normal.

 D. Ancillary fi ndings: The CT transmission images demonstrate an ill-defi ned, 
ground-glass opacity (1.2 cm) in the left upper lobe (arrow, Figure 26). Differential 
diagnosis includes bronchoalveolar carcinoma or infl ammatory process.

Final Impression

The PET images demonstrate mild ischemia in the distribution of the mid-LAD coro-
nary artery. In addition, the ill-defi ned ground-glass opacity in the left upper lobe of 
the lung requires further evaluation by a dedicated chest CT.

FIGURE 26. Axial CT transmission image demonstrating an ill-defi ned ground-glass opacity in 
the left upper lobe (arrow). Differential diagnosis includes bronchoalveolar carcinoma or infl am-
matory process.
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Discussion

This case also shows relevant extracardiac fi ndings on the CT transmission images.

Follow-up

Dedicated chest CT scan without contrast was performed. It confi rmed the fi ndings, 
and a 6-month follow-up study was suggested to evaluate for stability.

Case 16 Normal PET/CT with Incidental CT Findings

Clinical History

A 62-year-old male with hypertension was evaluated for atypical chest pain prior to 
consideration of renal transplantation.

Electrocardiogram

Normal.

Medications

Lopressor, Enalapril, Furosemide, Mycophenolate mofetil, Levofl oxacin, Sodium 
polystyrene sulfonate

Study Protocol

Imaging protocol: Gated rest followed by gated stress study with two separate injec-
tions of 60 mCi of 82Rb and a prescan delay of 120 seconds.

Stress protocol: Standard dipyridamole infusion (0.14 mg/kg/min) for 4 minutes 
without symptoms or ECG changes.

Findings

 A. Image quality:
1. Emission images: Excellent.
2. Transmission images: Excellent.
3. Registration of transmission and emission images: Good.

 B. Rest-stress 82Rb perfusion images: Normal left ventricular size. There were no 
rest or stress myocardial perfusion defects.

 C. Gated PET images: Demonstrated a rest LVEF of 70%. There were no regional 
wall motion abnormalities. The RV function appeared normal.

 D. Ancillary fi ndings: The CT transmission images demonstrate innumerable hepatic 
cysts and ascites (Figure 27).

 E. Gated cardiac CT: There was extensive coronary artery calcifi cation. The Agatston 
coronary calcium score was 2685. This score is greater than the 90th percentile 
rank for men age 61 to 65 years.



Final Impression

The PET/CT images demonstrate extensive calcifi ed coronary atherosclerosis without 
evidence of fl ow-limiting coronary stenosis. In addition, numerous hepatic cysts were 
seen, which is consistent with known diagnosis of polycystic disease.

Discussion

This case also shows relevant extracardiac fi ndings on the CT transmission images.

Follow-up

None.

Case 17 Normal PET/CT with Incidental CT Findings

Clinical History

A 61-year-old male with diabetes was referred for a dipyridamole myocardial perfu-
sion PET study to evaluate for dyspnea and arrhythmias.

Electrocardiogram

Normal.

Cardiac Medications

Glyburide, Enoxaparin

Study Protocol

Imaging protocol: Gated rest followed by gated stress study with two separate injec-
tions of 60 mCi of 82Rb and a prescan delay of 90 seconds.

Stress protocol: Standard dipyridamole infusion (0.14 mg/kg/min) for 4 minutes 
without symptoms or ECG changes.
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Gated cardiac CT: Quantitative coronary calcium scores were calculated according 
to the method described by Agatston. Breath-hold gated cardiac CT was performed 
using a 16-channel CT scanner with a 0.5-second rotation time.

Findings

 A. Image quality:
1. Emission images: Excellent.
2. Transmission images: Excellent.
3. Registration of transmission and emission images: Good.

 B. Rest-stress 82Rb perfusion images: Normal left ventricular size. There no perfu-
sion defects on the stress or rest images.

 C. Gated PET images: Demonstrated a rest LVEF of 63% and ESVI 16 mL/m2. The 
LVEF during peak stress was 69% with ESVI 14 mL/m2. The LV volumes appeared 
normal. There were no regional wall motion abnormalities. The patient demon-
strated normal regional wall thickening. The RV function appeared normal.

 D. Ancillary fi ndings: The scout and CT transmission images demonstrate a col-
lapsed upper lobe of the right lung (Figure 28).

 E. Gated cardiac CT: There is extensive coronary artery calcifi cation. The Agatston 
coronary calcium score was 706. This score is between the 75th and the 90th per-
centile rank for men age 61 to 65 years.

Final Impression

Evidence of extensive calcifi ed coronary plaque burden. No evidence of dipyridamole-
induced perfusion abnormalities. Normal global LV systolic function. Evidence of 
collapsed upper lobe of the right lung.

Discussion

A dedicated chest CT scan diagnosed metastatic non–small cell lung cancer that 
resulted in collapse of the right upper lobe.

Follow-up

The patient underwent medical management for CAD and received chemotherapy for 
metastatic non–small cell lung cancer.

FIGURE 28. Axial CT transmission (left) and scout (right) images demonstrating a collapsed 
upper lobe of the right lung (arrows) corresponding to an area of known non–small cell lung 
cancer.



Case 18 Normal PET/CT with Incidental CT Findings

Clinical History

A 67-year-old female with known CAD and prior CABG was referred to us for a 
myocardial viability study to evaluate for recurrent chest pain. She had a history of 
ST elevation MI in the anterior wall (1 week prior), due to thrombotic occlusion 
of her saphenous vein graft (SVG) graft to LAD. A percutaneous intervention was 
attempted but was unsuccessful.

Electrocardiogram

Normal sinus rhythm, anterior wall MI, age indeterminate.

Cardiac Medications

Lopressor, Captopril, Aspirin, Atorvastatin

Study Protocol

Imaging protocol: Gated rest with 60 mCi of 82Rb and a prescan delay of 120 seconds.
Stress protocol: Not applicable.
FDG study: The patient received 50 g of oral glucose and 20 IU of regular insulin IV 

to optimize myocardial glucose utilization. The patient received 11 mCi of FDG 
intravenously, and 60 minutes later (to allow for trapping of FDG in the myocar-
dium) gated PET images were acquired.

Findings

 A. Image quality:
1. Emission images: Excellent.
2. Transmission images: Excellent.
3. Registration of transmission and emission images: Good.

 B. Rest 82Rb and FDG PET images: Normal left ventricular size. There was a large 
perfusion defect in the mid- to distal anterior and anteroseptal walls with a 
matched reduction in FDG uptake (PET match) (Figure 29). In addition, there 
was a small perfusion defect in the inferolateral wall with preserved FDG uptake 
(PET mismatch).

 C. Gated PET images: Demonstrated a rest LVEF of 31% with akinesis of the mid- 
and apical anterior and anteroseptal walls with reduced regional wall thickening.

 D. Ancillary fi ndings: The CT transmission images demonstrate a focal collection in 
the pericardial space that is most consistent with hemopericardium (Figure 30). 
In addition, there is moderate bilateral pleural effusion.

Final Impression

The myocardial perfusion and FDG images demonstrate a large region of myocardial 
scar in the mid-LAD distribution and a small area of viable but hibernating myocar-
dium in the left circumfl ex territory. There is evidence of a pericardial effusion on 
the CT scan, and immediate evaluation was recommended.
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Discussion

A cardiac MRI study confi rmed the effusion as a hemopericardium, which was inter-
preted as the most likely the cause of ongoing chest pain. Localized hemopericardium 
was the result of a failed percutaneous intervention of the SVG to the LAD.

Follow-up

None.

FIGURE 30. Axial CT transmission (left) and scout (right) images demonstrating a focal col-
lection in the pericardial space that is most consistent with hemopericardium (upper arrow) 
and moderate bilateral pleural effusion (lower arrows).

FIGURE 29. Rest 82Rb and FDG images 
in corresponding short axis, vertical 
long axis, and horizontal long axis 
slices. The images demonstrate a large 
perfusion defect in the mid- to distal 
anterior and anteroseptal walls with a 
matched reduction in FDG uptake 
(PET match). In addition, there is a 
small perfusion defect in the inferolat-
eral wall with preserved FDG uptake 
(PET mismatch).
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chronic coronary artery disease with, 

287
disadvantages of, 286–287
dobutamine with, 287–288
as gold standard, 308
hyperenhancement with, 300

viability of, 305
left ventricular viability and, 299
revascularization and, 287–288
SPECT and, 287
stress-induced ischemia and, 306–307

Cardiac veins, 108
Cardiac-β-adrenergic receptors, 329
Cardiovascular disease, iodinated 

contrast agents with, 91
Carotid atherosclerosis, 183–184
Carotid plaque, 352–354
Carotid sinus, central nervous system 

and, 329–330
CASS. See Coronary Artery Surgery 

Study
CAT. See Chloramphenicol-acetyl 

transferase
Catecholamine

PET and, 331
reuptake of, 329

Catechol-o-methyltransferase (COMT), 
330, 331

Cavity enhancement, dobutamine 
echocardiography and, 318

CCD. See Charged coupled device
Cell therapy, 373–389
CellCept, 450
C-epinephrine, 332
CGP12177, 334
CGP12388, 334

β-receptors and, 338
PET with, 335

Charged coupled device (CCD), 374, 
377

Chemotherapy, 453
Chloramphenicol-acetyl transferase 

(CAT), 373
Cholesterol, CAD and, 347
CHRISTMAS trial, 298

Chronic coronary artery disease 
(CAD), 287, 295

case illustration of, 431–433
stress-induced ischemia and, 306

C-hydroxyephedrine, 332
Circumfl ex artery, 103
Classical histology, 387
Clinical imaging, 82Rb for, 135
CLIO. See Cross-linked iron oxide
CMR. See Cardiac magnetic resonance 

imaging
CNR. See Contrast-to-noise ratio
Cold pressor testing

methodological considerations of, 
168

myocardial blood fl ow responses to, 
166

Collagen, 304
atherosclerotic plaque and, 348, 353

Collimator, 3
Colonography, 27
Compartment analysis principles, 

46–50
activity concentration in, 48
arterial input function in, 48–49
assumptions in, 49–50

homogeneous compartment, 49
tracer concentration doesn’t 

perturb system, 49
capillary permeability in, 48
extraction fraction in, 47–48
Fick principle in, 47
generalized 2-compartment rubidium 

model using, 58–59
impulse response function in, 48–49
Renkin-Crone model of capillary 

permeability in, 52
requirements with, 49–50
single-compartment dynamics in, 

48–49
single-compartment rubidium model 

using, 56–57
single-tissue-compartment model in, 

47
3-compartment 13N-ammonia model 

using, 52–53
3-compartment FDG model using, 

62–63
3-compartment rubidium model 

using, 60
time-activity curve in, 49
tissue perfusion rate calculation in, 

47
tracer accumulation rate calculation 

in, 47
tracer-kinetic concepts in, 46–48
2-compartment 13N-ammonia model 

using, 52
2-compartment rubidium model 

using, 57–58
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unidirectional fi st-pass extraction in, 
47–48

Computed tomography (CT), 217, 351, 
373. See also Contrast-enhanced 
CT

acquisition v. reconstruction 
parameters for, 29

advantages of, 402
angiogenesis and, 401
angiography using, 26, 199
ascending aorta in, 95, 96, 101
atrioventricular septum in, 103
bronchus in, 95
cardiac gating for, 30–31
cardiac veins in, 108
circumfl ex artery in, 103
colonography, 27
contrast ranges (Hounsfi eld units) 

for, 29
convolution kernel with, 19
coronary arteries in, 97, 98, 99, 101, 

102, 105–107
coronary calcium and, 217
crista terminalis in, 99
CT angiography and, 217
defi ned, 19
descending aorta in, 96, 97, 102
development up to 1988 of, 20–21
diagnostic accuracy of, 218
direct Fourier method with, 21–22
electron beam, 22–24
fi ltered backprojection with, 19, 

21–22
fourth-generation, 21
functional signifi cance access of, 216
heart anatomy in, 94–109
history of, 19, 20–21, 34
image handling in, 22
image reconstruction in, 21–22
imaging methods using, 19
inferior vena cava in, 99, 102
instrumentation/principles of, 19–32
iodinated contrast agents for, 92
irregular heart rhythm and, 217
isotropic resolution with, 26
left atrial appendage in, 96, 99
left atrium in, 98, 99, 100, 104
left ventricle in, 105
limitations of, 204–205, 216–217
mammary arteries in, 97
maximum-intensity projection with, 

26, 27
molecular imaging and, 379
multislice cone-spiral, 24–26
origin of, 19
patient handling in, 22
patient radiation exposure from, 112
pericardium in, 108–109
PET integrated with, 34–44, 215, 216, 

217, 218, 219, 220–221, 351

atherosclerotic plaques and, 
360–361

attenuation correction in, 39–41
BSO-based, 38, 39
case illustrations of, 413–454
current technology for, 36–39
design objectives for, 35–37
GSO-based, 37–39
implanted devices in, 41
initial prototype of, 36
LSO-based, 37–39
misregistration in, 40
patient motion in, 40
protocols for, 42–43
scaling factors in, 39–40
schematic of, 36
technologic advancement 

infl uencing, 36
pitch for, 29
prospective gating for, 30
pulmonary artery in, 95, 96, 99, 100, 

101, 103, 104
pulmonary veins in, 96, 101, 104
Q-tip sign in, 103
retrospective gating for, 30–31
right atrial appendage in, 95, 101
right atrium in, 94–101
right ventricle in, 97, 99, 101–104
right ventricular outfl ow tract in, 96
scan protocol design principles for, 

28–31
diagnostic symptoms in, 28
signal-to-noise ratio in, 28
slice thickness determination in, 

28
sinuses of Valsalva in, 96, 97, 98
slice width for, 30
slip-ring scanner, 24–26
stents and, 217
superior vena cava in, 94–95, 100, 101
table feed per revolution for, 29
temporal resolution and, 217
third-generation, 21
3D visualization techniques with, 

26–28
Accuimige VRT program for, 27
MIP method for, 26, 27, 193–194, 

195–198
ultrafast, multilevel, 22–24

Computed tomography angiography 
(CTA), 26, 204

Computed tomography dose index 
(CTDI), 112

COMT. See Catechol-o-
methyltransferase

Congenital anomalies, coronary 
arteries with, 208, 209–210

Congestive heart failure
hyperadrenergic state in, 338
sympathetic nervous system and, 329

Continuous signals, tracer uptake with, 
304

Contractile proteins, 303
Contrast-enhanced CT

acute myocardial infarction in, 272, 
273

delayed, 274
IVUS vs., 200

Contrast-enhanced MRI, 365–366
Contrast-to-noise ratio (CNR), 204
Convolution kernel, 19
Copper (II) -diacetyl-bis (N4-

methylthiosemicarbazone) 
(Cu-ATSM), 231

Coral, 377
Coreg, 429
Coronary angiography, 347

as gold standard, 349
with IVUS, 350

Coronary angiography tomography 
(CAT), 199, 217

accuracy with, 199
clinical applications, 200–201
image viewing, 193–194

MIP, 26, 27, 193–194, 195–198
SSD, 194
using EBCT, 194
VRT, 194, 195–198

methods, 191–193
published studies, 195, 198–200
scan acquisition

preprocedure, EBCT, 192–193
preprocedure, MDCT, 192

scanner statistics, 192
Coronary arteries, 97, 98, 99, 101, 102, 

105–107
aneurysms of, 210, 211
congenital anomalies of, 208, 

209–210
Coronary artery bypass graft (CABG), 

296, 425
in case illustration, 427, 441
case illustration of, 433–435, 

453–454
with mitral annuloplasty, in case 

illustration, 432
Coronary artery calcifi cation (CAC)

detection, quantifi cation of, 178–179
diagnostic value scoring, 179
disease progression, regression, 

180–181
extracoronary atherosclerosis with, 

183
signifi cance, 178

Coronary artery denotation, 195
Coronary artery disease (CAD), 

241–242, 283. See also Chronic 
coronary artery disease

3-vessel, 444
case illustration of, 453–454
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Coronary artery disease (CAD) (cont.)
CTA vs. MRI diagnosis accuracy, 

205–207
incidence of, 347
of LCX, 446
management of, 220–221
myocardial perfusion for

blood fl ow, 160
clinical blood fl ow, 152, 153
multivessel blood fl ow, 153–156

PET/CT for, 220
single-modality diagnosis of, 216–218

CT, 216
Coronary artery imaging, MDCT for, 

204–205
Coronary Artery Surgery Study 

(CASS), 217
Coronary atherosclerosis. See also

Extracoronary atherosclerosis
CAC, 178–182

detection, quantifi cation of, 
178–179

diagnostic value scoring, 179
disease progression, regression, 

180–181
signifi cance, 178

CAC scoring
asymptomatic subjects, 180
symptomatic subjects, 180

Coronary calcium, CT and, 217
Coronary calcium scoring

Agatston score, 179
asymptomatic subjects, 180
symptomatic subjects, 180

Coronary noncalcifi ed plaque
characterization of, 182–183
detection, quantifi cation of, 182
MDCT of, 182

Coronary stenosis, 436
in case illustration, 440

Coronary vascular disease (CVD)
EBCT detection of, 177
EBCT for, 177
MDCT for, 177
risk stratifi cation in, 180–181

Count-rate capacity, PET scanner 
design with, 8

Coxsackie-adenovirus receptors 
(CAR), 382

C-phenylephrine, 332
Creatine kinase, 285–286
Crista terminalis, 99
Cross-linked iron oxide (CLIO), 378
CT. See Computed tomography
CTA. See Computed tomography 

angiography
CT-based transmission imaging, 

gamma-ray vs., 141
CTDI. See Computed tomography dose 

index

CTDIw. See Weighted computed 
tomography dose index

Cu-ATSM. See Copper (II) -diacetyl-
bis
(N4-methylthiosemicarbazone)

CVD. See Coronary vascular disease
Cysts, 449
Cytokines, 366

atherosclerotic plaque and, 348
Cytoskeletal proteins, 303

D
Dead-time loss, 9
Death rates, 302
Delayed myocardial contrast 

enhancement, 284–285, 288–291
ECG and, 290
FDG metabolism and, 291
PET and, 291
pulse sequence techniques and, 290
SPECT and, 291
surface coils and, 290

Descending aorta, 96, 97, 102
DHPG. See Hydroxyphenylglycol
Diabetes, 239–241, 350

CAD and, 347
case illustration of, 423–425, 

425–427, 429–431, 433–435, 
438–441

coronary vasomotion, 170–171
myocardial perfusion PET and, 158
PET and, 319

Diabetic retinopathy, 394
Dichotomous signals, with tracer 

uptake, 304
Dihydroxyphenylalanine (DOPA), 331

cardiac autonomic nervous system 
and, 330

Dinofl agellates, 377
Dipyridamole, 129–130, 132, 171

contraindications to, 133
side effects of, 132

Dipyridamole myocardial perfusion, 
451

Dipyridamole stress, 416, 421, 422, 424, 
437

Direct molecular monitoring, 374
Disease, progression of, catecholamines 

and, 329
DLP. See Dose-length-product
Dobutamine, 287–288
Dobutamine, 130–131, 132

for vasodilator stress test, 127
Dobutamine echocardiography, 318

advantages of, 291
CMR with, 287–288
viability of, 319

Dobutamine stress PET/CT study, 
417–419, 442

DOPA. See Dihydroxyphenylalanine

Dose equivalent-radiation protection, 
120

Dose equivalent-radiation risk, 120
Dose-length-product (DLP), 113
Dosimetry. See also Radiation 

exposure
18F-FDG, 121
for lung CT, 121
occupational, 110–111, 115, 116, 117
for PA chest x-ray, 121
patient, 110–111

conversion factors, 113
effective dose determination, 

113–114
tissue-weighting factors, 111

radiological units, 120–121
radionuclides, 111
radiopharmaceuticals, 111
scan parameters and, 112

Double inversion recovery turbo-spin 
echo (2IR-TSE), 368

Dyskinesia, 290
Dyslipidemia, 350

case illustration of, 415–427, 429–431, 
433–435, 441–447, 448–450

Dyspnea, 427, 433
case illustration of, 451–453

E
EBCT. See Electron beam computed 

tomography
ECG. See Electrocardiogram
Echocardiography, 284. See also

Dobutamine echocardiography
advantages of, 308
stress-induced ischemia and, 307

18F-FDG. See Flourine-18 
fl uorodeoxyglucose

18O. See Oxygen-18
80Rb Chloride. See Rubidium -Choride 

80
82Rb. See Rubidium-82
Ejection fraction (EF), 297
Electrocardiogram (ECG)

cart, 125
gating, 204
lead placement, 127

Electron beam computed tomography 
(EBCT), 22–24

for CVD, 177
history of, 23
of myocardial perfusion, 271
operation principle for, 23
scan acquisition, 192–193
volume-rendered frame form, 24

Electronic personal detector (EPD), for 
radiation exposure, 114, 115

11C-acetate. See Carbon-11 acetate
11C-glucose. See Carbon-11 glucose
11C-palmitate. See Carbon-11 palmitate
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Enalapril, 434, 450
Endothelial function testing, 350–351
Endothelial markers, 403
Endothelin (ET), 335
EPD. See Electronic personal detector
EPI. See Carbon-11 epinephrine
E-selectin, 378
Esophageal surgery, case illustration of, 

444–447
Estrogen, 236–237
ET. See Endothelin
Euroinject One Trial, 397
Exercise, cardiac PET/CT imaging and, 

130–131
EXplore Optix system, 377
Exposure, 120
Extracellular matrix (ECM), 394
Extracoronary atherosclerosis

aortic, 183–184
with CAC, 183
carotid, 184

Extraction fraction, 47–48

F
F-18 fl uorodopamine (FDA), 332

half-life of, 333
F-18 fl uoroethoxybenzovesamicol 

(FEOBV), 333
Facial edema, iodinated contrast agents 

reactions of, 88
Family history

CAD and, 347
case illustration of, 425–427, 

433–438, 444–450
Fasting, 253
Fatty acid metabolism, PET tracers of, 

231–232
11C-palmitate, 231–232

Fatty streaks, 348
FBP algorithm. See Filtered 

backprojection algorithm
FDA. See F-18 fl uorodopamine
FDG. See Flourine-18 

fl uorodeoxyglucose
FEOBV. See F-18 

fl uoroethoxybenzovesamicol
FGF. See Fibroblast growth factor
FGF Initiating Revascularization Trial 

(FIRST), 382, 397
FHS. See Framingham Heart Study
Fibroblast growth factor (FGF), 383, 

401
Fibrosis, 304
Fick principle, 47
Field of view (FOV), 50
15O-water. See Oxygen-15 water
15O. See Oxygen-15
Filtered backprojection, 19, 21–22
Filtered backprojection algorithm (FBP 

algorithm), 14–15

Firefl y, 377
FIRST. See FGF Initiating 

Revascularization Trial
Flourine-18 fl uorodeoxyglucose (FDG), 

111, 113, 231, 232–233, 234, 
351–354

characteristics of, 74
dose calculations for, 121
half-life of, 79
imaging protocols, 252
patient preparation, 252–254

fasting, 253
free fatty acid inhibition, 254
glucose loading, 253
hyperinsulinemic euglycemic 

clamp, 253, 254
Patlak analysis with, 63–64
PET imaging of myocardial 

metabolism with, 62–64
schematic of uptake/retention with, 

80
single-scan approximate analysis 

with, 64
3-compartment model using, 62–63

Foam cells, 348
Fourier method, direct, 21–22
Framingham Heart Study (FHS), 361

case illustration of, 436–438
coronary risk score of, 349

Free fatty acid inhibition, 254
Functional imaging, 34

G
Gadofl uorine M, 365
Gadolinium, 285

atherosclerotic plaque and, 367
in MRI, 365

Gadolinium hyperenhancement, in 
CMR imaging, 319

Gadolinium oxyorthosilicate (GSO), 6
CT/PET integrated with, 37–39

Gamma-ray transmission imaging, 
CT-based vs., 141

Gated imaging, 16–17
of LV, 255–256

GB67, 334
Gene therapy, 373–389

evaluation of, 382–386
GFP. See Green fl uorescent protein
Giant cell arteritis, 351
Glucophage, 438
Glucose loading, 253
Glucose metabolic rate calculation, 

63
Glucose metabolism

macrophages and, 351
PET of, 297, 320

Glucose utilization, myocardial, 233
Glyburide, 451
GPCR. See G-protein-coupled receptor

G-protein-coupled receptor (GPCR), 
336

Granuloma, 415
Green fl uorescent protein (GFP), 373
GSO. See Gadolinium oxyorthosilicate

H
Hand-grip exercise, 286
Healthy aging, 236
Heart anatomy

ascending aorta in, 95, 96, 101
atrioventricular septum in, 103
bronchus in, 95
cardiac veins in, 108
circumfl ex artery in, 103
coronary arteries in, 97, 98, 99, 101, 

102, 105–107
crista terminalis in, 99
CT showing, 94–109
descending aorta in, 96, 97, 102
inferior vena cava in, 99, 102
left atrial appendage in, 96, 99
left atrium in, 98, 99, 100, 104
left ventricle in, 105
mammary arteries in, 97
pericardium in, 108–109
pulmonary artery in, 95, 96, 99, 100, 

101, 103, 104
pulmonary veins in, 96, 101, 104
Q-tip sign in, 103
right atrial appendage in, 95, 101
right atrium in, 94–101
right ventricle in, 97, 99, 101–104
right ventricular outfl ow tract in, 96
sinuses of Valsalva in, 96, 97, 98
superior vena cava in, 94–95, 100, 101

Heart failure
autonomic nervous system imaging 

with, 336–338
MQNB and, 338
NYHA classes of, 336, 338
parasympathetic nervous system and, 

338
postsynaptic autonomic receptors 

and, 338
sympathetic nervous system with, 

329
HED. See Carbon-11 

meta-hydroxyephedrine
Hemopericardium, 454
Hemorrhage, atherosclerotic plaque 

and, 363
Hepatic cysts, 449
Herpes simplex virus type 1 thymidine 

kinase (HSV1-tk), 380
Hibernating myocardium, 295–296

in case illustration, 432
PET and, 318

HIF. See Hypoxiainducible factor
HLA. See Horizontal long axis
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Homeostasis, parasympathetic nervous 
system and, 331

Horizontal long axis (HLA), 320
Hounsfi eld units (HU), 28–29

contrast ranges for body in, 29
HPLC, 335
HSV1-tk. See Herpes simplex virus 

type 1 thymidine kinase
HU. See Hounsfi eld units
Hybridoma technology, 400
Hydralazine, 447, 449
Hydrochlorothiazide, 417, 419
Hydroxyphenylglycol (DHPG), 330, 331

in heart failure, 336
Hyperadrenergic state, in congestive 

heart failure, 338
Hypercholesterolemia, 348
Hyperenhancement, 300

with gadolinium, 319
viability and, 321

Hyperhomocysteinemia, CAD and, 347
Hyperinsulinemic euglycemic clamp, 

253, 254
Hyperlipidemia

case illustration of, 436–438
drug therapy for, 349

Hypertension, 350
CAD and, 347
case illustration of, 417–429, 433–435, 

438–441, 447–451
drug therapy for, 349
iodinated contrast agents reactions 

of, 88
Hypertension, 237
Hypotension, iodinated contrast agents 

reactions of
bradycardia with, 88
tachycardia with, 88

Hypoxia, 394
defi ned, 396
imaging of, 399–400

Hypoxiainducible factor (HIF), 396

I
ICRP. See International Commission 

on Radiological Protection
IDCM. See Idiopathic dilated 

cardiomyopathy
Idiopathic dilated cardiomyopathy 

(IDCM), 239
Imaging protocols, 215, 216

18F-FDG, 252
Imdur, 425
Implanted devices, CT/PET with, 41
Impulse response function (IRF), 

48–49
Indirect molecular imaging, 374–375
Inducible ischemia, 306
Infarct-zone viability, 299
Inferior vena cava, 99, 102

Infl ammation, 394
CAD and, 347

Informed consent, 128
Inotropic agents, dobutamine, 127, 

130–131
Insulin-resistant states, coronary 

vasomotion, 170–171
Integrated PET/CT, 34–44, 215, 216, 

217, 218, 219, 220–221, 351
atherosclerotic plaques and, 360–361
attenuation correction in, 39–41
BSO-based, 38, 39
case illustrations of, 413–454
current technology for, 36–39
design objectives for, 35–37
GSO-based, 37–39
implanted devices in, 41
initial prototype of, 36
LSO-based, 37–39
misregistration in, 40
patient effective doses from, 113, 114
patient motion in, 40
protocols for, 42–43
scaling factors in, 39–40
schematic of, 36
technologic advancement infl uencing, 

36
Integrins, 395, 401
Intercellular adhesion molecules, 395
Internal ribosomal entry site (IRES), 

384
International Commission on 

Radiological Protection (ICRP), 
111

Interstitial fi brosis, 304
Intra-aortic balloon pump, 441
Intraluminal thrombus, 360
Intramyocardial circumferential 

segment shortening, 289
Intravascular ultrasound (IVUS)

contrast-enhanced CT vs., 200
coronary angiography with, 350
MDCT vs., 200

Intraventricular conduction delay 
(IVCD), 429, 431

Iodinated contrast agents, 83–92
adverse drug event form for, 87
adverse reactions to, 84–85
at-risk patient screening before, 

85–87
breastfeeding with, 91
cardiovascular disease with, 91
classifi cation of, 83–84
comorbid conditions with, 91–92
CT using, 92
extravasation of, 90
management of reactions to, 87–89

bronchospasm in, 88
facial edema in, 88
hypertension in, 88

hypotension with bradycardia in, 
88

hypotension with tachycardia in, 88
laryngeal edema in, 88
pulmonary edema in, 88
seizures in, 88
urticaria in, 88

patient questionnaire for, 86
pheochromocytoma with, 91
pregnancy with, 91–92
preventive measures for reactions to, 

85
renal toxicity with, 89–90
sickle cell anemia with, 91
thyroid disease with, 91

Irbesartan, 447, 449
IRES. See Internal ribosomal entry site
IRF. See Impulse response function
Iron oxide contrast agents, 365–366
Irregular heart rhythm, CT and, 217
Ischemic cardiomyopathy, 301

revascularization and, 307
sestamibi with, 305

Ischemic preconditioning, 296
Isotropic resolution, 26
IVCD. See Intraventricular conduction 

delay
IVUS. See Intravascular ultrasound

J
Jellyfi sh, 377

K
KAT. See Kuopio Angiogenesis Trial
Kawasaki’s disease, 210, 211
Kayexalate, 450
Kuopio Angiogenesis Trial (KAT), 382, 

397

L
Lactate metabolism, 235–236
LAD. See Left anterior descending
Laryngeal edema, iodinated contrast 

agents reactions of, 88
Lasix, 423, 429, 432, 434, 450
LCX. See Left circumfl ex
LDL. See Low-density lipoprotein
Left anterior descending (LAD), 427, 

430, 437, 443, 446
Left atrial appendage, 96, 99
Left atrium, 98, 99, 100, 104
Left circumfl ex (LCX), 437, 443, 446
Left internal mammary artery (LIMA), 

444
Left main (LM), 437, 443, 446
Left ventricle (LV), 105

after revascularization, 262, 263
dysfunction, 251–252, 295

advanced degrees of, 321
case illustration of, 431–433



Index 461

dobutamine echocardiography and, 
318

myocardial hibernation, 251, 264
myocardial perfusion, 251
myocardial stunning, 250–251
single-photon radionuclide imaging 

and, 318
stress-induced ischemia and, 

306
gated imaging of, 255–256
mass determination, 278, 279
regional, global function of, 276
remodeling measures, 275, 276, 278
Simpson’s rule for, 278
volume determination, 277

Left ventricular ejection fraction 
(LVEF), 297–298

in case illustration, 426, 427, 428, 
440

ranges of, 321
Left ventricular hypertrophy, 237
Left ventricular myocardium, 

myocardial blood fl ow, 168
Leukocytes, atherosclerotic plaque and, 

348
Levaquin, 450
Levoxyl, 417
LIMA. See Left internal mammary 

artery
Line of coincidence (LOC), 3

attenuation corrections with, 10
Lipid core, 363
Lipitor, 415, 425, 429, 432, 438, 441, 

453
Lisinopril, 417, 423, 429
LLD. See Lower-level discriminator
LM. See Left main
LOC. See Line of coincidence
Lopressor, 423, 425, 432, 447, 449, 450, 

453
Lovenox, 425, 429, 432, 451
Low-density lipoprotein (LDL), 361, 

363
CAD and, 347
phagocytosis of, 367

Lower-level discriminator (LLD), 5
LSO. See Lutetium oxyorthosilicate
Lung cancer, 453
Lung CT, dose calculation for, 121
Lutetium oxyorthosilicate (LSO), 6

CT/PET integrated with, 37–39
LV. See Left ventricle
LV end-systolic volume index, 299
LVEF. See Left ventricular ejection 

fraction

M
Macrophages

atherosclerotic plaque and, 351
in atherosclerotic plaques, 367

Magnetic fi eld strength, 283
Magnetic resonance imaging (MRI), 

19, 34, 204–205, 373
advantages of, 308, 402
angiogenesis and, 401
atherosclerotic disease and, 351
atherosclerotic plaque and, 360–370
contrast-enhanced, 365–366
coronary, 210, 211
gadolinium in, 365
molecular, 366–369, 377–379
multicontrast, 363–365
perfusion and, 399
protons and, 283
reformatted, 207
whole-heart coronary, 207

Magnetic resonance spectroscopy 
(MRS), 285–287

Male gender, CAD and, 347
Mammary arteries, 97
MAO. See Monoamine oxidase
Markers, endothelial, 403
Matrix metalloproteinases (MMP), 366, 

367
Maximum-intensity projection (MIP), 

26, 27, 193–194. 195–198
Maximum-likelihood expectation-

maximization method (ML-EM 
method), 14

MDCT. See Multidetector-row spiral 
computed tomography

Medulla, cardiac autonomic nervous 
system and, 320

MESA. See Multiethnic Study of 
Atherosclerosis

Mesothelioma, case illustration of, 
438–441

Messenger ribonucleic acid (mRNA), 
374

Metabolic imaging, by PET, 318–319
Methoxy-hydroxyphenylglycol 

(MHPG), 330
Methylquinuclidinyl benzilate 

(MQNB), 334, 335
heart failure and, 338

MHPG. See Methoxy-
hydroxyphenylglycol

Microvascular integrity, dobutamine 
echocardiography and, 318

MION. See Monocrystalline iron oxide 
nanoparticles

MIP. See Maximum-intensity projection
Misregistration

case illustration of, 419–422
CT/PET integrated with, 40
PET with, 15

ML-EM method. See Maximum-
likelihood expectation-
maximization method

MMP. See Matrix metalloproteinases

Molecular imaging
computed tomography and, 379
indirect, 374–375
MRI and, 377–379
optical, 377
with radionuclides, 379
techniques of, 377–379
ultrasound and, 379

Molecular monitoring, direct, 374
Molecular probes, 401–408
Monoamine oxidase (MAO), 330, 331

PHEN and, 333
Monoclonal antibodies, 400
Monocrystalline iron oxide 

nanoparticles (MION), 378
Mortality, revascularization and, 302
MQNB. See Methylquinuclidinyl 

benzilate
MRI. See Magnetic resonance imaging
MRNA. See Messenger ribonucleic acid
MRS. See Magnetic resonance 

spectroscopy
Multicontrast MRI, 363–365
Multidetector-row spiral computed 

tomography (MDCT), 185–186, 
250–251

after revascularization, 211, 212
coronary artery imaging, 204–205
of coronary noncalcifi ed plaque, 182
for CVD, 177
IVUS vs., 200
scan acquisition, 192

Multiethnic Study of Atherosclerosis 
(MESA), 361

Muscarinic receptors, 331
Myocardial blood fl ow

assessing, 270, 271
atherosclerosis, 169
cold pressor testing, 166
coronary circulatory function

of left ventricular myocardium, 
168

total integrated vasodilator 
capacity, 165–166

diabetes mellitus, insulin-resistant 
states, 169–170

coronary vasomotion, 170–171
dipyridamole stimulation of, 171
dobutamine-atropine stress vs.

dipyridamole, 132
fl ow measurement prognostic values, 

171–172
Kaplan Meier analysis, 171

hyperemic
caffeine and, 131
stressors on, 131–132

measurements
80Rb chloride with, 164
13N with, 161–164

PET of, 297
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Myocardial blood fl ow (cont.)
PET-base measurements of, 

13N-ammonia with, 161–162
schematic representation of, 166
tomographic imaging of, 271

Myocardial energy metabolism, 286
Myocardial glucose utilization, 233, 

234, 235
Myocardial hibernation, LV, 251, 264
Myocardial imaging protocols

clinical imaging, 82Rb for, 135
multi-frame dynamic imaging, 138
PET and PET/CT, 135, 136–138, 

148
single-frame gated imaging, 135, 138

Myocardial infarction (MI). See also
Acute myocardial infarction

atherosclerotic plaques and, 347
cardiac cell therapy and, 387
case illustration of, 429–431, 

453–454
incidence of, 347
magnetic resonance after, 289

Myocardial ischemia, 286
Myocardial metabolism, 236–242

diabetes, 239–241
estrogen effects, 236–237
fatty acid analogues, 232
healthy aging, 236
hypertension, 237
imaging challenges, 229
lactate, 235–236
left ventricular hypertrophy, 237
nonischemic cardiomyopathy, 

237–239
obesity-insulin resistance, 241
overview, 227–229
plasticity, 228
purvate, 235
research contributions, coronary 

artery disease, 241–242
Myocardial oxidative metabolism, 

measures of, 260
Myocardial perfusion

case illustration of, 436–444
EBCT of, 271
functional recovery prediction, PET 

for, 259
LV, 251

Myocardial perfusion imaging
glucose-loaded imaging patterns and, 

254
quantitative imaging of, 50–62

nitrogen-13/ammonia in, 51–54, 
73–76

oxygen-15 in, 50–51, 78
perfusion measurement techniques 

comparison for, 60–61
rubidium-82 in, 54–60, 76–78

special considerations, 254–255

Myocardial perfusion PET, 62–66, 
141

2D vs. 3D acquisition, 142–143
C-acetate measurement of oxygen 

consumption in, 65–66
CAD monitoring with, 156–157
clinical CAD, 152
diabetics and, 158
dynamic vs. gated, 142
fi rst-pass, 142–143
fl ourine-18 fl uorodeoxyglucose in, 

62–64, 79–80
multiframe, 142
multivessel CAD, 153–156
obesity and, 158
patient position, 139
patient selection for, 157
pharmacological stress and, 157
preclinical CAD, 151, 154, 152
respiratory gating, 141
risk stratifi cation, 157–158
scout scan, 139–140
single-frame gated, 139–140
techniques in assessment of, 50–66
transmission scan, 140, 141
women, 157

Myocardial perfusion-FDG, with PET, 
PET/SPECT, 260, 261

Myocardial receptor imaging, targets 
for, 335

Myocardial stunning, LV, 250–251
Myocardial thickness, 288
Myocardial viability

assessment of, 295
history of, 296

hybrid SPECT, FDG PET approach, 
254–255

LV volumes, function and, 255, 256
PET assessment of

18F-FDG with, 252, 254, 255, 256, 
257

11C-acetate with, 258–259

N
Nabumetone, 417
NE. See Norepinephrine
Near-infrared spectroscopy, 350
NEC. See Noise equivalent counts
Net tissue fl ux, oxygen-18 

concentrations with, 50
New crystals, 322
New York Heart Association (NYHA), 

336
99mTc-sestamibi, 111
99mTc-tetrofosmin, 111
99mTc, 111
Nitric oxide (NO)

CAD and, 348
endothelial function testing and, 

350–351

Nitrogen-13 (13N), 135, 136. See also
13N-ammonia

carbon monoxide with, 78
extraction fraction with, 75
half-life for, 73
myocardial blood fl ow measurements 

with, 161–164
myocardial perfusion imaging with, 

51–54, 73–76
physiologic considerations for, 60
properties of, 74, 111
schema of ammonia with, 74
stress effects with, 76
3-compartment model using, 52–53
2-compartment model using, 52
water with, 78

NMN. See Normetanephrine
NO. See Nitric oxide
Noise equivalent counts (NEC), 8
Noninvasive testing modalities, 

307–320
Nonischemic cardiomyopathy, 237–239
Norepinephrine (NE), 331

cardiac autonomic nervous system 
and, 330

EPI and, 332
heart failure with, 336
synaptic nerve endings with, 331

Normetanephrine (NMN), 330
Norvasc, 425
NYHA. See New York Heart 

Association

O
Obesity

case illustration of, 427–429, 
433–435

myocardial perfusion PET and, 158
Obesity-insulin resistance, 241
Occlusive coronary artery stenosis, 

347
OCT. See Optical coherence 

tomography
Optical coherence tomography (OCT), 

350
Ordered-subsets expectation-

maximization algorithm 
(OS-EM algorithm), 14–15

OS-EM algorithm. See Ordered-subsets 
expectation-maximization 
algorithm

Oxidized low-density lipoprotein 
(oxLDL), 367

OxLDL. See Oxidized low-density 
lipoprotein

Oxygen-15 (15O), 230
blood-count contamination of tissue 

compartment with, 51
myocardial perfusion imaging with, 

50–51, 78
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net tissue fl ux with, 50
physiologic considerations for, 60
properties of, 111

Oxygen-15 water (15O water), 136
Oxygen-18 (18O), 3

P
Pacemakers, 425
PACS. See Picture archiving and 

communications network
Parasympathetic nervous system

heart failure and, 338
homeostasis and, 331

Patient management
LV function prediction, 261
risk stratifi cation, 265
survival, 264, 265
sympton improvements, 263–264
vasodilator stress test, 127
viability data, 261, 262

Patient motion, CT/PET integrated 
with, 40

Patlak analysis, FDG with, 63–64
Paxil, 415
PCr. See Phosphocreatine
PDA. See Posterior descending artery
PDW. See Protein-density-weighted
PEGylation, 408
Perfusion, imaging of, 399
Pericardium, 108–109
PET. See Positron emission 

tomography
PET match pattern, 431, 452
Phagocytosis, of LDL, 367
PHEN. See Carbon-11 phenylephrine
Pheochromocytoma, iodinated contrast 

agents with, 91
Phosphocreatine (PCr), 285–286
Photomultiplier tubes (PMT), 4, 5
Picture archiving and communications 

network (PACS), 22
Pitch, 29
Planar imaging, 34
Plaque. See Atherosclerotic plaques
PMT. See Photomultiplier tubes
Polycystic disease, 451
Polymyalgia rheumatica, 351–352
Positron annihilation, 3–4
Positron decay event, 10
Positron emission tomography (PET), 

284, 373
advantages of, 308, 402
ammonia in, 337
anatomic CAD underestimation, 218
angiogenesis and, 401
attenuation corrections in, 10–12
of autonomic nerve function, heart 

failure with, 336–338
CAD vs. subclinical atherosclerosis, 

218

of carbohydrate metabolism
18F-FDG with, 232–233, 234
11C-glucose with, 232–233

carbon-11 acetate with, 337
case illustrations of, 413–454
catecholamines and, 331
CGP12177 with, 334
clinical CAD

PET and PET/CT diagnostic 
accuracy, 152

PET vs. SPECT, 3, 15, 152–153
compartment analysis, 46–50

arterial input function in, 48–49
assumptions in, 49–50
requirements with, 49–50
single-compartment dynamics in, 

48–49
single-tissue-compartment model 

in, 47
tracer-kinetic concepts in, 46–48

CT integrated, 34–44, 215, 216, 217, 
218, 219, 220–221, 351

atherosclerotic plaques and, 
360–361

attenuation correction in, 39–41
BSO-based, 38, 39
case illustrations of, 413–454
current technology for, 36–39
design objectives for, 35–37
GSO-based, 37–39
implanted devices in, 41
initial prototype of, 36
LSO-based, 37–39
misregistration in, 40
patient motion in, 40
protocols for, 42–43
scaling factors in, 39–40
schematic of, 36
technologic advancement 

infl uencing, 36
data corrections in, 8–9
data processing with, 13–15
dead-time loss in, 9
detectors, 4–6

coincidences processor of, 4, 5
confi guration of, 6
corrections, 9
random coincidences with, 5
schematic of, 4
scintillation crystals of, 4, 5

event detection overview for, 4
extracardiac activity with, 15–16
FDG with, 351

of atherosclerotic plaques, 351–354
fl owchart of data processing with, 9
functional recovery prediction with, 

259
gated imaging with, 16–17
gene therapy and, 384
HED with, 332

hypoxia and, 399
image quality in, noise equivalent 

counts for, 8
image reconstructions with, 14–15

FBP algorithm in, 14–15
ML-EM method in, 14
OS-EM algorithm in, 14–15

instrumentation/principles of, 3–17
iodinated contrast agents for, 83–92

adverse reactions to, 84–85
at-risk patient screening before, 

85–87
breastfeeding with, 91
cardiovascular disease with, 91
classifi cation of, 83–84
comorbid conditions with, 91–92
extravasation of, 90
management of reactions to, 87–89
pheochromocytoma with, 91
pregnancy with, 91–92
preventive measures for reactions 

to, 85
renal toxicity with, 89–90
sickle cell anemia with, 91
thyroid disease with, 91

ischemic cardiomyopathy and, 
301–302

metabolic imaging by, 318–319
misregistration with, 15
myocardial metabolism imaging, 62–

66, 228
C-acetate measurement of oxygen 

consumption in, 65–66
11C-acetate with, 230–231
15O with, 230
fl ourine-18 fl uorodeoxyglucose in, 

62–64
hypoxic agents with, 231

myocardial perfusion imaging with, 
50–62

nitrogen-13/ammonia in, 51–54, 
73–76

oxygen-15 in, 50–51
perfusion measurement techniques 

comparison for, 60–61
rubidium-82 in, 54–60

myocardial perfusion-FDG and, 260, 
261

non-invasiveness of, 329
optimal injected activity with, 16
of parasympathetic neurons, 334
patient radiation exposure from, 112
perfusion and, 399
practical considerations for, 15–17
quantitation principles for, 46–67
radiopharmaceuticals for, 73–81, 334

fl ourine-18 fl uorodeoxyglucose in, 
62–64, 79–80

myocardial metabolism imaging 
with, 62–66, 79–80
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Positron emission tomography (PET) 
(cont.)

myocardial perfusion imaging with, 
50–62, 73–79

nitrogen-13/ammonia in, 51–54, 
73–76

oxygen-15 water in, 50–51, 78
rubidium-82 in, 76–78

randoms corrections in, 10
reporter genes with, 379–382
reporter probes with, 379–382
scanner design for, 6–8

axial septa in, 7
count-rate capacity in, 8
image quality with, 8
spatial resolution in, 6–7

scatter correction in, 12–13
Sinogram representations for, 13–15
with technetium, 298
3D, 3, 7

2D v., 16
tracer uptake with, 318
tracers for, 332
2D

axial septa in, 7
3D v., 16

viability of, 305
Posterior descending artery (PDA), 427
Posteroanterior (PA) chest radiography, 

113., 121
Postsynaptic autonomic receptors, 

334–335
heart failure and, 338

Pravachol, 434
Pregnancy, iodinated contrast agents 

with, 91–92
Presynaptic catecholamine reuptake, 

329
Presynaptic parasympathetic 

innervation, 333–334
Presynaptic sympathetic innervation, 

336–337
Probe-enzyme imaging, 374
Probe-mRNA imaging, 374
Probe-receptor imaging, 374
Procrit, 428, 436
Programmed cell survival, 296
Prompt events, 10
Prospective gating, 30
Protein-density-weighted (PDW), 364
Pulmonary artery, 95, 96, 99, 100, 101, 

103, 104
Pulmonary edema, iodinated contrast 

agents reactions of, 88
Pulmonary veins, 96, 101, 104

Q
Q-tip sign, 103
Quantitative analysis, in viability 

studies, 303–304

R
Radiation exposure

breast and skin, 113, 114
breast cancer and, 114, 115
from CT scan, 112
deep-dose equivalent, 114, 115, 

116
EPDs for, 114, 115
European Union limits, 115, 116
internal radiopharmaceutical, 111
occupational, 115, 116, 117

contributions to, 116
dose limits, 116
reported does, 116–117

PET, 112
protection considerations, 117
SPECT, 112

Radioactivity, 120
Radiolabeled antisense oligonucleotide 

(RASON), 374
Radionuclide imaging, 379
Radionuclides

dosimetry of, 111
18F, 62–64, 79, 80, 111, 113, 231–234, 

252–254, 351–354
82RB, 54–60, 76–78, 111, 135, 136, 

221, 415
15O, 50–51, 60, 78, 111, 230
99mTc, 111
13N, 51–54, 73–76, 111, 135, 136
201Tl, 111

Radiopharmaceuticals
for myocardial metabolism 

assessment, 228
for PET, 334

Raman spectroscopy, 350
Ramp fi lter artifact, 15
Randomized Evaluation of VEGF for 

Angiogenesis in Severe 
Coronary disease (REVASC), 
397–398

Randoms corrections, PET, 10
Ranitidine, 428, 436
RASON. See Radiolabeled antisense 

oligonucleotide
Rate-pressure product (RPP), 418
RAVE. See Regional Angiogenesis 

with Vascular Endothelial 
growth factor

Receiver operating characteristic 
(ROC), 291

Receptor ligands, 334
Recombinant high-density lipoprotein 

(rHDL), 368, 369
Regional Angiogenesis with Vascular 

Endothelial growth factor 
(RAVE), 397–398

Regulatory peptides, 400
Renkin-Crone model of capillary 

permeability, 52

Reporter genes, 376
PET with, 379–382

Reporter probes, 376
PET with, 379–382

Respiratory gating, 141
Rest-redistribution imaging, 298
Retrospective gating, 30–31
REVASC. See Randomized Evaluation 

of VEGF for Angiogenesis in 
Severe Coronary disease

Revascularization, 265
benefi ts of, 291
CMR with, 287–288
ischemic cardiomyopathy and, 307
LV function after, 262, 263
LVEF after, 298, 299
MDCT after, 211, 212
mortality and, 302
scarring and, 305
single-photon radionuclide imaging 

and, 318
viability and, 319–322

Reverse transcriptase polymerase chain 
reaction (RT-PCR), 373

RHDL. See Recombinant high-density 
lipoprotein

Right atrial appendage, 95, 101
Right atrium, 94–101
Right coronary artery, 443, 446
Right ventricle, 97, 99, 101–104

volume determination, 277
Right ventricular outfl ow tract, 96
ROC. See Receiver operating 

characteristic
RPP. See Rate-pressure product
RT-PCR. See Reverse transcriptase 

polymerase chain reaction
Rubidium -Choride 80 (80Rb Chloride), 

myocardial blood fl ow 
measurements with, 164

Rubidium-82 (82Rb), 135, 136, 415
characteristics of, 74, 111
delivery system for, 76, 77

schematic of, 77
extraction fraction with, 75
extraction from plasma of, 77
generalized 2-compartment model 

using, 58–59
generator for, 76
half-life for, 76, 77–78
kinetics, 78
myocardial perfusion imaging using, 

54–60, 76–78, 221
arterial input function estimation 

in, 54–55
extraction from tissues in, 54

physical effects from, 61
physiologic considerations for, 60–61
single-compartment model using, 

56–57
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3-compartment model using, 60
2-compartment model using, 57–58

S
SA. See Short axis
Saphenous vein graft (SVG), 453–454
SC. See Slice collimation
Scarring

nontransmural, 305
transmural, 305

Scatter correction, 12–13
Scatter fraction (SF), 12
SCD. See Sudden cardiac death
Scintillation crystals, 4, 5
Seizures, iodinated contrast agents 

reactions of, 88
Sestamibi

ischemic cardiomyopathy with, 305
viability of, 305

SF. See Scatter fraction
Shaded surface display (SSD), 194
Short axis (SA), 320
Sickle cell anemia, iodinated contrast 

agents with, 91
Signal-to-noise ratio (SNR), 28, 206
Simpson’s rule, LV mass calculation 

with, 278
Simvastatin, 362
Single photon emission computed 

tomography (SPECT), 19, 34, 
284, 373

advantages of, 308, 402
angiogenesis and, 401
atherosclerotic plaques and, 352
CMR with, 287
heart failure and, 337
hypoxia and, 399
patient radiation exposure from, 112
perfusion and, 399
PET imaging compared to, 3, 15, 

152–153
sestamibi and, 305
stress-induced ischemia by, 306
viability of, 319

Single-photon radionuclide imaging, 
318

Single-scan approximate analysis, FDG 
with, 64

Sinograms
defi ned, 13
image reconstruction using, 9, 14–15
representations, 13–15

Sinus bradycardia, 433
Sinuses of Valsalva, 96, 97, 98
Skeletal myoblasts (SKM), 385
SKM. See Skeletal myoblasts
Slice collimation (SC), 29
Slice width (SW), 30
Smoking, 347, 350, 361

case illustration of, 444–447

SNR. See Signal-to-noise ratio
Society of Nuclear Medicine, 111
Somatostatin type 2 receptor (SSTr2), 

382
SPECT. See Single photon emission 

computed tomography
SSD. See Shaded surface display
SSFP. See Steady-state free precession
SSTr2. See Somatostatin type 2 

receptor
Standardized uptake values (SUV), 9
Starling’s law, 329
Steady-state free precession (SSFP), 

206
Stem cells, 373

cardiac cell therapy and, 385–389
Stenosis, 206

2D coronary MRI for, 206
angiographic measurements of, 155

Stents, CT and, 217
STICH. See Surgical Treatment of 

Ischemic Heart Disease
Stress test

Aggrenox and, 127
dobutamine for, 127, 130–131, 132
oral dipyridamole and, 127
patient anxiety and, 127

Stress testing
contraindications for, 132–133
pharmacological stressors, side 

effects of, 132–133
Stress-induced ischemia, 306–307

single-photon radionuclide imaging 
and, 318

Stroke, causes of, 360
Stunned myocardium, 295
Subclinical atherosclerosis, PET/CT 

for, 218
Subpleural granuloma, 415
Sudden cardiac death (SCD), 347
Superior vena cava, 94–95, 100, 101
Surgical Treatment of Ischemic Heart 

Disease (STICH), 302
SUV. See Standardized uptake values
SVG. See Saphenous vein graft
Sympathetic nervous system, congestive 

heart failure and, 329

T
T wave abnormalities, 433
T1. See T1-weighted
T1-weighted (T1), 363, 368
T2. See T2-weighted
T2-weighted (T2), 364, 368
Table feed (TF), per revolution, 29
TAC. See Time-activity curve
Tachycardia, hypotension with, 88
Takayasu arteritis, 351
TaqMan RT-PCR, 387
Technetium, 298

Tenascin-C, 367
Tetrofosmin, 306
TF. See Table feed
Tf-MION. See Transferrin-

monocrystalline iron oxide 
nanoparticles

TfR. See Transferrin receptors
Thallium

redistribution of, 286
viability of, 305

Thermography, 350
13N. See Nitrogen-13
13N-ammonia, 111

myocardial blood fl ow measurement 
with, 161–162

Thoracic aorta
atherosclerotic plaque in, 362
LDL and, 363

3D imaging
CT, 26–28, 193–194, 195–198
with echocardiography, 284
myocardial perfusion PET, 142–143
PET, 3, 7, 16

Thyroid disease, iodinated contrast 
agents with, 91

Time-activity curve (TAC), 49
Tissue perfusion rate calculation, 47
Toprol, 434
Tracer accumulation rate calculation, 

47
Tracer principle, 49
Tracer uptake, 304

with PET, 318
with single-photon radionuclide 

imaging, 318
Tracer-kinetic concepts, 46–48

capillary permeability in, 48
extraction fraction in, 47–48
Fick principle in, 47
impulse response function in, 48–49
tissue perfusion rate calculation in, 

47
tracer accumulation rate calculation 

in, 47
unidirectional fi st-pass extraction in, 

47–48
TRAFFIC, 397
Transferrin receptors (TfR), 375
Transferrin-monocrystalline iron 

oxide nanoparticles (Tf-MION), 
375

Transmission imaging, gamma-ray vs.
CT-based, 141

Transmural hibernation, 304
Tria. See Euroinject One
Tricor, 425
Triphenyl tetrazolium chloride (TTC), 

290
TTC. See Triphenyl tetrazolium 

chloride
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Tumor cell xenografts, 381
TUNEL apoptosis, 387
2D imaging

coronary MRI, 206
echocardiography with, 284
myocardial perfusion PET, 142–143
PET, 7, 16

2IR-TSE. See Double inversion 
recovery turbo-spin echo

201Tl, 111
210Tl-thallous chloride, 111
Tyrosine, cardiac autonomic nervous 

system and, 330

U
ULD. See Upper-level discriminator
Ultrasound, 373

advantages of, 402
molecular imaging and, 379

Unidirectional fi st-pass extraction, 
47–48

Upper-level discriminator (ULD), 5
Urticaria, iodinated contrast agents 

reactions of, 88

V
VAChT. See Vesicular acetylcholine 

transporter
Vascular endothelial growth factor 

(VEGF), 383, 401
in angiogenesis, 395
family of, 396
imaging of, 402–408

Vascular Endothelial Growth Factor in 
Ischemia for Vascular 
Angiogenesis (VIVA), 382, 397

Vascular ultrasonography, 351
Vasculogenesis, 394
Vasodilators

adenosine, 129–130, 133
dipyridamole, 127, 129–130, 132, 

133
VDDC. See Voltage-dependent calcium 

channel
VEGF. See Vascular endothelial 

growth factor
Vein grafts, 444
Ventricular systolic dysfunction, 424
Verapamil, 447, 449
Vertical long axis (VLA), 320
Vesicular acetylcholine transporter 

(VAChT), 331
Vesicular amine transporter (VMAT), 

330, 331
Vessel formation, 394–395
Vessel wall area (VWA), 363
Viability

comparative studies of, 309–317
of dobutamine echocardiography, 

318
with dobutamine echocardiography, 

319
left ventricular, 299
myocardial, case illustration of, 

429–435
revascularization and, 320–322

with SPECT, 319
thallium, 305

VIVA. See Vascular Endothelial 
Growth Factor in Ischemia for 
Vascular Angiogenesis

VLA. See Vertical long axis
VMAT. See Vesicular amine 

transporter
VOI. See Volume of interest
Voltage-dependent calcium channel 

(VDDC), 331
Volume of interest (VOI), 47
Volume-rendering technique (VRT), 

194, 195–198
VRT. See Volume-rendering technique
Vulnerable plaque. See Atherosclerotic 

plaques
VWA. See Vessel wall area

W
Weighted computed tomography dose 

index (CTDIw), 112
Women, myocardial perfusion PET 

and, 157

X
X-ray arteriography, 207

Y
Y-chromosome paint probes, 373

Z
Zocor, 417, 444
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