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Imaging is an indispensable tool in modern medicine. The
revolutionary invention of tomographic imaging technolo-
gies in the 1970s and 1980s and the continuing innovation in
these technologies over the last few decades has substantially
improved diagnostic capabilities formany human diseases. X-
ray computed tomography (CT), which produces an image
from X-ray attenuation, has experienced remarkable techno-
logical advancements in both hardware design and software
algorithms in recent years (e.g., multislice and volumetric CT
and various low-dose solutions).1–3 MRI has become firmly
established as a preferred diagnostic imaging tool following
the substantial improvements made in both scan speed and
image quality since its introduction to clinical practice in the
early 1980s.4–6

Nuclearmedicine imagingmethods that use radionuclides,
such as positron emission tomography (PET) and single-
photon emission computed tomography (SPECT), offer highly

sensitive and quantitative tools for the detection and locali-
zation of the biochemical and functional abnormalities asso-
ciated with various diseases. In addition, molecular imaging
techniques based on radionuclide imaging are the most
sensitive methods that are readily translatable to clinical
use.7 However, the major drawbacks of stand-alone PET
and SPECTsystems are their relatively poor spatial resolutions
and low signal-to-noise ratios. The absence of background
anatomical information in stand-alone PET and SPECT images
of highly target-specific radiotracers sometimes make it
difficult to interpret the distributions of these tracers. To
overcome these limitations of PET and SPECT, many algo-
rithms and software solutions for retrospective coregistration
and fusion of PET and SPECT images with the morphological
images provided by CT and MRI have been developed.8–11

However, their use was limited in normal clinical settings,
mainly because additional efforts are required to retrieve and
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Abstract Nuclear medicine imaging methods that use radionuclides, such as positron emission
tomography (PET) and single-photon emission computed tomography (SPECT), offer
highly sensitive and quantitative tools for the detection and localization of the
biochemical and functional abnormalities associated with various diseases. The intro-
duction of dual-modality PET/CT and SPECT/CT systems to the clinical environment in
the late 1990s is regarded as a revolutionary advance in modern diagnostic imaging,
bringing precise anatomical localization to conventional PET and SPECT imaging
techniques and enhancing the quantitation capabilities of these modalities. The great
success of PET/CT has also revived interest in the combination of PET and MR scanners,
leading to commercially available clinical PET/MR systems. In this article, we review the
recent improvements made in these hybrid molecular imaging systems, which have
been dramatic in terms of both hardware and software over the past decade. We focus
primarily on the hybrid imaging systems that are currently used in clinical practice and
the technologies applied in those systems, with emphasis on the efforts to improve their
diagnostic performances for musculoskeletal diseases.
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process the image data and because most human organs and
soft tissues have a deformable nature that could lead to image
mismatch.

The introduction of dual-modality PET/CT and SPECT/CT
systems in the late 1990s, in which PET and SPECT are
combined with X-ray CT in a clinical setting, is regarded as
a revolutionary advance in modern diagnostic imaging. In
these systems, the PET or SPECT images are acquired sequen-
tially with the CT images using a single device and without
moving the patient from the bed, eliminating differences in
patient positioning and minimizing the misalignments
caused by internal organ motion.12–16 The anatomical infor-
mation provided by the CT images enhances the user’s
confidence in the PET and SPECT findings. Additionally, the
attenuation map derived from the X-ray CT for the gamma
rays emitted from the radionuclides offers useful ways to
correct for the attenuation and scatter artifacts in PET and
SPECTwith minimal addition to the scan time and the image
noise.16–18

The concept of simultaneous acquisition of PET and MR
images was also suggested in the early days of dual-modality
systems development, and the development of PET/MR scan-
ners started in the 1990s.19,20 However, progress in the
development process was relatively slow, and the realization
of clinical PET/MR scanners was greatly delayed because of
technical difficulties when operating PET and MR scanners in
close proximity combined with a lack of industrial interest
and concern over the high cost of the combined device.21 The
great success of nuclear medicine imaging modalities when
combined with CT has, however, revived interest in the
combination of PET and MR scanners. The technical advances
made over the long development period to minimize the
mutual interferencebetween the PET andMRdata acquisition
processes have led to combined clinical PET/MR scanners
with sequential and simultaneous imaging strategies in re-
cent years. Themajor advantages of PET/MR include a smaller
radiation burden than PET/CT, better soft tissue contrast
when using MRI rather than CT, and possible simultaneous
acquisition of images.

This article reviews the recent advances in hybrid medical
imaging systems. In this review,we focusprimarilyon thehybrid
imaging systems that are currently available for clinical practice
and the technologies applied in those systems. In each section,
thebasic principles,fields of application, and recent advances are
reviewed for each hybrid imaging device. It should be noted that
most of the technical advances in each of the components of the
hybrid imaging systems are also available for the stand-alone
nuclear medicine and radiologic imaging systems because the
overall performance of each hybrid imaging system is a function
of the performance of the individual components. Although the
applicationsofmostof the technologies introduced in this article
are not limited to musculoskeletal imaging, we emphasize the
efforts made to improve the diagnostic performances for mus-
culoskeletal diseases.

Advances in SPECT/CT

Basic Principles, Advantages, and Applications
SPECT has several advantages over PET, including greater
accessibility, lower cost, and better availability of radio-
tracers for the investigation of a wider range of biological
processes.22 Technetium 99m (99mTc) is the most widely
used radioisotope in SPECT; it has a 6-hour half-life and is
simply produced using a molybdenum 99 (99Mo)/99mTc
generator. The local production of many SPECT radiotracers
is also possible using commercially available kits. Other
radioisotopes used in SPECT include gallium 67 (67Ga), indi-
um 111 (111In), iodine 123 (123I), and iodine 131 (131I).
Because these radioisotopes emit gamma rays with different
energies, simultaneous data acquisition using dual or multi-
ple radioisotopes is possible in principle. 99mTc-labeled
phosphate-containing compounds, such as 99mTc-methyle-
nediphosphonate (99mTc-MDP) and 99mTc-hydroxydi-
phosphonate (99mTc-HDP), are the most widely used
radiotracers for bone imaging (►Fig. 1). In the diagnosis
of musculoskeletal infection, 99mTc-dicarboxypropane di-
phosphonate (99mTc-DPD), 67Ga, 111In-labeled leukocytes,
and 99mTc-labeled antigranulocyte antibodies are used.23

Fig. 1 A 76-year-old female patient who experienced lower back pain underwent bone scan and SPECT/CT imaging after injection of 99mTc-MDP to
find the focus of active lesion. (a) On bone scan, a focal increased uptake was found in the left side of the L4–L5 intervertebral area. (b) On SPECT/
CT, however, the focal uptake was revealed to be on the right facet joint of L4–L5. (c) In addition, a focal uptake was also found on the left facet
joint of L3–L4 that was not noticed on the bone scan.
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Basic Principles and Design of SPECT Systems
In SPECT imaging, single-, dual- or triple-headed gamma
cameras attached to a rotating gantry are used for angular
data sampling. The projection data are acquired in either
step-and-shoot mode or continuous mode, and they are
rearranged into multiple sinograms for tomographic image
reconstruction. The gamma cameras (or SPECT detectors)
consist of a collimator and a position-sensitive radiation
detector. The collimator is made from heavy radiation shield-
ing material and used to reject gamma-ray photons that are
not within the desired incidence angle for each angular
position of the gamma camera. In general, there is a trade-
off between resolution and sensitivity in the collimator
selection process because the collimators used for high-
resolution imaging yield low sensitivities because of their
low geometric efficiency. The radiation detector convention-
ally used in gamma cameras is the scintillation detector,
which indirectly converts radiation into electronic signals.
In the scintillation detector used for SPECT, a large-area
continuous NaI(Tl) scintillation crystal is coupled to an array
of photomultipliers (PMTs) via a light guide. The visible light
photons generated in the scintillation crystal by the gamma-
ray interaction are read by the PMT array arranged in a
hexagonal pattern to obtain energy and position information
for each gamma-ray interaction.

Advances in Conventional SPECT Detectors
Inmostmodern SPECT detectors based onNaI(Tl) crystals and
PMTs, most of the electronics, including the front-end analog
circuit and the analog-to-digital (ADC) converters, are
mounted directly on the individual PMTs to minimize signal
distortion in the long signal readout cables.24,25 These digi-
tized detectors enable calculation of the gamma-ray interac-
tion position and energy and the elimination of pulse pileups
in the software with more sophisticated algorithms than
those used for conventional analog circuit-based ap-
proaches.26,27 In modern gamma cameras, only PMTs with

output signals above a certain threshold are included in the
position and energy calculations. The main purposes of this
signal thresholding process are to suppress noisy signals from
the PMTs and to allow only the output signals from the small
number of PMTs around the gamma-ray interaction position
to be used in the position and energy calculations. By
restricting the number of PMTs used, the multiple events
that occur in different positions in a continuousNaI(Tl) crystal
can be recorded simultaneously.25,28 The modern gamma
cameras with these advanced hardware technologies yield
� 10% full width at halfmaximum (FWHM) energy resolution
for 99mTc and � 2- to 4-mm FWHM spatial resolution. Event
rates of up to 105 per second are typically supported.29

Solid-state SPECT and SPECT/CT
One of themost important emerging technologies in SPECT is
the use of cadmium zinc telluride (CZT) semiconductor
gamma-ray detectors. Because the CZT converts the gamma
rays into electric signals directly, the spatial and energy
resolutions of this detector are better than those of conven-
tional NaI(Tl)-based indirect detectors. The intrinsic spatial
resolution of current CZT detectors is � 2.5 mm, which is
independent of the gamma-ray energy.30 The higher energy
resolution of the CZT detector provides improved perfor-
mance in terms of rejection of scatter and cross talk gam-
ma-ray photons duringmultiple-tracer imaging. Twovendors
now provide cardiac-dedicated CZT SPECT and SPECT/CT
systems. The cardiac-dedicated CZT SPECT system of Spec-
trum Dynamics (now acquired by Biosensors International
Group) contains nine independently rotating CZT detector
modules that are equipped with a parallel-hole collima-
tor.31,32 GE Healthcare has combined CZT detectors with a
multi-pinhole collimator, enabling simultaneous multiple-
tracer imaging and stationary data acquisition without rota-
tion of the gamma camera (►Fig. 2).33,34 Garcia et al showed
that the spatial resolution and sensitivity have been improved
by two and six times, respectively, when compared with the

Fig. 2 Cadmium zinc telluride (CZT)-based cardiac hybrid SPECT/CTscanner (NM/CT 570c) and CZT detector and multi-pinhole collimator used in
this system. (Image courtesy of GE Healthcare.)
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properties of conventional NaI(Tl)-based cameras.35 Al-
though the application of this innovative semiconductor
detector technology is mainly limited to cardiac-dedicated
SPECT and SPECT/CT systems because of the cost, the com-
mercial production of general-purpose scanners based on
this technology is expected in the near future.

Advances in Filtering and Reconstruction Technologies
One of the most remarkable recent improvements in gamma
camera and SPECT software is the widespread application of
smoothingfilterswithvariant kernel sizes that are adaptive to
the anatomical details of each region. The smoothness of the
post-filtered image is determined by the cutoff frequency (in
the frequency domain) or the kernel size (in the spatial
domain) of the smoothing filter. A lower cutoff frequency
or a wider kernel size in the smoothing filter leads to a more
blurred post-filtered image. In nuclear medicine, linear space
invariant filters, such as Butterworth, Hanning,Wiener, Metz,
and Gaussian filters, have conventionally been used because
fast generation of the filtered images is made possible by the
convolution integration of the images with the fixed filter
kernelwhen the kernel parameters are determined. However,
the desired or optimal kernel size for medical images would
not be spatially invariant or uniform because the anatomical
variation or detail varies depending on both the organ and the
location. Therefore, the kernel size of the smoothing filters
that are currently used in the “half-time solution” of each
vendor is adaptively adjusted for each pixel based on the
similarities of the pixel values with those of the surrounding
pixels. Filters with wider kernels are applied to areas with a
relatively uniform pixel count to fully suppress the noise;
filters with narrower kernels are applied to areas with high
count variability to preserve the edge information. ►Fig. 3

shows that the quality of a bone scan image acquired in half
time and processed with this type of adaptive filter is
equivalent to that of a conventional image acquired in stan-
dard time.

The incorporation of the collimator-detector response
(CDR) in the iterative image reconstruction process is also
useful for both noise reduction and improved spatial resolu-
tion. A projection image of a point source is used as ameasure
of blurring and referred to as the CDR in gamma cameras.36

The CDR of a gamma camera is determined by several factors
including the distance of the point source from the gamma
camera, the shape and geometry of the collimator, the
dimensions and properties of the scintillation crystal, and
the scintillation light sharing and collection method. The four
main components of the CDR are the intrinsic response, the
geometric response, the septal penetration, and the septal
scatter.36–38 The distance dependence of the CDR mainly
originates from the geometric response of the collimator,
which is determined by the acceptance angle for the incident
gamma rays. The rapidly increasing computation speeds and
parallel computing capabilities of modern computers allow
the popular use of iterative statistical reconstruction meth-
ods for SPECT, in which the CDR and other physical factors (i.
e., attenuation and scattering) are incorporated to achieve
higher image quality. ►Fig. 4 shows that this type of CDR

Fig. 3 99mTc-MDP bone scintigraphic images acquired (a) for standard
scan time without applying adaptive filter, (b) half time without filter,
and (c) half time with filter.

Fig. 4 99mTc-MDP SPECT images in a patient with presumptive pars
interarticularis stress in a spine reconstructed using (a) conventional
filtered back projection method and (b) iterative ordered subset
expectation maximization method with distant-dependent collimator-
detector response modeling for resolution recovery. (Reprinted from
Stansfield et al39 with permission.)
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modeling-based iterative reconstruction enhances image
quality by improving image sharpness and the ability to
detect lesions when compared with conventional filtered
back projection (FBP) reconstruction.39

Trends in SPECT/CT Systems
The use of hybrid SPECT/CT as a diagnostic modality has been
gradually increasing since the first commercial SPECT/CTwas
launched in 1999. Current SPECT/CT scanners typically con-
sist of a dual-head SPECT system combined with a CT sys-
tem.25 Two types of CTsystems are nowused in SPECT/CT. The
first type is a low-cost cone-beam CT based on a flat panel X-
ray detector and a low-power X-ray tube mounted on the
same gantry as the SPECT system (e.g., GE Infinia Hawkeye
and Philips BrightView XCT systems) (►Fig. 5). The CT rota-
tion speed is slower than that of state-of-the-art multidetec-
tor CT (MDCT) systems. Although the morphological detail is
not compatible with diagnostic quality MDCT, the images
obtained using the cone-beam CT address the needs of the
SPECT attenuation correction and anatomical localization
processes well. The second type is a fast-rotating MDCT
system combined in tandem with the SPECT system
(►Fig. 6). These systems (e.g., Siemens Symbia and GE Dis-

covery NM/CT 670 systems) offer diagnostic CT image quality
that is especially suitable for oncologic and musculoskeletal
studies and has a sufficiently fast scan speed for applications
that require intravenous iodine contrast enhancement.14,23

Improved SPECT Quantification
The quantitative accuracy of SPECT images has been greatly
increased by incorporation of CT information in the SPECT
reconstruction.40 In addition to the resolution recovery pro-
duced by incorporating the CDR in the image reconstruction
process, correction for gamma-ray attenuation is the most
important process for accurate quantification of the radioac-
tivity in SPECT. Previous approaches used for attenuation
correction in stand-alone SPECTusing radioisotope transmis-
sion sources (e.g., 153Gd, 99mTc, and barium 133 [133Ba])
required long scan times and yielded poor signal-to-noise
ratios.38,41,42 In SPECT/CT, converted attenuation maps for
SPECT from the Hounsfield units of the high-quality CT
images are now routinely used for attenuation
correction.►Fig. 7 shows the improved quantitative accuracy
of modern SPECT images that is compatible to the PET.

The CT information can also be used for context-specific
SPECT reconstruction that enhances the effective image

Fig. 5 SPECT/CT systems with a low-cost cone-beam CT based on a flat panel X-ray detector and a low-power X-ray tube mounted on the same
gantry as the SPECT system. (a) GE Infinia Hawkeye. (b) Philips BrightView XCT. (Image courtesy of GE Healthcare and Philips Healthcare.)

Fig. 6 SPECT/CT systems with a fast-rotating MDCT system combined in tandem with the SPECT system. (a) Siemens Symbia Intevo. (b) GE
Discovery NM/CT 670. (Image courtesy of Siemens Healthcare and GE Healthcare.)
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quality of the spatial resolution of the SPECT images. In the
new context-specific reconstruction method for bone SPECT/
CT recently introduced by Siemens Healthcare, the CT pixels
were divided into five tissue classes (“zones”: air and lung,
adipose, soft tissue, soft bone, and cortical bone) with smooth
boundaries based on their intensities. Zonal images are then
forward projected to create zonal data models; the weighted
sum of these models is compared with the measured projec-
tion data, and the error occurring between them is back-
projected to update the reconstructed SPECT image. This
procedure is repeated until the stopping criterion is reached.
As shown in ►Fig. 8, the boundaries of the different tissue
classes are well resolved as delineated in CT, but the resolu-
tion inside each class is similar to that of a conventional SPECT
image.43

Advances in PET/CT

Basic Principles, Advantages, and Applications
The nuclei of the radioisotopes used in PET have relatively
small numbers of neutrons in comparisonwith those of stable

isotopes. Thus one of the protons inside the radioisotope is
converted into a neutron while releasing a positron, which is
the antiparticle of an electron with the opposite charge. The
mutual annihilation of this positron and an electron results in
the simultaneous emission of a pair of annihilation (gamma-
ray) photonswith identical energies (511 keV) but in opposite
directions. The radioisotope most widely used in PET is
fluorine 18 (18F), which has a � 110-minute half-life and is
produced using a cyclotron. Because of the relatively long
half-life of 18F, the radiopharmaceuticals labeled with 18F at
one location can be provided to the other imaging centers.
Other PET radioisotopes include carbon 11 (11C), nitrogen 13
(13N), oxygen 15 (15O), rubidium 82 (82Rb), 68Ga, and 124I.

The improved spatial resolution, fast whole-body imaging
capability, and anatomical CT information of modern PET/CT
scanners contribute to the improved diagnostic performance
of PET/CT examinations for variousmusculoskeletal disorders
(►Fig. 9). In particular, the misinterpretation of benign
lesionswith increased 18F-FDGuptake asmalignant processes
can be reduced by evaluation of the bone on the CT portion of
themusculoskeletal PET/CT examination.44 There is therefore
increasing evidence in the literature to support the incre-
mental benefits of using PET/CT in the diagnosis of musculo-
skeletal malignancies along with conventional anatomical
imaging modalities.45

When compared with conventional whole-body bone
scintigraphy using 99mTc-labeled phosphates, bone PET and
PET/CT imaging with 18F-fluoride offer several advantages
including faster and higher bone uptake, faster blood clear-
ance, and greater in vivo stability.46,47 Thus lower uptake
times are required for static bone imaging (15–30 minutes as
compared with 3–4 hours for 99mTc-MDP), which results in
more efficient workflows and provides greater comfort to
patients.46,48 The superior spatial resolution and higher
sensitivity of PET scanners when compared with gamma
cameras also contribute to the higher diagnostic accuracy
in the assessment of malignant and benign skeletal diseases
when using 18F-fluoride.48,49 ►Fig. 10 shows an example of
focally increased uptake demonstrated on 18F-fluoride PET/
CT but not on 18F-FDG PET/CT in a patient with an osteolytic
metastatic lesion in pelvic bone. Although 18F-fluoridehas not
been widely used in clinical practice, mainly because of the
greater availability of 99mTc-labeled phosphates, a global
shortage of 99mTc and the increased availability of PET and
hybrid imaging systems are provoking greater interest in the
role of 18F-fluoride in clinical bone imaging applications.

PET Scintillation Crystals
Scintillation detectors are also used in PET scanners to
measure the gamma-ray photons. However, no mechanical
collimator is required in PET, in contrast to the gamma
cameras, because coincidence detection of the gamma-ray
pairs flying in 180-degree opposite directions provides the
location of their origin along a line (the so-called line of
response [LOR]) between the two PET detectors. Thus PET
scanners with multiple scintillation detector rings have
higher sensitivity than gamma cameras, in which most of
the gamma rays are absorbed by the collimator. Because

Fig. 7 An example comparing the quantitative accuracy of PET and
SPECT images expressed as standard uptake value (SUV). ROI, region of
interest. (Reprinted from Bailey and Willowson40 with permission.)

Fig. 8 Comparison of 99mTc-MDP bone SPECT images obtained using
(a) conventional iterative reconstruction with resolution recovery and
(b) context-specific reconstruction. (Reprinted from Vija43 with
permission.)
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accurate coincidence detection of the gamma-ray pairs with
much higher energies (511 keV compared with 140-keV
gamma rays from 99mTc) is an essential process in PET
scanners, the scintillation crystals used in the PET detectors
should be sufficiently bright, fast, heavy, and dense. In
modern PET and PET/CT scanners, arrays of segmented ceri-
um-doped lutetium (Lu)-based crystals (i.e., LSO, LYSO, and
LGSO) are commonly used as alternatives to the conventional
BGO crystals with their slow decay times because of their
excellent physical properties.

In recent years, smaller size crystal elements (� 4 mm � 4
mm) and higher numbers of detectors along the axial direc-
tion (20–25 cm) have been used to improve the spatial
resolution and sensitivity of clinical PET scanners. PET detec-
tors with depth-of-interaction measurement capabilities
have also been investigated in depth but have not yet been
applied to clinical PET scanners.50,51 ►Fig. 11 shows the
representative PET/CT systems from the major vendors.

Time-of-Flight PET
Another important trend in clinical PET hardware systems is
the improvement in the detectors and associated electronics
technologies that are used to measure the time-of-flight
(TOF).18,25 TOF measurements in PET (i.e., measurement of
the arrival time difference between two annihilation pho-
tons) allow us to restrict the annihilation position probability
to a small segment of interest during the back-projection
procedure in image reconstruction. Therefore, we can use this
TOF information to reduce the noise generated during image
reconstruction, as shown in ►Fig. 12. The reduction in
background noise provided by the TOF information allows
better lesion detectability, as shown in►Fig. 13, in which the
non-TOF PET and TOF PET images were compared.52 The
benefit of the TOF information is even more remarkable in
low-statistics images, indicating that this technique is useful
for reducing the PET scan time or even the radiopharmaceu-
tical injection dose. Further improvements in image quality

Fig. 9 A 19-year-old male patient who was alleged to have a bone tumor in the right pelvic area underwent 18F-FDG PET/CT imaging to
characterize the tumor. (a) On CT imaging, a bone-forming mass was found on the right side of the right iliac wing. (b, c) On PET and PET/CT
images, mild FDG uptake (standard uptake value [SUV]max: 3.1) was found only on the posterior part of the mass. Considering the morphology
and the degree of FDG uptake, the mass was judged to be a benign osteochondroma without sarcomatous change, and the biopsy result
concurred with the conclusion from the imaging finding.

Fig. 10 Osteolytic metastatic lesion in pelvic bone (arrow). Focally increased uptake was demonstrated on 18F-fluoride PET/CT (a, CT; b, PET; c,
fused PET/CT image), but not on 18F-FDG PET/CT (d, CT; e, PET; f, fused PET/CT image). (Reprinted from Yoon et al47 with permission.)
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can be achieved because of the better timing resolution of the
PET scanners. In ►Fig. 14, the images in the middle columns
are taken from the current generation of PET scanners with
600 ps coincidence timing resolution; the image on the right
is from a potential next-generation scanner with 300 ps
timing resolution. Faster contrast recovery for small lesions
is another benefit offered by the TOF PET with its higher
timing.52

Resolution Modeling in PET
Incorporation of resolution degradation factors within the
system matrix (whose elements model the relationship be-
tween the object and the projection space) used for iterative
reconstruction also contributes to the improvement in PET
image quality.18,53 These resolution degradation factors in-
clude the positron range, the annihilation photon acollinear-
ity, and the intrinsic detector resolution. Spatially variant
resolution modeling results in increased computational com-
plexity but provides optimal reconstruction results by taking
the nonuniform resolution of the PET scanner in both radial
and axial locations into account. This resolution modeling in
PET provides improved image reconstruction in terms of both
spatial resolution and image contrast.54 The combination of
resolution modeling and the TOF information in the image
reconstruction process provides higher image quality and
better lesion detectability than that provided by the singular
use of these technologies (►Fig. 15).53,55–57 It should be
noted, however, that resolution modeling can lead to notable
edge artifacts. One practical solution for reduction of these
artifacts, which are also known as Gibbs artifacts, is the use of
a kernel width that is smaller than the measured (or true)
point spread function.58 However, these artifacts and the
associated variability in the PET counts of small structures are
not yet regarded as problems that have been fully resolved.53

CT Dose Reduction Techniques

Because of the popular use of hybridmedical imaging systems
based on X-ray CT, we should also retain an interest in dose
reduction techniques for CT. According to the NCRP report no.

Fig. 11 Representative PET/CT systems from the major vendors. (a)
GE Discovery PET/CT 710. (b) Siemens Biograph mCT Flow. (c) Philips
Ingenuity TF. (Image courtesy of GE Healthcare, Siemens Healthcare,
and Philips Healthcare.)

Fig. 12 Noise propagation by back projection in (a) time-of-flight (TOF) reconstruction and (b) conventional non-TOF reconstruction. (Image
courtesy of Dr. Mikiko Ito at GE Healthcare.)
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160 of 2009, the level of medical radiation exposure was
already comparable with the natural background dose level,
and the CT dose was approximately half of the medical
radiation exposure level. It is estimated that 67 million CT
examinations were performed in the United States alone in
2006, and the applications of CT will continue to grow.59

Recently, therefore, radiation dose reduction issues have
been a topic of discussion for many conferences and commu-
nities. Despite the fact that the radiation dose from CT is too
small to cause a deterministic effect on the human body, a
linear-no-threshold model where the smallest dose is as-
sumed to have the potential to cause a slightly increased
cancer risk is usually acceptable.

Radiation dose reduction techniques for CT can generally
be categorized into three areas: the hardware system, the
reconstruction techniques, and dose control. The radiation
dose can be reduced by using better hardware systems.
Improved image quality can be achieved through high detec-
tion efficiencies and low noise levels. The effectiveness of the
detector is determined by both its quantum detection effi-
ciency and its geometrical efficiency. For high quantum
detection efficiency, a detector with a rapid response and a
short dead time is desirable for the collection of higher
numbers of X-ray events.2 The quantum noise depends on
the number of detected events; therefore, a detector with
high efficiency can reduce the noise level. Electrical noise,

Fig. 13 An example in which the time-of-flight (TOF) PEToffers enhanced lesion detectability (arrow) relative to non-TOF PET. (a) Non-TOF PET. (b)
TOF PET. (Reprinted from Conti52 with permission.)

Fig. 14 Monte Carlo simulation of a uniform phantom with high (top) and low (bottom) statistics. Images were reconstructed using the filtered
back projection method. TOF, time of flight. (Reprinted from Conti52 with permission.)
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which is caused by fluctuations in the electronic components
of the system, is another source of noise, and it should be
controlled appropriately. An X-ray beam-sharpening filter
offers an important solution for reduction of patient exposure
in CT systems. The beam-sharpening filter moderates the X-

ray beam to be hard enough to efficiently penetrate the
patient while suppressing low-energy X-rays.

Reconstruction techniques are also important tools for
reduction of patient radiation exposure. Iterative reconstruc-
tion has been widely used in the nuclear medicine field, such

Fig. 15 Image quality enhancement by resolution modeling in PETusing point spread function (PSF) and time-of-flight (TOF) information. OSEM,
ordered subset expectation maximization. (Reprinted from Akamatsu et al56 with permission.)

Fig. 16 CT images obtained using (a) filtered back projection (FBP) and (b) iterative reconstruction. Equivalent image quality relative to the
conventional FBP image can be obtained using iterative reconstruction with reduced CT dose.
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as in PET and SPECTsystems. Only the FBP was conventionally
used for CT because of the heavy computational burden of
iterative reconstruction. However, advances in parallel com-
puting have made it possible to apply statistical iterative
reconstruction methods to X-ray CT. Compared with conven-
tional FBP CT reconstruction algorithms, iterative reconstruc-
tion offers numerous advantages. The use of iterative
reconstruction means that lower noise, higher spatial resolu-
tion, and reduced image artifacts (e.g., beam hardening and
metal artifacts) can be achieved.3 The system geometry can
also be considered for more accurate physical modeling.
These properties have the potential to reduce patient dose
exposure by reducing the tube current or the CT scan time.
Iterative reconstruction can be also incorporatedwith incom-
plete data sampling. Compressed sensing was recently intro-
duced as a new reconstruction method for tomographic
images, and this method allows accurate image reconstruc-
tion from incomplete data sets.60,61 By using compressed
sensing, a reduction of the number of projections is allowed
without degradation of the image quality. The major obstacle
to iterative reconstruction in CT systems was the heavy
computational load; however, computing hardware and soft-
ware have both improved greatly and the reconstruction time
has been significantly shortened.62–65 As shown in ►Fig. 16,
the noise reduction provided by iterative reconstruction of CT
images is substantial. These CT images show that we can
obtain the same image quality with lower tube currents by
applying the iterative reconstruction technique. ►Fig. 17

shows another example of possible CT dose reduction by
the use of iterative reconstruction.

The radiation dose exposure can be also reduced by dose
control. Photon attenuation is exponentially proportional
to an object’s thickness; therefore, lower tube currents are
sometimes sufficient for lightweight or lean patients. An
advanced exposure control method called automatic expo-
sure control (AEC) was also introduced to reduce patient
exposure levels.3,66 Using AEC, the tube current (i.e., the
strength of the X-ray beam) can be automatically modulat-
ed as a function of the projection angle (angular modula-

tion) and the longitudinal location of the patient’s body
(z-modulation) using the attenuation information
(►Fig. 18). Angular modulation is required here because
the patient’s body shape is not a complete circle. The X-ray
exposure level is automatically modulated by the angle
based on the direction of the X-ray relative to the patient.
For low attenuation areas such as lungs, the tube current is
automatically reduced without loss of image quality (z-
modulation). The AEC technique is now widely available
from the major equipment manufacturers under various
trade names.

PET/MR: Newly Emerging Technology

Technical Challenges in PET/MR Systems
As described earlier, in PET scanners, scintillation detectors
are used to measure the gamma rays emitted from the

Fig. 17 CT dose reduction by use of iterative reconstruction. CT images obtained using (a) filtered back projection (FBP) and (b) iterative
reconstruction.

Fig. 18 Automatic exposure control to reduce patient exposure level
in X-ray CT. (Reprinted from Yu et al3 with permission.)
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radiopharmaceuticals and consist of arrays of inorganic scin-
tillation crystals and photosensors. Visible or ultraviolet (UV)
photons are emitted when the gamma rays are detected by
the scintillation crystal and are then measured by the photo-
sensors. The photosensor commonly used in conventional
PET (i.e., stand-alone PET or PET/CT) is the photomultiplier
tube (PMT), which converts the photons into an electric
current that is subsequently amplified by the cascade process
of secondary emission. Although PMTs have high signal
amplification gain (106–107) and excellent timing properties,
they are highly sensitive to both static and time-varying
magnetic fields, which is a major concern in the combination

of PET with MRI (►Fig. 19).67,68 The bulky size of PMTs is
another reason why the placement of PMT-based PET detec-
tors inside an MR magnet is impractical.

Sequential PET/MR System
A practical solution for combination of a conventional PMT-
based PET system with an MR scanner is to transfer patients
between two separate machines using a common bed. This
approach was adopted in the whole-body PET/MR system
produced by Philips Medical Systems (Ingenuity TF PET/MR).
In this system, a PMT-based TOF PET is combinedwith a 3.0-T
MRI with a common bed and a common computer console

Fig. 19 Distortion of energy spectrum and crystal map of photomultiplier-based scintillation detector. (Reprinted from Lee and Kang67 and
Pichler et al68 with permission.)

Fig. 20 A 26-year-old female patient who had synovial sarcoma in the left thigh underwent 18F-FDG PET/MR imaging before and after neoadjuvant
chemotherapy for staging and to evaluate the treatment efficacy. (a, b) On initial PET/MR (DIXON VIBE sequence), images showed lobulated soft tissue
tumor in the posterior aspect of left thigh with intense FDG uptake (standard uptake value [SUV]max: 16.3), indicating high-grade synovial sarcoma. (c, d)
After neoadjuvant chemotherapy, PET/MR and MR image showed decreased size and metabolism of the malignant tumor, reflecting a fair response to the
neoadjuvant chemotherapy. However, the remaining mass withmoderate hypermetabolism (4.6) suggested the possibility of residual malignant cells, and
the result of the postoperative pathologic examination concurred with the imaging finding.
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similar to that of a PET/CT (►Fig. 21).69 Active shielding of the
magnetic field from the 3.0-T magnet and additional passive
shielding materials around the individual PMTs and the PET
gantry allow the two machines to operate in a single room
with a distance of � 2.5 m between the gantry surfaces. The
fronts of the two gantries face each other, and the table is
rotated through 180 degrees during the transfer process. This
design allows the two systems to be operated under optimal
operating conditions with minimal electromagnetic interfer-
ence. The performance of the PET subsystemwas comparable
with that of the vendor’s stand-alone PET (GEMINI TF PET/CT)
when they were compared using both phantom and patient
data.69 The PET subsystem is composed of 28 flat detector
modules of 23 � 44 arrays of 4 mm � 4 mm � 22 mm LYSO
crystals and has a detector ring diameter of 90.3 cm and an
axial field of view (FOV) of 18 cm.70 A National Electrical
Manufacturers Association (NEMA) performance measure-
ment study showed that the transverse and axial resolution
near the center was 4.7 mm and the timing and energy
resolutionsweremeasured to be 525 ps and 12%, respectively.
The absolute sensitivity of the PETscanner was 0.7% (see Zaidi
et al69 for full details of the system specifications and perfor-
mance). One shortcoming of this design is that the PET and
MR data must be acquired sequentially rather than simulta-
neously.17 Longer acquisition times because of the sequential
acquisition process are the main limitation of this system.

Simultaneous PET/MR System
Simultaneous PET and MR data acquisition using a fully
integrated system has several advantages in addition to the
shorter scan time when compared with the sequential sys-
tem. These advantages include the following:

– Temporal correlation of the PET and MR imaging data sets
– Improved spatial correlation because of reduced motion

artifacts
– Possible motion correction of the PET data using the MR

imaging information

Therefore, several different approaches have been tried to
achieve simultaneous PET and MR data acquisition with

minimal mutual interference between the PET and MR
data. Among these approaches, the feasibility of the use of
an avalanche photodiode (APD) rather than a PMT in the PET
detector has been demonstrated in prototype preclinical and
clinical scanners,71–73 and a commercial system based on this
approach is now available (Biograph mMR from Siemens
Healthcare; ►Fig. 22). The APD is a semiconductor photo-
sensor that also provides electrical signal amplification
through the cascade generation of electron-hole pairs. The
APD output signal is only minimally affected by the magnetic
field. Another merit of the APD lies in its compact size that
allows the integration of the APD-based PET detector with the
MR coils. In the Biograph mMR scanner, the APD PET detec-
tors are inserted between the body radiofrequency coil and
the gradient coils for simultaneous isocentric data acquisi-
tion. The PETsystem is composed of eight rings of 56 detector
blocks that consist of an 8 � 8 array of 4 mm � 4 mm � 20
mm LSO crystals coupled to a 3 � 3 APD array. The system
has a transaxial FOV of 59.4 cm and an axial FOV of 25.8 cm.
The reduced ring diameter and the longer axial FOV yield a

Fig. 22 Avalanche photodiode–based simultaneous PET/MR system.
(Siemens Biograph mMR; image courtesy of Siemens Healthcare.)

Fig. 21 Photomultiplier-based sequential PET/MR system. (Philips Ingenuity TF PET/MR; image courtesy of Philips Healthcare.)
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high system sensitivity of 1.5% at the center of the PETscanner
with an energy window of 430 to 610 keV and a coincidence
timing windowof 5.86 nanoseconds.74 This wide coincidence
timing window, which causes increased random counts, is
used in this scanner because of the poor timing resolution of
the APD PET detectors (2.93 nanoseconds), which also dis-
ables the TOF measurements (see Ref. 74 for full details of the
system specifications and performance). ►Fig. 23 shows the
reconstructed PET images of a body phantom acquired using
the Biograph mMR scanner without and with MR image
acquisition, demonstrating no artifacts due to the simulta-
neous data acquisition.

Next-Generation PET/MR Systems
The silicon photomultiplier (SiPM) is regarded as an alterna-
tive to APD photosensors for the next generation of PET/MR
scanners because the SiPM has much higher internal gain
(� 106) and faster timing properties than the APD.75,76 The
SiPM is composed of an array of APD cells operating in Geiger
mode; each cell, when struck by a photon, generates an

avalanche of electrons. The SiPM is also compact and insen-
sitive to magnetic fields, similar to conventional APDs.75,77

The feasibility of SiPM-based PET detectors and systems has
been demonstrated by several groups for applications in-
cluding small animal imaging,78,79 depth-of-interaction
measurements,80,81 and simultaneous PET/MR imaging
(►Fig. 24 and ►Fig. 25).82 Additionally, the high gain and
fast response of the SiPM enables TOF PET detection in
clinical PET/MR scanners with excellent timing resolution.
In the prototype PET/MR system that is under development
by GE Healthcare, the SiPM-based TOF PET scanner has been
combined with a 3.0-T MR scanner and yields timing resolu-
tion of � 390 ps (►Fig. 26).83 The SiPM PET system features
five rings of 112 detector blocks (each of which is a 4 � 9
array of LYSO crystals, 3.95 mm � 5.3 mm � 25 mm in size)
coupled to 1 � 3 arrays of SiPM devices, with a transaxial
FOV of 60 cm and an axial FOV of 25 cm.83

Attenuation Correction: Unsolved Issue in PET/MR
As described earlier, PET scanners detect annihilation pho-
tons (gamma rays) emitted from positron-electron interac-
tions. These gamma rays then interact with matter as they
pass through the body. The interaction of the photons with
matter through photoelectric absorption and Compton scat-
tering processes result in photon attenuation. For accurate
quantification of the radiopharmaceutical density (kBq/ml or
μCi/cc), the photon attenuation should therefore be corrected
appropriately. ►Fig. 27 shows the effects of photon attenua-
tion in emission PET images. The radiopharmaceutical densi-
ty is severely underestimated at the center of the object (or
the patient) in the PET image without the appropriate atten-
uation correction. Inaccurate attenuation correction leads to
quantification errors and/or the misinterpretation of lesions.
Therefore, attenuation correction is a mandatory process in
emission PET scans.

In PET/CT systems, the attenuation correction process is
performed by use of the CT images. Because the X-ray photon
attenuation is mainly determined by the electron density of
thematerial, the CT pixel value that is usually presented as the
Hounsfield unit reflects the photon attenuation properties.
The relationship between the CT Hounsfield unit and the
attenuation coefficient for 511-keV gamma-ray photons has
been investigated by several research groups.84–86 The

Fig. 23 PET images acquired using avalanche photodiode–based
simultaneous PET/MR scanner (a) without MR image acquisition and
(b) with MR image acquisition. (Reprinted from Delso et al74 with
permission.)

Fig. 24 18F-fluoride PET images of rat skull acquired using a silicon photomultiplier–based small animal PET (Reprinted from Kwon et al79 with
permission.)
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bilinear transformation shown in►Fig. 28 is currently used as
a simple solution to obtain the attenuation coefficient map of
a 511-keV gamma ray from the Hounsfield unit in the CT
image. Attenuation correction factors for each LOR are then
generated based on the line integral of the attenuation
coefficient map along the LOR.

In PET/MR systems, CT images are not available. The MR
images reflect the proton densities or the relaxation proper-
ties; therefore, the MR intensity itself is not proportional to
the photon attenuation power.87 In CT images, pixels with
high intensity can be matched with highly attenuating ma-
terials, but this relationship cannot be applied in MR images.

For example, in MRI, the bone structures in the body with the
highest densities usually show low pixel values and cannot be
distinguished from the air.

Several approaches have been suggested for PET attenua-
tion correction in PET/MR systems; these methods can be
categorized into template-guided and segmentation-based
attenuation correction approaches. The template-guided at-
tenuation correction method uses the template images of the
attenuation map and a spatial normalization algorithm to
transform the template into an individual attenuation
map.88–90 However, the use of the relatively robust tem-
plate-guided attenuation correction is possible only for the
brain because current spatial normalization methods cannot
fully accommodate the wide interindividual anatomical

Fig. 25 Simultaneous PET/MR image acquisition using MR-compatible silicon photomultiplier–based small animal PET. (Reprinted from Yoon et
al82 with permission.)

Fig. 26 Silicon photomultiplier–based time-of-flight PET scanner
combined with a 3.0-T MR scanner. RF, radiofrequency. (Image cour-
tesy of GE Healthcare.)

Fig. 27 Whole-body PET images (a) without attenuation correction
and (b) after attenuation correction.

Seminars in Musculoskeletal Radiology Vol. 18 No. 2/2014

Hybrid Molecular Imaging Systems Lee, Kim 117

D
ow

nl
oa

de
d 

by
: S

eo
ul

 N
at

io
na

l U
ni

ve
rs

ity
. C

op
yr

ig
ht

ed
 m

at
er

ia
l.



variability of whole-body images. The segmentation-based
attenuation correction method segments and categorizes
tissue groups on the basis of their MR intensities.91,92 Repre-

sentative attenuation coefficient values are assigned to each
segmented tissue group. In current commercial PET/MR
systems, a two-point Dixon MRI sequence is used for the
segmentation-based attenuation correction process in which
an attenuation map comprising four segments (water-equiv-
alent tissue, fat, lung, and air in the body) is provided
(►Fig. 29).92 However, bone segmentation in whole-body
images has not been successful because it is difficult to
distinguish between the bone and air intensities in MR
images that were acquired using standard MR sequences.93

The relaxation time of protons in bone structures is too short
to measure the signal intensities, and as a result, bone and air
show similar intensity levels.

An approach for measurement of the early bone signals
using the ultrashort echo time (UTE) MR sequences before
they rapidly disappear is used for bone segmentation in PET/
MR (►Fig. 30).94–96 However, the boundary regions between
soft tissues and air are sometimes misinterpreted as bone
structures, which leads to large errors in the reconstructed
PET images.96 Consequently, the UTE sequence is limited to
use for segmentation of the bone structures in the head,
which is a relatively simple structure.

Fig. 28 Bilinear transformation currently used to obtain the attenu-
ation coefficient map of a 511-keV gamma ray from the Hounsfield unit
(HU) in the CT image. (Reprinted from Burger et al84 with permission.)

Fig. 29 Generation of PET attenuation map using two-point Dixon MRI sequence. (a) MR water image. (b) Fat image. (c) MR-based attenuation
map produced by combining water and fat images. (d) CT-based attenuation map of same patient. (Reprinted from Martinez-Möller et al92 with
permission.)
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The effects of the attenuation correction of PET images
without bone segmentation in whole-body images were
evaluated by several groups.97,98 These studies all showed
that PET attenuation correction without consideration of the
bone attenuation resulted in highly inaccurate PET quantifi-
cation in both bones and the surrounding tissues (14.7–16.4%
negative bias in the spinal bones,97 and 12.4% for malignant
bone lesions and 30.1% for normal bone98) (►Fig. 31). It
should be also noted that variations in the tissue density

within organs or segments also can lead to PET quantification
errors.97,99 Further developments to improve the attenuation
correction processes in PET/MR systems are required.

Conclusion

Modern hybridmedical imaging systems and recent advances
in the hardware and software techniques used in those
systems were reviewed briefly in this article. Advanced

Fig. 30 Generation of PET attenuation map using ultrashort echo time MR sequence. MR images acquired at two different echo times (TE1 and
TE2) are used to create R2 map and MR-based attenuation map. (Reprinted from Catana et al96 with permission.)

Fig. 31 Attenuation coefficient maps (top) and PET images corrected using them (bottom). (a) Original CT image and attenuation coefficient
maps with different approaches. (b) Soft tissue/lung/air segmentation. (c) Soft tissue/lungs/air/bone. (d) Water/fat/lung/air. (e) Water/fat/lung/
air/bone. The values written below the marked lesion are the percentage differences of standard uptake value relative to CT-based attenuation
correction. (Reprinted from Kim et al97 with permission.)
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detectionmaterials, detection electronics, and processing and
reconstruction algorithms offer hybrid imaging systems with
rapid scan times and low patient radiation exposure. Com-
plementary anatomical, functional, and molecular informa-
tion measured in the convenient one-stop examinations
provided by the PET/CT and SPECT/CT systems have made
these modalities into primary diagnostic tools in many cases.
Although the system is in an early stage of adaptation, with
some limitations in terms of quantitative accuracy and a
continuing debate with regard to its ultimate role, the PET/
MR system is regarded as another major breakthrough in
modern biomedical engineering with great potential for
widespread use in clinical practice.
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