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Cardiovascular Applications
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An improved understanding of the pathophysiology of myocardial
ischemia combined with the development of new diagnostic modali-
ties has substantially modified the concepts of myocardial blood flow
(MBF) and left ventricular function in coronary artery disease (CAD).
Positron emission tomography (PET) has emerged as a unique tool to
characterize physiologic and pathologic processes, and it already plays
a significant role in different areas of clinical medicine, including car-
diology. Cardiac PET is based on the properties of positron emitters
and radiation detection to provide a noninvasive and in vivo assess-
ment of regional myocardial perfusion and metabolism. Different
study protocols have been largely used in the adult population to
detect and grade the severity of coronary artery disease during the last
two decades using cardiac PET technology. Further, cardiac PET using
fluorine-18 ("°F) 2-fluoro-2-deoxyglucose (FDG) is considered the gold
standard imaging modality for the assessment of myocardial viability
(1) and is well recognized as providing accurate information on the
long-term prognosis of the patients with chronic coronary ischemic
disease (2).

Positron emission tomography offers unique capabilities for nonin-
vasive assessment of regional myocardial function and can disclose
information of utmost importance for the more accurate understand-
ing of pathophysiologic processes and for the optimal management of
the diseased patient. By detecting the very early functional regional
abnormalities before the development of more severe structural
changes, PET imaging can be useful in providing improved and pre-
ventive care to the patient. Thus, cardiac PET imaging can offer a more
comprehensive understanding of the normal myocardial physiology
and early recognition of functional abnormalities. This is even more
important in pediatric cardiology where the early detection of myocar-
dial dysfunction may be helpful in choosing the appropriate manage-
ment for the prevention of long-term consequences. Recent surgical
and technical advances in pediatric cardiology make even more impor-
tant an accurate detection of potentially treatable coronary abnor-
malities. Positron emission tomography imaging’s high spatial and

407



408

Chapter 22 Cardiovascular Applications

temporal resolution provides better image quality, especially important
in small pediatric hearts, and it allows the quantification in absolute
terms of the MBF and regional myocardial metabolism. Single photon
emission computed tomography (SPECT) imaging quality is usually
limited by poor resolution and the low usable activity of thallium 201
(**'T1), whereas images obtained after the administration of technetium-
labeled compounds are compromised by the high liver activity in close
proximity to the small heart.

This chapter describes the basic principles of PET applied to the
study of the heart, and presents the current and potential future clini-
cal applications of cardiac PET in pediatric patients.

Principles of Emission Tomography Applied
to the Cardiovascular System

Positron emission tomography imaging features are based on the
physical properties of the positron decay. A positron has the same
characteristics as an electron, except for its positive charge. Positrons
are emitted from unstable nuclei (that have an excess of protons) that
dispose of their excess charge by emitting a positron. At the end of the
positron range, after losing its kinetic energy, a positron combines with
an electron and the two particles annihilate. The annihilation coinci-
dence detection of the two colinear 511-keV gamma rays photons,
emitted in diametrically opposite directions by opposing scintillator
detectors, is the essence of the PET imaging formation (3). To detect the
location of the annihilation event, detectors are placed on opposite
sides of the source and are connected in a coincidence detection circuit.
When a given event is recorded simultaneously, positron annihilation
is assumed to have taken place on the line between the detectors, and
hence the location can be accurately determined.

Radiopharmaceuticals

Cardiac PET studies are performed with radiopharmaceuticals speci-
fically synthesized to assess determined cardiac functions or biochemi-
cal processes and with radiopharmaceuticals that have applications in
other disciplines. The radiolabeled positron-emitting tracers used in
cardiac PET studies are produced by a cyclotron or by a generator
system. Currently, different processes of the heart have been studied
using different radiopharmaceuticals (Table 22.1). The radiation expo-
sure to PET radiotracers is lower compared to other radionuclides used
for nuclear cardiology studies (Table 22.2).

Evaluation of Myocardial Blood Flow

The development of suitable radiotracers and appropriate mathemati-
cal models applied to PET imaging has been shown to allow for the
noninvasive and accurate quantification of regional MBF. Different
radiotracers have been used for measuring MBEF, including nitrogen-
13-labeled ammonia (*NH,) (4-6), oxygen-15 (O)-labeled water (*°O-
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Table 22.1. Principal PET tracers for cardiac imaging

Mean
Physical positron

Radionuclide Radiopharmaceutical half-life range Production Cardiac application
BN Ammonia 10.0min  0.7mm Cyclotron  Blood flow
®Rb Rubidium chloride 78s 2.6mm Generator  Blood flow
0 Water 20min  1I1mm Cyclotron  Blood flow,

perfusable tissue

index
BF Deoxyglucose 110min  0.2mm Cyclotron  Glucose metabolism
nc Acetate 20min 0.28mm  Cyclotron  Blood flow, oxygen

palmitate

consumption fatty
acid metabolism

H,0) (7-9), the potassium analogue rubidium-82 (*’Rb) (10), copper-62
(®*Cu)-pyruvaldehyde bis(N4-methylthio-semicarbazone (*Cu-PTSM)
(11,12), gallium-68 (®Ga)-labeled albumin microspheres (13), and
potassium 38 (*K) (14). The choice of a specific radiotracer is finally
frequently determined by different factors besides their physical pro-
perties, such as an individual institution’s preference, experience, or
accessibility. Currently, ®NH; “O-H,O, and ¥Rb are the most widely
used PET perfusion tracers. Generator-produced *Rb has the advan-
tages of not requiring a cyclotron and having a very short half-life (78
seconds), making it attractive for one-session rest/stress imaging. *Rb
has a low first-pass myocardial extraction fraction (50% to 60%) that
results in a nonlinear uptake in relation to blood flow, particularly at
high flow rates (15). As a potassium analogue, *Rb is retained in the
myocardium and equilibrates with the cellular potassium pool.
Because of the dependence on the flow rate and the metabolic state,

Table 22.2. Dosimetry in cardiac pediatric nuclear medicine

"mTe-sestamibi  *'Tl1 ®N-ammonia “F-FDG

Effective dose equivalent (mSv/MBq)
Newborn (3.5kg)  0.120 11.00 0.0320 0.310
1-yr-old (10kg) 0.058 6.90 0.0130 0.100
5-yr-old (18kg) 0.041 4.90 0.0067 0.077
10-yr-old (31kg) 0.027 4.10 0.0043 0.050
15-yr-old (56 kg) 0.019 0.68 0.0028 0.038
Adult (70kg) 0.015 0.34 0.0022 0.030
Critical organ Kidney Kidney  Bladder wall = Bladder

wall

Dose equivalent per body weight

Newborn (3.5kg)  0.89 12.22 0.34 1.64
1-yr-old (10kg) 0.43 7.67 0.14 0.69
5-yr-old (18kg) 0.30 5.44 0.07 0.41
10-yr-old 31kg)  0.20 4.56 0.05 0.26
15-yr-old (56kg)  0.14 0.76 0.03 0.20
Adult (70kg) 0.11 0.38 0.02 0.16

Source: Modified from Radiopharmaceutical Internal Dose Information Center, Oak
Ridge Associated Universities, Oak Ridge, Tennessee.
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situations of hyperemia or metabolically impaired myocardium may
limit the accuracy for quantifying MBE. "NHj is a cyclotron-generated
myocardial perfusion tracer with a high first-pass extraction fraction,
a high tissue-to-blood contrast ratio within minutes following the
radiotracer administration, and a relatively short half-life (9.8 minutes)
that makes it also suitable for one-session studies. "*’NH; is metaboli-
cally trapped in the myocardium based on the glutamine synthetase
action. Under physiologic resting blood flow, the rate of metabolic
conversion of "NHj; to glutamine inside the myocytes is sufficiently
elevated to convert and retain a major fraction of "NH; delivered to
the myocardial tissue. However, in conditions of high flow, the amount
of "NH; delivered to the myocardial tissue exceeds the rate of con-
version to glutamine, and therefore a significant amount of "NHj is
returned to the capillary blood and removed from the tissue. To over-
come this nonlinear response to conditions of high flow rate, different
kinetic modeling approaches have been developed (16,17). To minimize
the limited spatial resolution of PET systems and the intrinsic motion
of the heart, additional corrections have been included to account
for the impact of the partial volume effect and spillover fraction
(18,19).

O-H,0 has several attractive properties as a myocardial perfusion
tracer including a high first-pass extraction fraction (nearly 100%), a
freely diffusible uptake and washout mechanism limited only by
myocardial perfusion, a much reduced accumulation of the tracer in
background organs, and finally a short half-life (122 seconds) that
permits repeated and sequential blood flow measurements. However,
the rapid washout of “O-H,O requires corrections to achieve a good
tissue-blood contrast, necessary for an accurate MBF quantification. To
correct for the high activity of "O-H,O in the blood pool, an additional
®O-carbon monoxide blood pool scanning, which binds hemoglobin
in the red blood cells, was required to define regions of interest and
delineate the vascular space. These correction techniques have recently
been optimized by the generation of myocardial images directly from
dynamic "O-H,O scans, not requiring the O-carbon monoxide blood
pool scan (20,21).

Evaluation of Fatty Acid Metabolism and Oxygen Consumption

Cardiomyocytes metabolize various substrates as source of energy.
Under fasting conditions, free fatty acids are the primary source of
energy. Free fatty acids are extracted by the myocardium and, after the
formation of long-chain acyl-coenzyme A (CoA), predominantly enter
the mitochondria to suffer B-oxidation prior to going into the tricar-
boxylic acid cycle. The rate of fatty acid oxidation is controlled by the
rate of transfer into the mitochondria. "C-palmitate, a 16-carbon, long-
chain fatty acid, was the first PET radiotracer used to assess regional
cardiac metabolism. Clearance of "C-palmitate follows a bioexponen-
tial kinetic model. The initial rapid-phase clearance reflects the imme-
diate oxidation and the elimination of carbon dioxide. The second
phase is believed to represent the incorporation of the radiotracer into
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Figure 22.1. Radiotracers that can be used by PET to investigate different
myocardial metabolic pathways.

the lipid metabolism as triglycerides and its final oxidation (22). The
kinetics of "C-palmitate may theoretically be useful to evaluate cardiac
metabolism in situations of ischemic compromise. During ischemia, the
rate of elimination of "C-palmitate is decreased with a reduced oxida-
tion of fatty acids. On the other hand, the increased cardiac work would
produce an accelerated clearance of the radiotracer as the oxidative
metabolism would be increased. However, the main disadvantage of
this compound is the complexity of its kinetics because a very rapid
clearance from the blood pool and B-oxidation allows only a very short
time of analysis (Fig. 22.1).

To overcome the limitations presented by "C-palmitate, ""C-acetate
has been proposed as an alternative to evaluate oxidative cardiac
metabolism (23,24). "C-palmitate is extracted proportionally to MBF
with a first-pass extraction fraction of approximately 50% under resting
conditions. Once inside the myocyte, "C-palmitate is converted to "C-
acetyl-CoA, which enters the tricarboxylic acid cycle in the mitochon-
dria (21,22). Clearance of "C activity in the form of "C-CO, does not
occur for 4 to 5 minutes after tracer delivery, reflecting MBF except in
conditions of high oxygen demand. Kinetics of "C-palmitate has
allowed the quantification of oxygen consumption from the myocar-
dial clearance rate as a parameter of the oxidative metabolism and MBF
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and its correlation with the presence of ischemia when this oxygen con-
sumption diminishes (25-27).

Evaluation of Glucose Metabolism

In contrast to fasting conditions where free fatty acids predominate as
a source of myocardial energy, after an ingestion of carbohydrates
plasma glucose and insulin levels increase and levels of free fatty acids
decline. In response, oxidation of free fatty acids decreases and uti-
lization and oxidation of glucose increases. When myocardial ischemia
ensues, contractile function declines, oxidation of free fatty acids
decreases, and uptake and metabolism of glucose increase. Then
glucose transport and metabolism are upregulated during ischemic
conditions and after the complete resolution of these episodes, most
likely due to an upregulation of the glucose transporter GLUT-1 (28,29).
Regional cardiac glucose metabolic activity can be assessed with *F-
FDG. The positron emitter '°F (with a half-life of 109 minutes) linked
to the glucose analogue FDG, passes the cellular membrane through
facilitated diffusion, mostly mediated by the insulin-sensitive protein
carrier GLUT-4 (30). Inside the myocyte the radiotracer is subjected
to the first step of glycolysis by a hexokinase-mediated phosphoryla-
tion to FDG-6-phosphate. The phosphorylated glucose analogue
becomes metabolically trapped in the myocardium so that the regional
tracer activity concentrations reflect regional rates of exogenous
glucose utilization. A more favorable standardized assessment of
myocardial glucose utilization has been achieved assuming the condi-
tions would have remained the same under physiologic and patho-
physiologic conditions, by applying the so-called lumped constant,
which corrects for the different kinetics affinities between '*F-FDG and
glucose itself (31).

Noninvasive approaches that assess exogenous glucose utilization,
therefore, play an important role in the evaluation of myocardial via-
bility in patients with coronary ischemic disease and left ventricular
dysfunction. Because dysfunctional myocardium that can recover func-
tion after revascularization must retain sufficient blood flow and meta-
bolic activity to sustain myocytes, the combined assessment of regional
MBF and glucose metabolism provides additional and invaluable
information.

Interpretation of PET Data

The acquisition of cardiac PET data can be achieved in either the static
or dynamic mode. For static acquisitions prior to imaging, time is
allowed after the injection of the radiotracer for adequate clearance
from the bloodstream and uptake from the myocardium to obtain
adequate myocardial-to-background activity ratios. Static imaging
depicts the relative distribution of the radiotracers in the myocardium
and is used for a semiquantitative or qualitative analysis of the distri-
bution of the radiotracers within different regions of the myocardium.
This approach, however, does not allow accurate quantifying func-
tional myocardial processes. Imaging cardiac PET data are routinely
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acquired in transaxial slices with a field of view of approximately 10 to
15cm. Reconstruction of the attenuation-corrected projection data is
usually performed by filtered backprojection. Specific software is used
to realign the image information perpendicular to the long axis of the
left ventricle. This allows the visualization of the radiotracer distribu-
tion along the short and long axes of the left ventricle. The interpreta-
tion of the images is based on the visualization of the short, vertical,
and horizontal long axes based on the relative regional distribution of
the tracer (32). Further, the evaluation of circumferential profile analy-
sis provides a more objective way to measure regional tracer differ-
ences and is based on specific analysis software packages, similar to
that introduced for SPECT analysis (5,6). For the objective assessment
of myocardial perfusion defects, individual patient data are compared
with a database of normal controls. The assessment of regional myocar-
dial defects is expressed as a percentage of pixels below two standard
deviations of the control population for the corresponding area of
myocardium.

Detailed knowledge of the myocardial biochemical processes is
required to accurately analyze different patterns of the uptake of
myocardial blood flow (*N-ammonia, "O-H,O, *Rb) and myocardial
metabolism radiotracers (**F-FDG). Three patterns of blood
flow-metabolism uptake have been described in adults and largely
used to analyze severe dysfunctional myocardium for assessing the
presence of recoverable and, hence, viable myocardium (4). A normal
distribution of the flow radiotracer regardless of the uptake of "*F-FDG
is seen in normal myocardium. On the other hand, absent or severely
reduced regional blood flow and glucose metabolism is observed in
akinetic and dyskinetic myocardium and represents myocardial necro-
sis. This pattern is described as a “match defect.” Finally, the main-
tained reduced blood flow to the myocardium produces an adaptation
with a normal or slightly reduced uptake of ""F-FDG. This reduced or
absent MBF with normal or slightly reduced glucose metabolism
within the myocytes indicates myocardial hibernation and therefore
viability. This pattern, described as a “mismatch pattern,” characterizes
severe dysfunctional myocardium supplied by a stenotic or almost
totally occluded coronary artery (Fig. 22.2). The restoration of blood
flow to these myocardial regions results in recovery of contractile func-
tion and normalization of the glucose metabolism (33,34). This more
probably occurs after a period of time, described as stunned
myocardium, where glucose metabolism may remain elevated with a
normalized blood flow and a not entirely recovered contractile
function.

Positron emission tomography cardiac radiotracers and physical
properties of the PET system enable the absolute quantification of
myocardial biochemical processes, such as myocardial blood flow and
glucose metabolism. This is based on the short half-life and high energy
of the radiotracers and the high temporal and spatial resolution of the
current PET systems that provides the ground to accurately measure
rapid changes in tissue tracer concentrations. Quantification of myocar-
dial processes requires dynamic acquisition and the application of
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Figure 22.2. Reoriented images of the myocardial ?N-ammonia (upper panel)
and "®F-FDG uptake (lower panel) in a patient with transposition of the great
arteries after the arterial switch operation. Note the impaired perfusion in the
anterolateral wall (arrows), evidenced by the decreased uptake of N-
ammonia, whereas the myocyte metabolism of *F-FDG is preserved, indicat-
ing viable myocardium. (Courtesy of Dr. Heinrich Schelbert, David Geffen
School of Medicine, Los Angeles.)

tracer kinetic models (5,35). This means that the images are acquired
by the system from the time of the tracer injection through a point of
steady-state flux. Sampling with high temporal resolution is required
to define the changes in radioactivity in the blood and the myocardial
region of interest. The rapid sequential sampling and imaging enables
the determination of the tracer delivery via the arterial plasma to the
region of interest to define the arterial input function and the conse-
quent tissue response to this input function. Arterial input function is
generally defined by regions of interest placed over the left atrium or
left ventricle to obtain temporal changes in radioactivity concentration
in the different heart chambers. The rapid dynamic acquisition along
with a late time frame enables the derivation of a myocardial tissue
time-activity curve (19).

Dynamic acquisition, with its high volume of data, requires specific
interactive software for image reconstruction, quantitative analysis,
and visual presentation. The obtained regional MBF is expressed in mil-
liliters per minute per 100 g of tissue, glucose utilization in micromoles
per minute per gram of tissue, oxygen consumption in micromoles per
minute per 100g of tissue, and coronary flow reserve as the ratio of
stress and resting myocardial perfusion.
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Cardiac PET Protocols

Positron emission tomography studies in the pediatric population
require special considerations for patient preparation and the data
acquisition process. Experience in performing pediatric studies and
expertise in dealing with pediatric patients will optimize the outcome
of the entire study procedure minimizing the discomfort to the
patients. A cardiac PET study requires the patient to remain still for
the entire duration of the study. A routine myocardial blood flow—
metabolism study may last up to 2 hours, and a rest/stress myocardial
perfusion study may last up to 90 minutes. Thus, unlike adults, most
pediatric patients would require sedation before the study is per-
formed. This is especially necessary for infants and young children.
Several intravenous premedication protocols have been used, mostly
including chloral hydrate or midazolam (36,37). Due to the length of
the study, further intravenous sedation may be necessary. Baseline vital
signs (electrocardiogram, blood pressure, and heart rate) along with
transcutaneous pulse oximetry should be recorded and monitored
throughout the study.

Myocardial perfusion imaging and coronary reserve studies consist
of a resting and stress examination using either pharmacologic stress
(dipyridamole or adenosine) or exercise (ergometric bicycle). Patients
should refrain from eating or drinking anything except water for 4
hours before the procedure, and they should abstain from caffeine-
containing drinks or medications containing theophylline for 8 hours
before. Adolescents should avoid cigarettes for at least 8 hours as well.
Studies involving metabolic imaging with '*F-FDG require a standard-
ization of the substrate availability that optimizes myocardial glucose
uptake. Older children and adolescents are routinely fasted overnight,
and an oral glucose load dose is given 1 hour prior to the "F-FDG injec-
tion to facilitate glucose uptake in the myocardium. It is important to
ascertain any history of diabetes or intolerance to glucose to ensure that
proper steps are taken to optimize myocardial glucose uptake. Blood
glucose monitoring during the study should be performed routinely
to ensure that metabolic conditions are maintained along the entire
acquisition process.

Clinical Applications

Coronary abnormalities, with impairments of regional myocardial per-
fusion, are a relevant cause of morbidity and mortality in the pediatric
population. Although the experience of cardiovascular PET in pedi-
atrics remains somewhat limited, this technique has been applied in
several congenital and acquired heart diseases, providing new insights
into the diseased pediatric heart and optimizing the clinical manage-
ment of these patients. Recent surgical and technical advances have
provided better treatment and long-term prognosis for many complex
pediatric heart diseases, making the accurate diagnosis of ischemic but
potentially recoverable myocardium even more important.
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Transposition of the Great Arteries

In infants with transposition of the great arteries (TGA), correct cardiac
anatomy is surgically restored by the arterial switch operation (ASO)
of aorta and pulmonary artery. As the coronary arteries need to be
excised and reinserted in the neo-aorta during the procedure, the long-
term success of this operation is based on the continued patency and
adequate functioning of the coronary arteries. The findings that post-
surgical coronary occlusions have been described angiographically (38)
and that acute myocardial infarctions and sudden deaths have been
reported (39) in up to 10% of this patient population emphasize the
prognostic implications of this issue. Regional reversible perfusion
abnormalities were initially described by using exercise technetium-
99m-sestamibi SPECT in patients following ASO (40). In contrast to
SPECT imaging, higher spatial resolution of PET systems have allowed
for the absolute quantification of MBEF. Bengel et al. (41) were the first
to report regional perfusion abnormalities with adenosine “N-
ammonia PET in patients with no ischemic symptoms late after the
ASO, with no correlation with any echocardiographic contractile dys-
function. They found a lower incidence of reversible perfusion defects
when compared to the previous SPECT imaging studies, but quantita-
tive hyperemic MBF and coronary flow reserve in response to adeno-
sine were significantly lower in the patients after ASO, when compared
to young healthy individuals. Similar results were described by others,
which suggests that the global impairment of maximal MBF may rep-
resent alterations in the myocardial normal vasoreactivity as the early
manifestation of changes in the coronary microcirculation (42).
However, the procedure of coronary reimplantation alone seems to be
not the only factor responsible for the myocardial perfusion abnor-
malities. By comparing two groups of patients with transposition of the
great arteries, one after the ASO and the second after the Ross proce-
dure to treat aortic valve disease with *N-ammonia adenosine PET,
Hauser et al. (43) reported that in contrast to the patients who under-
went the Ross operation, stress-induced perfusion defects and a dimin-
ished coronary flow reserve were documented in the patients after the
ASO. Further follow-up and more extensive investigations are neces-
sary to fully understand the etiology of these findings and to determine
whether the reported myocardial perfusion abnormalities have signi-
ficant long-term prognostic implications in these patients.

Metabolic "*F-FDG imaging, along with myocardial perfusion assess-
ment can provide useful information to identify viable but dysfunc-
tional myocardium in patients who develop an acute cardiac event
after the ASO or as a result of other coronary abnormalities. Rickers
et al. (44) stated that "F-FDG-gated PET demonstrated viable
myocardium in akinetic or hypokinetic regions subtended by stenotic
coronary arteries after the ASO. Based on their findings, they treated
patients surgically with coronary revascularization if viable
myocardium was identified, whereas the patients with impaired
glucose uptake, indicating myocardial scarring, were treated medically.
To establish the accuracy of metabolic and perfusion PET imaging in



Figure 13.3. Positron emission tomography—computed tomography (PET-CT) coronal images of a
4-year-old girl with refractory neuroblastoma following bone marrow transplantation. A: CT scan. B:
FDG-PET scan with attenuation correction. C: Fusion image of CT scan and FDG-PET scan with atten-
uation correction. D: FDG-PET scan without attenuation correction. Abnormal uptake of FDG in the
abdomen is seen to the right of the midline medial to the liver, representing residual neuroblastoma.



Figure 20.6. E: Statistical pixel analysis map in transverse section of significant ictal rCBF greater than
interictal rCBF (yellow) or less that interictal rCBF (blue). Map shows significant ictal associated hyper-
emia in the region of the angioma. F: Statistical pixel analysis map in sagittal section of significant ictal
rCBF greater than interictal rCBF (yellow) or less that interictal rCBF (blue). Map shows significant ictal
associate hyperemia anterior to the angioma.
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Figure 22.3. Reoriented images of the myocardial "N-ammonia (upper panel) and fasting "*F-FDG
uptake (lower panel) in a patient with transposition of the great arteries who had an acute episode of
chest pain late after the arterial switch operation. Note the impaired perfusion in the anterolateral wall
evidenced by the decreased uptake of "N-ammonia, whereas the myocyte metabolism of *F-FDG is
preserved, indicating viable myocardium in that myocardial regions. (Courtesy of Dr. Heinrich Schel-
bert, David Geffen School of Medicine, Los Angeles.)
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Figure 22.4. Reoriented images of the myocardial resting *N-ammonia (upper panel) and after dipyri-
damole-induced stress "N-ammonia (lower panel) PET study in a patient with anomalous origin of
the left coronary artery arising from the pulmonary artery (ALCAPA). Note the fixed defect in the
anterolateral wall that corresponds to an acute myocardial infarction in that region. (Courtesy of Dr.
Heinrich Schelbert, David Geffen School of Medicine, Los Angeles.)




Figure  27.2. Three-dimen-
sional (3D) reconstruction of a
registered image data set. The
cortical surface was rendered
from MRI and red dots repre-
sent subdural EEG electrodes
that were imaged with CT.
The functional epileptogenic
focus (orange) was defined by
interictal fluorodeoxyglucose
(FDG)-PET and ictal ECD-
single photon emission com-
puted tomography (SPECT).

Figure 27.3. Histologically proven
nonaffected cystic ovary in a patient
with a recurrent yolk sack tumor: T1-
weighted, fat-suppressed MR sequence
after application of gadolinium-
diethylenetriamine pentaacetic acid
(Gd-DTPA) (A) depicts a physiologic-
appearing cystic ovary (arrow). Cor-
responding PET (B) revealed a
false-positive finding with an increased
glucose uptake (arrow) suspect of
a recurrent disease. Multimodality
display of registered images (C) shows
exact spatial correlation between the
cystic ovary in MRI and increased
glucose uptake in PET.
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Figure 22.3. Reoriented images of the myocardial ®N-ammonia (upper panel) and fasting '*F-FDG
uptake (lower panel) in a patient with transposition of the great arteries who had an acute episode of
chest pain late after the arterial switch operation. Note the impaired perfusion in the anterolateral wall
evidenced by the decreased uptake of “N-ammonia, whereas the myocyte metabolism of *F-FDG is
preserved, indicating viable myocardium in that myocardial regions. (Courtesy of Dr. Heinrich Schel-
bert, David Geffen School of Medicine, Los Angeles.) (See color insert.)

detecting myocardial viability in children with myocardial dysfunc-
tion and its correlation with histopathological changes, Hernandez-
Pampaloni et al. (45) studied a group of patients with different
suspected coronary abnormalities after an acute cardiac event (Fig.
22.3, see color insert). They reported good agreement between the find-
ings on myocardial perfusion PET and metabolic imaging with those
on coronary angiography, echocardiography, and histopathology.

Anomalous Origin of the Left Coronary Artery
Arising from the Pulmonary Artery

Anomalous origin of the left coronary artery arising from the pul-
monary artery (ALCAPA) is a rare but serious congenital anomaly. It
does not present prenatally because of the favorable fetal physiology
that includes (1) equivalent pressure in the main pulmonary artery and
aorta secondary to a nonrestrictive patent ductus arteriosus, and (2) rel-
atively equivalent oxygen concentrations due to parallel circulations.
As a result, myocardial perfusion is normal, and there is no stimulus
for collateral formation between the right and left coronary artery
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Figure 22.4. Reoriented images of the myocardial resting ’N-ammonia (upper panel) and after dipyri-
damole-induced stress “N-ammonia (lower panel) PET study in a patient with anomalous origin of
the left coronary artery arising from the pulmonary artery (ALCAPA). Note the fixed defect in the
anterolateral wall that corresponds to an acute myocardial infarction in that region. (Courtesy of Dr.
Heinrich Schelbert, David Geffen School of Medicine, Los Angeles.) (See color insert.)

systems. In the few weeks after birth, pulmonary artery pressure and
resistance progressively decrease with a simultaneous decrease in
oxygen content of pulmonary blood flow as the circulation becomes
one in series. This results in the left ventricular myocardium being per-
fused by relatively desaturated blood under low pressure, leading to
myocardial ischemia. Initially, myocardial ischemia is transient, occur-
ring during periods of increased myocardial demands, such as when
the infant is feeding and crying. Further increases in myocardial
oxygen consumption lead to infarction of the anterolateral left ventric-
ular free wall (Fig. 22.4, see color insert). This may lead to possible
mitral valve papillary muscle dysfunction and variable degrees of
insufficiency. Following surgical repair to establish blood flow to the
left coronary arteries from the aorta, left ventricle (LV) function recov-
ers and usually normalizes within 2 to 3 years. Perfusion abnormali-
ties, however, are not uncommon in long-term survivors. Long-term
survivors of ALCAPA repair demonstrate regional impairment of
myocardial flow reserve. This may contribute to impaired exercise per-
formance by limiting cardiac output reserve (46). Patients with severely
reduced regional coronary flow reserve may be at risk of exercise-
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induced ischemic events. Thus, accurate identification of these patients
by PET imaging can be of help regarding physical activity, antiischemic
measures, and revascularization.

Kawasaki Disease

Kawasaki disease, also known as mucocutaneous lymph node syn-
drome, is an acute vasculitis that mostly affects infants and children
under 5 years of age. It causes an acute vasculitis, particularly affect-
ing medium-sized arteries such as the coronary arteries (47). The etiol-
ogy and pathogenesis of Kawasaki disease remains unknown,
although clinical and epidemiologic data support an infectious cause.
The clinical features of Kawasaki disease can be divided into three
phases. The first, or acute, phase lasts about 10 days and is marked by
a temperature as high as 40°C accompanied by a polymorphous exan-
them. Cardiac manifestations during this phase may include tachycar-
dia, gallop rhythm, congestive heart failure, pericardial effusion, and
arrhythmias. Arthritis and arthralgia occur during the second, or sub-
acute, phase, which is characterized by gradual subsiding of fever,
thrombocytosis, and desquamation of the palms and soles. Third is a
convalescent phase where children continue to recover and all labora-
tory studies normalize but aneurysms of the coronary arteries may con-
tinue to enlarge (48).

Although this disease appears to be benign and self-limiting in most
instances, coronary artery aneurysms or vascular ectasia develop in
20% to 25% of untreated Kawasaki patients and can lead to serious
morbidity and even death (48,49). The cardiac lesions in Kawasaki
disease occur in different stages, developing from an acute perivas-
culitis and vasculitis of the microvessels and small arteries to a pan-
vasculitis of the coronary arteries with aneurysms and thrombosis. The
late phase of development is characterized by myocardial scarring with
severe stenosis in the major coronary arteries (47).

A specific diagnostic test, however, does not exit. Thus, the diagno-
sis of Kawasaki disease is based on the presence of a fever for at least
5 days as well as the presence at least four of the five classic clinical
features: (1) bilateral nonexudative bulbar conjunctival injection, (2)
unilateral nonsuppurative cervical adenopathy, (3) oral or lip ery-
thema, (4) edema or erythema of hands and feet, and (5) a polymor-
phous erythematous rash.

Echocardiography is useful during the acute and subacute phase of
the disease for the assessment of ventricular function and to delineate
coronary aneurysms or ectasia. Up to 40% of untreated patients with
Kawasaki disease have echocardiographically documented coronary
artery dilatation and aneurysms in the third or convalescence phase of
their disease (50). Cardiac involvement may cause different cardiac
events, from silent chest pain to acute myocardial ischemia or sudden
death due to myocardial infarction from occlusive coronary artery
disease. Incidence, onset, and the time course of stenosis formation in
the aneurysm are affected by various factors, such as the diameter of
the aneurysm and the location and type of coronary arteries involved.
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It is therefore critical to recognize aneurysms in Kawasaki disease to
determine effective early therapy and to improve prognosis.

Two-dimensional echocardiography can detect coronary aneurysms.
However, this method is not as effective for detecting coronary steno-
sis. Coronary angiography is an accurate method for assessing large
and medium-sized coronary arteries but has little value in detecting
microangiopathy (51). Furthermore, angiography is an invasive and
potentially harmful procedure, with a nontrivial amount of radiation
exposure that cannot be repeated often, especially in the pediatric
population. Information about myocardial perfusion and regions of
ischemia is necessary to make clinical decisions and to evaluate the
prognosis.

In the past, children with a previous history of Kawasaki disease
but no detectable angiographic coronary lesions during the acute
and subacute phase were thought not to be at risk for myocardial
ischemia. More recent studies have demonstrated the presence of
reversible myocardial perfusion defects in children with angiographi-
cally normal coronary arteries. The clinical significance of these find-
ings remains to be fully addressed (52). An alteration of the coronary
microcirculation, possibly the result of a previous inflammatory
process, has been suggested as a cause of the abnormalities in myocar-
dial perfusion. Different authors have reported an abnormal hyperemic
MBF and an impaired coronary flow reserve in patients with a previ-
ous history of Kawasaki disease but normal epicardial coronary arter-
ies, after an adenosine-induced hyperemia PET study (53,54). These
microcirculatory abnormalities, which could represent a risk factor
for the development of atherosclerosis in adulthood, may correspond
to an endothelium-dependent dysfunction. Furuyama et al. (55)
described an impaired MBF response to the cold-pressor testing using
O-H,O PET in patients with Kawasaki disease, when compared to
normal controls, suggesting an intimal hypertrophy in these patients
(55). An abnormal endothelium-dependent vasodilation in the brachial
artery of patients with a previous history of Kawasaki disease seems
to confirm that endothelial dysfunction may at least contribute to
the microcirculatory changes responsible for myocardial perfusion
alterations.

Positron emission tomography has been used in patients with
Kawasaki and demonstrable coronary aneurysms as well to demon-
strate an impaired hyperemic and coronary flow reserve, as reported
by Ohmochi et al. (56). Interestingly, Yoshibayashi et al. (57) have cor-
related the presence of ischemic myocardial injury with the appearance
of abnormal Q waves in the electrocardiogram (ECG) when compared
to a "N-ammonia and ""F-FDG PET. They reported that the presence of
abnormal Q waves is a reliable clue to the presence of ischemic myocar-
dial injury, whereas metabolic PET imaging showed viable myocardial
tissue in those areas with an abnormal Q wave (57).

Monitoring the response to different therapies is another area of
application of PET imaging. Hwang et al. (58) reported that the inci-
dence of perfusion and metabolic PET abnormalities was reduced in
patients in the convalescent stage of Kawasaki disease when they were
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treated with a 5-day dose of intravenous (IV) immunoglobulin, com-
pared to those who received only a single dose of IV immunoglobulin.

Coronary arteries that have been previously aneurysmal have an
abnormal response to vasodilators in Kawasaki patients. Intravascular
ultrasound imaging of the coronary arteries demonstrated increased
intimal thickening in many regions of resolved aneurysms but normal
intimal thickness in those patients with Kawasaki disease and no pre-
vious history of a coronary artery lesion (59). These findings support
the continuous surveillance of all children with a history of Kawasaki
disease regardless of coronary artery status. Approximately 50% of
patients who had coronary aneurysms show regression on follow-up
coronary angiography (60). However, these angiographically normal
vessels showed intimal thickening and endothelial dysfunction similar
to that observed in early atherosclerotic lesions. Because these patients
should be followed carefully to monitor potential late effects of
Kawasaki disease in the coronary circulation, periodical PET measure-
ment of MBF seems very appropriate in this particular setting. It has
been reported that abnormal myocardial perfusion is present long-term
after the resolution of complicated Kawasaki disease, and that unfa-
vorable perfusion response to pharmacologic stress was coupled with
an abnormal regional contractility. On the other hand, however,
enhanced perfusion correlated poorly with segmental contractility
response (52). Therefore, even if these abnormalities are modest and do
not seem to diminish exercise performance in these patients, these find-
ings may have implications later in life when other coronary risk
factors may potentiate the development of coronary artery disease
during adulthood.

Cardiac Transplant Vasculopathy

Allograft vasculopathy has emerged as the most important limiting
factor for long-term survival and is the leading cause of death 1 year
after transplantation. At 10 years after transplantation, as many as 20%
of recipients have developed significant allograft vasculopathy.
Because the donor heart is denervated, children with graft vasculopa-
thy rarely present with angina. They may have atypical angina such as
shoulder or back pain or, more frequently, abdominal pain. They may
also present with syncope or sudden death. Several studies have
demonstrated the diffuse nature of cardiac allograft vasculopathy,
which affects the major epicardial vessels along their entire length from
the base of the heart to the apex and the epicardial and intramyocar-
dial branches (61). Available studies suggest that graft vasculopathy
has a mixed etiology, based on the varied patterns of vascular disease
seen by coronary angiography, that is, either diffuse and circumferen-
tial narrowing in the distal parts of the coronary arteries or focal seg-
mental disorder in the middle and proximal branches similar to
atherosclerosis. Major histologic findings include intact internal elastic
lamina; rarely, calcification; occasionally, a low grade of vasculitis; and
a tendency for the disease to progress rapidly (62). Although treatment
of transplant vasculopathy is complex, several studies have showed

421



422

Chapter 22 Cardiovascular Applications

that focal lesions have been treated successfully with percutaneous
transluminal coronary angioplasty (63). On the other hand, the results
of coronary artery bypass surgery have not been so successful, leaving
only retransplantation as an alternative (64).

Annual coronary angiography and intravascular ultrasound have
been used to detect coronary involvement and to assess the develop-
ment and progression of this disease. These techniques are invasive
and not event-free with a potential harmful effect, especially in the
pediatric population. Therefore, it is paramount to introduce a nonin-
vasive test to detect the progression of the disease and to predict future
long-term outcome and cardiac events. Several studies have demon-
strated in the adult population that technetium-based myocardial per-
fusion studies are useful to screen for significant coronary artery
disease in the transplant vasculopathy (65). Additionally, they provide
incremental data for the prediction of cardiac death in heart transplant
patients, as described by Elhendy et al. (66).

Cardiac PET studies have shown a decreased coronary flow reserve
in adult cardiac allografts after pharmacologically stress-induced
hyperemia with dipyridamole (67,68). In addition to a decreased exer-
cise capacity, PET imaging has described an incomplete reinnervation
in the transplanted adult heart (69).

Cardiomyopathies of Diverse Origin

Cardiac PET has proven to be of utility in monitoring response to
therapy and in predicting potential long-term outcome by measuring
MBEF after corrective surgery in specific cardiomyopathies. Donnelly et
al. (70) reported on a small group of patients with a hypoplastic left
heart syndrome assessed after corrective surgery, and found that coro-
nary flow reserve was reduced due to a higher resting MBE. Also, long-
term survivors of the Mustard operation have shown a high prevalence
of right ventricular dysfunction. In these patients a decreased coronary
flow reserve, as reported by Singh et al. (71), may help explain the sys-
temic ventricular dysfunction they suffer. The long-term outcome of
circulation driven by a single ventricular chamber remains a matter of
concern as multiple sequelae, such as thromboembolic complications,
ventricular dysfunction, arrhythmias, and reduced exercise capacity,
can arise from subtle but continuous circulatory changes (72). Thus,
coronary artery blood flow may be compromised if the ventricular
mass increases significantly to reduce systolic and diastolic function.
Hauser el al. (73) has reported an impaired stress MBE, impaired coro-
nary flow reserve, and an elevated vascular resistance after vasodila-
tion in patients with Fontan-like operations.

In the cardiomyopathy of Duchenne and Becker muscular dystro-
phies, studies at necropsy have shown that the posterolateral wall of
the left ventricle is the first myocardial area suffering from dystrophy
even in the absence of small vessel coronary artery disease in these
regions. Perloff et al. (74) have reported areas of myocardial hiber-
nation, identified by perfusion and metabolic PET imaging, in the
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lateral and posterolateral wall in a group of patients with Duchenne
dystrophy.

Very low coronary flow reserve values measured with PET are
reported in neonates with surgically treated congenital heart disease
(75). Because the chronically dilated extramural coronary arteries in
cyanotic congenital heart disease have a limited capacity to dilate
further and because myocardial oxygen extraction is inherently
maximal, the potential oxygen debt incurred by systemic arterial
hypoxemia may be inadequately met. Basal coronary flow as deter-
mined by ®"N-ammonia PET was increased to the same degree in the
right ventricular and left ventricular free walls and in the ventricular
septum, but hyperemic perfusion, coronary vascular resistance, and
flow reserve were normal in each of the three regions of interest.
Although these studies were not designed to determine the mecha-
nism(s) by which flow reserve is preserved in the face of increased basal
coronary flow, the results may suggest remodeling of the intramyocar-
dial coronary microcirculation and vasculogenesis in response to
hypoxemic stimulation as potential causes for explaining the neonatal
myocardial adaptation to different conditions.

Future Directions

Although current cardiac PET clinical applications in pediatrics are still
limited, the greater availability of PET systems and infrastructure along
with greater knowledge of its capabilities by the pediatric medical com-
munity are allowing PET imaging to become more than a tool for the
noninvasive assessment of myocardial perfusion and glucose metabo-
lism. It promises to have great potential for applications such as in vivo
assessment of cardiac cellular metabolism and receptor function and
gene expression. Finally, the potential of combined multimodality
imaging, represented by PET-computed tomography (CT) imaging,
may provide in the near future real-time assessment of function and
structure of the diseased pediatric heart.
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