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Abstract Nuclear cardiology is one of the major fields of
nuclear medicine practice. Myocardial perfusion studies using
single-photon emission computed tomography (SPECT) have
played a crucial role in the management of coronary artery
diseases. Positron emission tomography (PET) has also been
considered an important tool for the assessment of myocardial
viability and perfusion. However, the recent development of
computed tomography (CT)/magnetic resonance imaging
(MRI) technologies and growing concerns about the radiation
exposure of patients remain serious challenges for nuclear
cardiology. In response to these challenges, remarkable
achievements and improvements are currently in progress in
the field of myocardial perfusion imaging regarding the appli-
cable software and hardware. Additionally, myocardial perfu-
sion positron emission tomography (PET) is receiving in-
creasing attention owing to its unique capability of absolute
myocardial blood flow estimation. An F-18-labeled perfusion
agent for PET is under clinical trial with promising interim
results. The applications of F-18 fluorodeoxyglucose (FDG)
and F-18 sodium fluoride (NaF) to cardiovascular diseases
have revealed details on the basic pathophysiology of ische-
mic heart diseases. PET/MRI seems to be particularly prom-
ising for nuclear cardiology in the future. Restrictive diseases,
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such as cardiac sarcoidosis and amyloidosis, are effectively
evaluated using a variety of nuclear imaging tools.
Considering these advances, the current challenges of nuclear
cardiology will become opportunities if more collaborative
efforts are devoted to this exciting field of nuclear medicine.

Keywords Cardiology - Single-photon emission computed
tomography - Positron emission tomography - Computed
tomography - Perfusion - Myocardial infarction

Introduction

Cardiovascular disease has been the leading cause of death in
developed and developing countries. Nuclear cardiology is the
field of nuclear medicine that studies cardiovascular diseases.
Because cardiovascular disease is still one of the main threats
to human health and longevity in many countries, nuclear
cardiology can contribute to the management of patients with
cardiovascular diseases in many ways. For example, myocar-
dial perfusion single-photon emission computed tomography
(SPECT) was the prototypical study of nuclear cardiology that
contributed to the management of coronary heart diseases and
constituted a major portion of nuclear medicine practice [1].
Positron emission tomography (PET) was advocated as a mo-
lecular imaging tool for the assessment of myocardial viability
and perfusion [2, 3]. However, the number of nuclear cardiol-
ogy studies has been steadily declining since the 1990s and
the application of these studies faces certain challenges [4, 5].
In response to these challenges, nuclear cardiology is also
evolving with the use of advanced technology. In this review
article, I present the recent SPECT and PET trends in nuclear
cardiology in a variety of clinical situations.
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Recent Trends of Myocardial Perfusion Imaging
Development of Hardware

Traditional gamma-camera imaging for myocardial perfusion
has been conducted using Anger-type gamma cameras, which
comprise scintillator detectors [thallium-doped sodium iodide,
Nal(TT)] as the gamma-photon absorber, photomultiplier tubes
for electric signal generation, and Anger-logic computer for
the mathematical identification of specific signals [6].
Collimators are placed on top of the scintillator detectors to
define the direction of incoming gamma rays. Traditional
gamma cameras with large field of view are used for cardiac
and non-cardiac general nuclear imaging studies. The high
demand for nuclear cardiology applications has motivated
manufacturers to develop cardiac-dedicated gamma cameras.
These include simple small-field-of-view gamma cameras
(CardioMD, Philips Healthcare, Cleveland, OH, USA;
Optima and Ventri, GE Healthcare, Little Chalfont, UK), up-
right and semi-reclining gamma camera (C-Cam, Siemens
Healthineers, Erlangen Germany), cardiocentric gamma cam-
era (Cardium Digirad, Suwanee, GA, USA), and cardio-
focusing collimated gamma camera (IQ-SPECT, Siemens
Healthineers). The most recent and advanced cardiac-
dedicated gamma cameras are cadmium-zinc-telluride
(CZT)-based gamma cameras (D-SPECT, Spectrum
Dynamics Medical, Palo Alto, CA, USA; Discovery 530c or
NM/CT 570c, GE Healthcare) (Fig. 1). The practical advan-
tages of the CZT gamma camera compared to conventional
gamma cameras are a high (up to 10 times higher) sensitivity
and a moderately improved (2-3 times) spatial resolution,
which are obtainable in a very short acquisition time (i.e.,
2 min) (Table 1) [7-11]. The high sensitivity is also attributed

Fig. 1 CZT (cadmium-zinc-
telluride)-based gamma cameras.
a D-SPECT (Spectrum Dynamics
Medical): overview, one of nine
detectors, and a gantry with nine
detectors from left to right. (This
figure was originally published by
Gambhir et al. [7]. Copyright the
Society of Nuclear Medicine and
Molecular Imaging). b Discovery
530c (GE Healthcare) (left), NM/
CT570c (GE Healthcare) (right).
(This figure was originally
published by Bocher et al. [73]
under the terms of the Creative
Commons Attribution
Noncommercial License. No
change was made)

to the use of highly sensitive collimators (parallel-hole colli-
mation with short collimator length and wide collimator inlet
or cardio-focusing multi-pinhole collimation) in conjunction
with the application of a resolution recovery algorithm [7].
The tungsten-based parallel-hole collimators used in the D-
SPECT camera (Spectrum Dynamics Medical) have a wide
solid angle for gamma photons that is 8 times larger than that
of low-energy high-resolution collimators. This indicates that
8 times more gamma photons are allowed to pass through the
collimators, increasing the sensitivity to gamma photons.
Generally, the use of high-sensitivity collimators leads to poor
spatial resolution. However, in the case of CZT gamma cam-
eras, the intrinsic spatial resolution is excellent, allowing the
use of highly sensitive collimators. Besides the inherently
high sensitivity of CZT detectors to gamma photons, the ex-
trinsic sensitivity of CZT gamma cameras is also enhanced, as
a result. Accordingly, a signal-to-noise ratio that is adequate
for image generation is obtained in shorter acquisition times
(the so-called ultrafast myocardial perfusion imaging) or using
a lower-dose radiopharmaceutical injection than in conven-
tional myocardial perfusion SPECT. Additionally, the high
energy resolution of CZT detectors could allow dual isotope
injection with simultaneous image acquisition. Consequently,
an [-123 metaiodobenzylguanidine (MIBG) sympathetic in-
nervation study and a Tc-99m methoxyisobutylisonitrile
(MIBI) myocardial perfusion study can be performed simul-
taneously without any time interval. The absolute quantitation
of myocardial blood flow requires an input function assess-
ment. Usually, the count rate of the left ventricular activity,
which is used as an input function, exceeds the counting ca-
pacity of conventional Nal(T1) detectors. In the case of CZT
detectors, the obtainable count rate is linear up to maximum
value and is sufficiently high enough for the input function

@ Springer



198

Nucl Med Mol Imaging (2016) 50:196-206

Table 1 CZT-based gamma
camera versus conventional

scintillator-based gamma camera:
CZT is preferred to scintillator
[7-11]

CZT Scintillator
Count sensitivity x5 (cardiac), x10 (point source) x1
Spatial resolution 4-5 mm (x2-3 better) 10-11 mm
Acquisition time 2-3 min (theoretically), 5-10 min (practically) ~ 10-20 min
Injection dose for Tc-99m agents ~ 2—5 mCi (theoretically), up to 15 mCi >10 mCi
(practically)
Radiation exposure 4-6 mSv 9-20 mSv
Energy resolution 5.7 % (x1.65 better) 94 %
Maximum counts rate for input Linear up to maximum Intrinsically limited by
function evaluation detector dead time
Size Compact Bulky

CZT cadmium-zinc-telluride

assessment. By using a segmental model that is specific for the
employed radiopharmaceuticals, CZT gamma cameras could
assess the myocardial blood flow at stress and rest and, sub-
sequently, the myocardial flow reserve index. However, nei-
ther an attenuation correction nor a scatter correction has been
applied to the quantitative approach.

On the other hand, traditional Nal(T1)-based gamma cam-
eras have some advantages over CZT-based ones (Table 2).
Recently introduced commercial gamma cameras are accom-
panied by algorithms that perform the attenuation and scatter
corrections in a truly quantitative manner [12]; these algo-
rithms are not yet available for CZT gamma cameras. In the
case of CZT gamma cameras, no real projection images are
generated. Cardiac-dedicated gamma cameras are not imple-
mented in institutes that perform a low volume of myocardial
perfusion SPECT studies. Large-sized patients are difficult to
accommodate in CZT gamma cameras. Furthermore, CZT
gamma cameras with the cardiac-focused collimator configu-
ration and an L-type gantry may generate unexpected prob-
lems for inferior-wall perfusion assessments and for the detec-
tion of left anterior descending coronary artery disease [13,
14]. Actually, the clinical experience in the use of CZT gamma
cameras is very limited. However, CZT detectors have many
physical advantages over scintillators and manufacturers pro-
mote CZT gamma cameras in various configurations [15].

Even non-cardiac gamma cameras may be completely re-
placed by CZT gamma cameras. The future of gamma camera
imaging, whether cardiac or non-cardiac, may be determined
by the development of CZT technology.

Development of Software

In terms of software development, iterative reconstruction al-
gorithms like the maximum-likelihood expectation maximiza-
tion (MLEM) or the ordered-subset expectation maximization
(OSEM) algorithms are routinely used. Because OSEM in-
volves a faster processing time than MLEM, it has become
more prevalent in recent gamma cameras [16]. The use of
OSEM provides myocardial perfusion SPECT images with
higher image quality than that obtained with conventional
filtered-back projection (FBP) reconstruction. In high-count
studies using high injected doses, the difference between the
two reconstruction methods may not be substantial; however,
in low-count studies using lower injected doses, the advantage
of OSEM is evident [17]. During the iterative reconstruction
process, a variety of diverse correction methods can be ap-
plied, such as attenuation correction, scatter correction, reso-
lution recovery, and noise reduction techniques. The attenua-
tion correction and scatter correction methods have been pre-
viously reviewed in the literature [18-21].

Table 2 CZT-based gamma

camera versus conventional CZT

Scintillator

scintillator-based gamma camera:
scintillator is preferred to CZT
[7-11]

Attenuation correction
Scatter correction
Projection image
Versatility

Obese patients

Cardiac-focused
collimation
Clinical experience

Qualitative, only one model

Qualitative, only one model

Cardiac only
Limited space

Problematic for diaphragmatic attenuation
and sub-diaphragmatic scatter
Limited with mostly single-center studies

Quantitative, recent models

Quantitative, recent models

No (pseudo image) Yes

General nuclear studies
Not limited

Only in a few cardio-centric models

Highly experienced with many
multi-center studies

CZT cadmium-zinc-telluride
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The application of resolution recovery methods has been a
leap forward for the improvement of SPECT image quality.
The resolution recovery algorithm is integrated into the itera-
tive reconstruction process. During the application of the al-
gorithm, the intrinsic detector response (without the collima-
tor), the extrinsic geometric response (with the collimator), the
collimator septal penetration, and the collimator septal scatter
are modeled (Fig. 2). In a combination of detector, collimator,
gamma energy, orbit shape, and distance between patient and
detector, each four components are predicted and compensat-
ed using the manufacturer’s unique algorithm, resulting in
improved spatial resolution and less noise [16, 17]. Septal
penetration is not a significant factor in myocardial perfusion
SPECT that use low-energy radiopharmaceuticals such as TI-
201 or Tc-99m [17]; however, the application of resolution
recovery can sometimes arbitrarily increase the number of
obtained counts [12].

Nuclear imaging studies are noisier than radiologic studies.
The noisy signals have the features of high frequency. The use
of a ramp filter during FBP exacerbates the high-frequency
signals but the application of a low-pass filter, such as a
Butterworth filter, reduces the noise component. Regarding
the iterative reconstruction, a greater number of iterations gen-
erate more noise components. To suppress the resultant noise,
the iteration number is usually limited and post-reconstruction
filters are used. The application of these filters may increase
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Fig. 2 The components of resolution recovery. (This figure was
originally published by Ritt et al. [20] and reused with permission of
Springer)

the smoothness of the images but can reduce the contrast
between the normal and perfusion defects. Noise reduction
algorithms have been developed using a variety of mathematic
approaches and the application of noise reduction with reso-
lution recovery can improve the spatial resolution and image
contrast compared with FBP reconstruction [17]. Actually,
noise reduction was the main innovation in a recently devel-
oped state-of-the-art gamma camera (X-SPECT, Siemens
Healthineers) [22].

SPECT system manufacturers have developed their own
iterative reconstruction algorithms that include resolution re-
covery and noise reduction functions (Astonish, Philips
Healthcare; 3D Flash, Siemens Healthineers; Evolution, GE
Healthcare; wide-beam reconstruction, UltraSPECT,
Auburndale, MA, USA). CZT gamma cameras also employ
these advanced reconstruction software products, further en-
hancing their image quality [17].

Trends in Myocardial Perfusion Agents

In nuclear cardiology, myocardial perfusion is evaluated using
radiopharmaceuticals that have a high first-pass extraction
fraction. If a radiopharmaceutical has a perfect first-pass ex-
traction fraction (i.e., microsphere or O-15 H,0), its uptake
degree is not affected by the extraction fraction, but by the
blood flow. Consequently, a high extraction fraction is a pre-
requisite for ideal myocardial perfusion agents. Among the
perfusion agents used for gamma camera imaging, Tc-99m
teboroxime, T1-201, Tc-99m MIBI, and Tc-99m tetrofosmin
have first-pass extraction fractions of 0.90, 0.85, 0.65, and
0.54, respectively [23]. Conventional gamma cameras using
Nal(TI) scintillators have relatively low sensitivity for gamma
photons and typical acquisition times of 10-20 min [9], re-
quiring a sufficiently stable retention of the perfusion agents.
Tc-99m MIBI and Tc-99m tetrofosmin become attached to
mitochondria of cardiomyocytes and T1-201 exhibits a redis-
tribution that is sufficiently slow for image acquisition.
Therefore, the three above agents have been widely used in
Nal(Tl)-based gamma imaging. Recently developed CZT-
based gamma cameras have several advantages because of
their fast image acquisition. CZT detectors have much higher
(5-10 times) sensitivity and moderately improved (23 times)
spatial resolution compared with scintillator detectors, which
enable fast imaging acquisition with durations as short as 2—
3 min. Tc-99m teboroxime has been almost ignored as a per-
fusion agent because its fast kinetics requires a very rapid
acquisition (below 5 min) to be performed 2—9 min after in-
jection [17, 24]. Considering the high first-pass extraction of
Tc-99m teboroxime, we need to re-think about the use of Tc-
99m teboroxime as a perfusion agent for the CZT gamma
camera.

Myocardial perfusion PET is more sensitive to coronary
heart diseases than myocardial perfusion SPECT [25]. PET
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exhibits unparalleled advantages regarding the absolute quan-
titation of myocardial blood flow and myocardial flow reserve
[26]. This quantitative ability of PET originates primarily from
the coincidence photon detection [27] and secondarily from
the robust algorithms that it employs for the attenuation and
scatter corrections, which have yet to be developed for
SPECT. The use of CZT-based gamma cameras for the quan-
titation of myocardial blood flow is currently investigated but
no sophisticated attenuation and scatter correction algorithms
are available for these systems. Typical perfusion agents used
in PET include O-15 H,O, N-13 NH3;, and Rb-82, which have
first-pass extraction fractions 1.0, 0.8-1.0, and 0.5-0.6, re-
spectively [23]. The disadvantage of these PET agents is their
relatively short half-lives, particularly for cyclotron-produced
0-15 H,0 (2 min) and N-13 NH; (10 min). Rb-82 is a
generator-produced agent with established diagnostic capabil-
ity and prognosis predictability [26, 28]. The Sr-82/Rb-82
generator may be imported to Korea in a few years.

Another promising agent for myocardial perfusion PET is
F-18 flurpiridaz, which is currently investigated in phase III
clinical studies; phase II trial data are already available in the
literature (Fig. 3) [29]. F-18 flurpiridaz has been reported to
have a high first-pass extraction fraction of 0.9 [30]. Owing to
the long half-life of F-18 (110 min) and good pharmacokinet-
ics, F-18 flurpiridaz can be injected during exercise outside
the PET scanner room and the image acquisition can be

Fig. 3 F-18 flurpiridaz PET
versus Tc-99m MIBI SPECT.
Reversible perfusion defect in the
anterior and antero-septal wall is
readily seen in a patient with left
anterior descending coronary
artery occlusion using F-18
flurpiridaz PET but the perfusion
abnormality is not clearly
appreciated using Tc-99m MIBI
SPECT. (Reprinted from [29]
with permission of Elsevier)
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delayed for a certain time. On the other hand, for stress PET
studies using other agents (O-15 H,0O, N-13 NH3, and Rb-82),
patients must lie on a table inside the PET scanner during the
radiopharmaceutical injection. Thus, exercise stress is difficult
to test and only pharmacologic stress has been used in tradi-
tional myocardial perfusion PET. F-18 flurpiridaz is expected
to be marketed in several years.

Challenges in Myocardial Perfusion Imaging

In nuclear cardiology, myocardial perfusion imaging is per-
formed by SPECT and PET, as described above. Myocardial
perfusion SPECT has been widely investigated for several
decades regarding its diagnostic capability for coronary artery
disease. The prognostic value of myocardial perfusion SPECT
has also been extensively studied and established and has
provided excellent risk stratification for coronary artery dis-
ease [31]. However, radiological studies such as cardiac CT
and cardiac MRI are competing with nuclear perfusion stud-
ies. CT was initially used for coronary calcium accumulation
scoring and it progressed to coronary CT angiography and
then to myocardial perfusion imaging [32-34]. MRI is useful
for the determination of myocardial scar tissue using late-
enhancement findings and provides excellent myocardial wall
motion and ejection fraction assessments. Nowadays, myocar-
dial perfusion and even coronary angiography are evaluated
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using the state-of-the-art MR technology [35-37]. However,
anatomical imaging is anatomical imaging, whereas function
imaging is functional imaging. The high-resolution imaging
achieved by CT and MRI provides excellent anatomical im-
aging, but SPECT and PET offer the unparalleled advantage of
highly sensitive imaging with a true quantitative nature. By
combining both imaging modalities, hybrid imaging ap-
proaches, such as myocardial perfusion imaging combined
with coronary CT angiography (Fig. 4) [38—40] or PET/MRI
cardiac imaging [41, 42], have been actively investigated and
are expected to become more prevalent in the future.
Another challenge of nuclear cardiology is the high radia-
tion exposure to patients [43]. Radiation exposure from med-
ical imaging studies has been attracting significant attention
from the media and the public, and nuclear imaging studies,
especially myocardial perfusion SPECT, have been targeted as
high-radiation-exposure procedures. In response to this con-
cern, several guidelines have been proposed to reduce unnec-
essary myocardial perfusion SPECT; these include appropri-
ate use criteria and the optimization of myocardial perfusion
SPECT protocols [43]. The American Society of Nuclear
Cardiology has suggested the reduction of the overall radia-
tion exposure from myocardial perfusion SPECT in 50 % of
the patients to below 9 mSv per study by 2014 [16, 17].
Actually, owing to the development of software and hardware,
the radiation exposure of patients was reduced to one-half to
one-third of that associated with conventional myocardial per-
fusion SPECT. In terms of software, the routine use of iterative
reconstruction, the application of resolution recovery, and the
implementation of noise reduction algorithms are the main
factors that have enabled dose reduction without compromis-
ing image quality [44]. Regarding hardware development,
cardiac-dedicated gamma cameras, especially CZT-based

Fig. 4 Three-dimensional fusion of Tc-99m MIBI perfusion SPECT and
coronary CT angiography. SPECT image was generated by a dual-head
gamma camera (Vertex, ADAC-Philips) and CT angiography image was
obtained from in-house PACS system. The fusion process was conducted
using CardIQ Fusion software package (GE)

scanners, are the main achievement of this field. Because of
their inherently high count sensitivity and spatial resolution
compared to conventional Nal(Tl)-based SPECT scanners, the
new fast SPECT scanners can complete stress/rest myocardial
perfusion SPECT as quickly as within 1 h with a low radiation
exposure of 4—6 mSv; this has an especially great clinical
impact on younger patients, who are vulnerable to radiation
exposure. In these young patients, the acquisition time can be
cooperatively increased with reduced injected dose. In the
case of older patients, a rapid protocol is preferred because
of motion artifact concerns.

Stress-only myocardial perfusion SPECT using Tc-99m
agents is a plausible option for low-risk patients without pre-
vious myocardial infarction [45, 46]. Stress-only (rest option-
al) myocardial perfusion SPECT must be accompanied by
attenuation corrections and gated wall motion evaluation to
increase the diagnostic accuracy. Normal stress study forecasts
very low risk of cardiovascular events.

F-18 Fluorodeoxyglucose (FDG) Myocardial PET
for Myocardial Infarction

F-18 FDG is widely used in oncology. In nuclear cardiology,
F-18 FDG uptake is considered as the biomarker of viable
myocardium and a perfusion/metabolism mismatch (i.e., im-
paired perfusion with increased/preserved metabolism) is
characteristic of ischemic viable myocardium that should be
rescued through a revascularization procedure [47]. For the
detection of viable myocardium, glucose loading with/without
intravenous insulin injection is required to enhance F-18 FDG
uptake in the normal and the ischemic viable myocardium.
The intravenous insulin injection can sometimes induce severe
hypoglycemia. Therefore, careful monitoring of the
whole-blood glucose level through a finger-stick blood test
and the application of a 50 % glucose solution are often re-
quired. However, the overall risk to the patients is not high if
careful monitoring and timely administration of the glucose
solutions are provided to the patients by experienced person-
nel in the setting of a well-equipped hospital.

Besides traditional viability studies, F-18 FDG uptake in
the infarcted myocardium may indicate the presence of post-
infarct inflammation (Fig. 5), which is related with the recruit-
ment of inflammatory monocytes to the infarcted tissue [48].
In these circumstances, F-18 FDG uptake in the non-infarcted
remote myocardium should be suppressed, in contrast to myo-
cardial viability studies. The inflammation in the infarcted
area shows some degree of enhanced F-18 FDG uptake but
the F-18 FDG uptake in the infarct is easily surpassed by the
surrounding myocardial F-18 FDG uptake. This is similar to
cardiac sarcoidosis studies, which require a very complicated
protocol for the suppression of F-18 FDG uptake in the normal
myocardium. The principal method for F-18 FDG uptake
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Fig. 5 Increased F-18 FDG
uptake in myocardial infarction.
Delayed enhancement suggesting
subendocardial infarction is
shown in the basal inferior wall of
MR imaging (arrows in upper
panels). Increased uptake of F-18
FDG is observed in the same area
(arrowheads in lower panels).
(This research was originally
published by Rischpler et al. [74].
Copyright the Society of Nuclear
Medicine and Molecular
Imaging)

suppression in the normal myocardium entails prolonged
(more than 12 h, often up to 18 h) fasting combined with a
low-carbohydrate diet. A high-fat diet or unfractionated hep-
arin administration (to increase the free fatty acid level) may
also be helpful. Using these complicated protocols, F-18 FDG
uptake has been observed in the infarct area at approximately
day 5 post-infarction, when the monocyte recruitment reached
the peak level. Additionally, the area at risk appeared to have
increased F-18 FDG uptake. Interestingly, the increased F-18
FDG uptake in the infarct was related to the poor functional
outcome after myocardial infarction [42].

If the typical viability study protocol is applied during the
PET study, the degree of F-18 FDG uptake in the infarct area
appears to be lower than that in the remote myocardium [41].
The reduced F-18 FDG uptake has been observed in both the
infarct area and the area at risk. However, in follow-up PET
studies, the reduced F-18 FDG uptake in the area at risk was
often normalized [41].

The mentioned F-18 FDG PET studies were conducted
using integrated PET/MRI scanners. In addition to oncologic
and neurologic applications, cardiac PET/MRI seems to be
another promising application of PET/MRI scanners. Late
gadolinium enhancement is a well-known phenomenon of
myocardial scars and that is successfully used to discriminate
transmural and subendocardial infarctions. Furthermore, the
recent development of the T2 mapping sequence allows the
identification of myocardial edema and is compatible with the
area at risk. The relatively slow implementation of PET/MRI
in nuclear cardiology involves difficulties of the attenuation

@ Springer

correction of PET signals using MR data and the slow devel-
opment of a PET perfusion agent with long half-life [49].
However, the improvements in these areas are also manifest
[50, 51]. Integrated PET/MRI studies could provide an un-
precedented opportunity for nuclear cardiology in the near
future [41, 42].

F-18 Sodium Fluoride (NaF) PET for Coronary
Plaque

F-18 NaF was originally employed as a bone-seeking agent
and bone PET using F-18 NaF has been widely used for the
evaluation of bone or joint diseases [52—54]. Vascular calcifi-
cation has been reported to be F-18 NaF-uptake positive, but
not all gross calcification observed in CT scans was positive
for F-18 NaF uptake [55]. In a recent electron microscopy
study, microcalcification was proven to have a greater tenden-
cy for F-18 NaF uptake than macrocalcification [56] and F-18
NaF PET is considered to be suitable for the evaluation of
early vascular calcification or molecular calcification [57].
Furthermore, high-risk vulnerable plaque appeared to be
F-18 NaF-uptake-positive in patients with acute myocardial
infarction [58]. The presence of vulnerable plaque is a risk
factor for plaque rupture and subsequent acute thrombosis,
leading to acute myocardial infarction. F-18 NaF has been
reported to be preferable to F-18 FDG for vulnerable plaque
imaging because of the lack of background activity from the
myocardium [58]. Therefore, the non-invasive identification
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Fig. 6 F-18 NaF PET for
coronary atherosclerotic plaques
imaging. Application of cardiac
motion-frozen algorithm to PET
(right) reduces noise activity and
enables more prominent
visualization of coronary plaques,
compared to non-corrected PET
(lef?). (This research was
originally published by Rubeaux
et al. [59]. Copyright the Society
of Nuclear Medicine and
Molecular Imaging)

of such high-risk coronary plaque would have a great clinical
impact in the practice of modern cardiology. However, con-
sidering the small size of coronary vessels and motion-
induced blurring effects in a beating heart, a proper correction
for the cardiac and/or respiratory motions is required to ensure
the reliable evaluation of the vulnerable plaque (Fig. 6) [59].
In addition, imaging protocols regarding blood activity cor-
rection, injected dose, and the use of different PET/CT sys-
tems remain to be standardized [60].

Restrictive Heart Disease

The features of restrictive heart disease are a relatively pre-
served systolic function and the infiltration of cellular or sub-
cellular materials into the myocardium, resulting in the impair-
ment of diastolic relaxation. Imaging studies like

A B

Motion
corrected

RCA 1.6

Noise 6%

echocardiography or cardiac CT/MRI often show only non-
specific abnormalities. Among other causative diseases, car-
diac sarcoidosis and amyloidosis are the major concerns of
nuclear cardiology.

Cardiac sarcoidosis is an inflammatory disease associated
with pathologic findings of non-caseating granuloma infiltra-
tion to the myocardium [61]. Sarcoidosis is a systemic disease
and cardiac involvement of sarcoidosis (i.c., cardiac sarcoid-
osis) is a risk factor for fatality. Because anti-inflammatory
therapy using glucocorticoid is an effective therapeutic option,
accurate diagnosis of cardiac sarcoidosis is of paramount im-
portance [62]. Furthermore, the incidence and the prevalence
of cardiac sarcoidosis are known to be higher in Asian coun-
tries than in Western countries [63]. F-18 FDG PET often
shows false-positive uptake in caseating or non-caseating
granulomas during oncologic studies, whereas in cardiac sar-
coidosis imaging, F-18 FDG PET plays a major role in the

Cc D

Fig. 7 C-11 PiB PET for light-chain (AL) type amyloidosis. a and b Chemo-naive AL amyloidosis. ¢ Post-therapy AL amyloidosis. d Control.

(Reprinted from [72] with permission of Elsevier)
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evaluation of disease activity [64]. The early classification
system for cardiac sarcoidosis did not include F-18 FDG
PET, but Ga-67 scans or other gamma-camera imaging stud-
ies. However, recently introduced systems adopt F-18 FDG
PET as one of the criteria for cardiac sarcoidosis [65]. One of
the benefits of F-18 FDG-PET is that the therapeutic response
can be effectively evaluated. Furthermore, the F-18 FDG up-
take in a heart with perfusion defect findings had prognostic
implications [66]. To measure the F-18 FDG uptake in the
diseased area, a very complicated preparation is required to
suppress the physiologic F-18 FDG uptake in the uninvolved
myocardium, as previously described.

Another interesting restrictive heart disease is cardiac am-
yloidosis. Two types of cardiac amyloidosis exist:
transthyretin (TTR) and light-chain (AL). AL-type amyloid-
osis is known to be a secondary manifestation of a systemic
disease of plasma cells. The cardiac involvement of AL amy-
loidosis is a risk factor for poor prognosis. On the other hand,
TTR-type amyloidosis has a relatively milder disease course
than AL-type amyloidosis. Regarding the application of nu-
clear imaging, Tc-99m-labeled phosphates have been used for
the imaging of TTR-type amyloidosis. In Europe, Tc-99m 3,3-
diphosphono-1,2-propanodicarboxylic acid (DPD) has been
widely used, whereas in the US, Tc-99m pyrophosphate has
been the preferred imaging agent for this purpose. Tc-99m
DPD and Tc-99m pyrophosphate are useful for the differential
diagnosis between AL-type amyloidosis (uptake negative)
and advanced-stage TTR-type amyloidosis (uptake positive)
[67, 68]. Tc-99m methylene diphosphonate (MDP) [69] and
Tc-99m hydroxymethylene diphosphonate (HMDP) [70] have
also been tested for imaging TTR-type amyloidosis. F-18
NaF, another-bone seeking agent, has been reported to be
uptake-positive for TTR-type amyloidosis but negative for
AL-type amyloidosis [71]. Alzheimer’s disease is character-
ized by the accumulation of amyloid in brain and several
commercial amyloid-targeting PET agents are available.
C-11 Pittsburgh B (PiB) was the prototype agent used for
brain amyloid imaging. Recently, C-11 PiB PET has been
demonstrated to be useful for the evaluation of the cardiac
involvement of AL-type amyloidosis (Fig. 7) [72]. In addition
to the therapeutic response evaluation, C-11 PiB PET studies
have also been used for prognosis prediction.

Conclusions

Nuclear cardiology has been one of the main nuclear medicine
practices for several decades. The recent advancements of CT
and MR radiologic studies have posed a serious challenge to
nuclear cardiology. Radiation exposure is another concern in
myocardial perfusion SPECT. However, remarkable achieve-
ments have been accomplished in nuclear cardiology in terms
of software and hardware. Additionally, the development of

@ Springer

novel radiopharmaceuticals will undoubtedly advance nuclear
cardiology. Therefore, nuclear cardiology still holds promise
as one of the major fields of nuclear medicine.
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