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Current Trends in PET and Combined
(PET/CTand PET/MR) Systems Design
Habib Zaidi, PhD, PDa,*, Abass Alavi, MDb

Contemporary molecular imaging technologies
are leading to a revolutionary paradigm shift in
health care and clinical practice. Within the spec-
trum of macroscopic medical imaging, sensitivity
ranges from the detection of millimolar to submil-
limolar concentrations of contrast media with CT
and MRI, respectively, to picomolar concentrations
with PET—a 108 to 109 difference [1]. The sensitiv-
ity of in vivo tracer studies is achieved par excellence
with PET, which uses electronic collimation and
thereby operates with a wide acceptance angle (par-
ticularly when operating in a fully three-dimensional
mode) for detecting emitted annihilation photons.
Consequently, the sensitivity of PET per disintegra-
tion, with comparable axial fields of view, is two
orders of magnitude greater than that of single-
photon emission computed tomography (SPECT).

The historical development of PET is marked by
numerous significant technological accomplish-
ments driven by an unprecedented collaboration
between multidisciplinary groups of investigators
with backgrounds in the medical sciences, physics,
chemistry, mathematics, bioengineering, and com-
puter science [2–4]. PET has become one of the

major tools for the in vivo localization of posi-
tron-emitting tracers and is performed routinely
worldwide using 18F-fluorodeoxyglucose (FDG) to
answer important clinical questions including
those in cardiology, neurology, psychiatry, and on-
cology. The latter application contributed largely
to the wide acceptance of this imaging modality
and its use in clinical diagnosis, staging, and the as-
sessment of tumor response to treatment [5].

The introduction of dual-modality PET/CT sys-
tems in the clinical setting in the late 1990s revolu-
tionized the practice of diagnostic imaging [6].
Combined PET/CT systems have been operational
for almost a decade since their inception. The com-
plementarity between the intrinsically aligned ana-
tomic (CT) and functional or metabolic (PET)
information provided in a ‘‘one-stop shop’’ and
the opportunity to use virtually noise-free CT im-
ages for attenuation correction of the PET data
has contributed to the success of this technology
and its wide adoption by the medical imaging
community.

On the other hand, combining PET with MRI in
a single gantry is technically more challenging
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owing to the strong magnetic fields [7]. Neverthe-
less, significant progress has been made, resulting
in the design of a few preclinical PET scanners
and one human prototype dedicated for simulta-
neous PET/MR brain imaging [8]. This article dis-
cusses recent advances in PET instrumentation
and the advantages and challenges of multimodal-
ity imaging systems. Future opportunities, the chal-
lenges facing the adoption of multimodality
imaging instrumentation, and its role in biomedi-
cal research are also addressed.

Trends in PET instrumentation

The first medical applications of positron radiation
focused on the brain owing to the pioneering work
of Brownell, Sweet, and colleagues at Massachusetts
General Hospital who devised the first apparatus
based on coincidence detection to localize brain tu-
mors [9–11]. Likewise, most of the first human PET
prototypes were developed specifically for func-
tional brain imaging [12–17]. PET is now used in
many other applications and owes its success to
clinical oncology in which whole-body scanning
has a central role.

In theory, an ideal PET tomograph should have
high sensitivity and a high counting rate capability
in addition to low dead-time losses and low scatter
fraction, and it should provide a uniform and high
spatial and energy resolution over the whole sensi-
tive volume, allowing one to reach the highest sig-
nal-to-noise ratio (SNR) for the lowest possible
injected activity. Significant progress has been
achieved in the design of commercial PET instru-
mentation during the last decade. PET can now
reach a spatial resolution of about 4 to 6 mm for
whole-body imaging, approximately 2.4 mm for
PET cameras dedicated for brain imaging (eg, the

high-resolution research tomograph [18]), and sub-
millimeter resolution for female breast [19] and
small animal imaging [20].

Novel scintillation crystal-based detection tech-
nologies that materialized included the use of
new cerium-doped crystals (eg, LSO, GSO, LYSO,
LaBr3) as alternatives to conventional bismuth ger-
manate (BGO) crystals [21,22], the use of layered
crystals (phoswich detectors) and other methods
for depth-of-interaction determination, and a re-
newed interest in old technologies such as time-
of-flight (ToF) PET owing to the development of
faster scintillation crystals and electronics that
made this approach feasible on commercial clinical
systems [23].

The scintillation crystal is one of the most critical
components of a PET tomograph [24]. Increased
light yield, faster rise and decay times, greater stop-
ping power and improved energy resolution, and
the linearity of response with energy, in addition
to their low cost, availability, mechanical strength,
moisture resistance, and machinability are among
the desired characteristics of scintillation crystals
[25]. Most of these properties are summarized in
Table 1 for selected scintillators currently in use
or under development for PET applications [26].
Improvements in these characteristics enable detec-
tors to be divided into smaller elements, increasing
resolution and minimizing dead-time losses.

Improvements in spatial resolution can be
achieved by designing smaller crystals allowing
the acquisition of data with finer sampling. One
manufacturer (Siemens Medical Solutions, Knox-
ville, Tennessee) modified the block detector design
by using 13 �13 crystals, 4 � 4 � 20 mm3 each in-
stead of an 8 � 8 block of 6.45 � 6.45 � 25 mm3

crystals, allowing one to reach a transverse spatial
resolution close to 4 mm (4.5 mm) at the center

Table 1: Characteristics of scintillation crystals used or developed specifically for the design of current
generation PET imaging systems

Scintillator BGO GSO LSO LYSO LuAP LaBr3

Formula Bi4Ge3O12 Gd2SiO5:Ce Lu2SiO5:Ce LuYSiO5:Ce LuAlO3:Ce LaBr3:Ce
Density (g/cc) 7.13 6.71 7.4 7.1 8.34 5.3
Light yield (photons/
keV)

9 8 25 32 10 61

Effective Z 75 60 66 64 65 46.9
Principal decay time (ns) 300 60 42 48 18 35
Peak wavelength (nm) 480 440 420 420 365 358
Index of refraction 2.15 1.95 1.82 1.8 1.95 1.88
Photofraction (%)a 41.5 25 32.5 34.4 30.6 15
Attenuation length
(cm)a

1.04 1.42 1.15 1.12 1.05 2.13

Energy resolution (%)a 12 7.9 9.1 7.1 11.4 3.3
Hygroscopic No No No No No Yes

a @ 511 keV.
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of the field-of-view. Fig. 1 shows the two corre-
sponding detector blocks. Fig. 2 illustrates the im-
provement in image quality and the spatial
resolution of clinical brain PET images resulting
from the improvement in block detector design
and the enhanced performance of PET scanners
achieved using a smaller size of the crystals and
finer data sampling.

The phoswich approach consists of an assembly
of two detectors in a sandwich-like design in which
the difference in decay time of the light is used to
estimate the depth in the crystal where the interac-
tion occurred [27]. This approach may be imple-
mented with solid-state photodiode readouts,
which also allow electronically collimated coinci-
dence counting. This technology improves substan-
tially the off-axis spatial resolution because it is able
to roughly halve the uncertainty of the depth-of-in-
teraction determination and hence reduce the
parallax error, which is inherent to all radial geom-
etries at the cost of more complex readout electron-
ics (Figs. 3 and 4).

An alternative to the phoswich approach with the
goal of reducing parallax error would be to use an
axial arrangement of long finely segmented scintil-
lation crystals coupled to highly pixelated photode-
tectors to allow three-dimensional reconstruction
of the interaction point of the annihilation photon.
Such a concept could be useful for the design of
a high-resolution, Compton-enhanced camera ded-
icated for brain imaging [28]. This design also
increases detection efficiency by reconstructing a sig-
nificant fraction of events that undergo Compton
scattering in the crystals [29]. An important

advantage is that the transaxial resolution depends
only on the crystal segmentation and not on its
chemical composition, whereas the axial resolution
is closely related to the scintillator properties.

ToF-PET on the other hand is based on the assess-
ment of a difference of the arrival times of the
511-keV annihilation photons to allow restricting
the position of positron emission to a subsection
of the coincidence line connecting the two scintilla-
tion crystals [30,31]. This technique was suggested
and explored with limited success in the 1980s
due to the lack of crystals combining the required
timing resolution and high stopping power [32].
With the arrival of fast scintillation crystals, ToF
is now viable, allowing an improvement in the
SNR through incorporation of ToF information
into the PET reconstruction process [33–35]. One
scanner manufacturer (Philips Medical Systems,
Cleveland, Ohio) recently introduced the first com-
mercially available fully three-dimensional PET
scanner (The Gemini TF) that achieves ToF capabil-
ity as well as conventional imaging capabilities
[23].

Commercially available, dedicated cylindrical,
full-ring PET tomographs (Table 2) are still consid-
ered to provide state-of-the-art performance for
whole-body scanning [23,36–44], whereas various
geometries are suggested for dedicated high-resolu-
tion scanning of the brain [18,45–48] and female
breast [19,49–60]. The improved performance of
dedicated systems when compared with scintilla-
tion camera–based systems (eg, PENN-PET [61] or
C-PET [62]) is due to their higher overall system ef-
ficiency and count rate capability, which provides

Fig. 1. Photographs of two different geometrical arrangements of PET block detector design realized using an
assembly of 8 � 8 crystals of 6.45 � 6.45 � 25 mm3 each (left) and 13 � 13 crystals of 4 � 4 � 20 mm3, with each
crystal allowing one to reach a transverse spatial resolution of 4.5 mm at the center of the field of view (right).
(Courtesy of Siemens Medical Solutions, Knoxville, Tennessee; with permission.)
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the statistical realization of the physical detector
resolution and not a higher intrinsic physical detec-
tor resolution [63].

Advances in dual-modality PET/CT imaging

Although dual-modality imaging systems designed
specifically for clinical practice are a recent feature,
the potential advantages of combining anatomic
and functional imaging have been recognized since
the early years of medical imaging by radiologic sci-
entists and physicians [64]. Many of the pioneering
developers of nuclear medicine instrumentation
documented that the capabilities of a radionuclide
imaging system could be improved by adding an ex-
ternal source to allow acquisition of transmission
data for anatomic correlation of the emission im-
age. Nevertheless, the theoretical concepts were
never practically realized in an experimental or
a clinical setting until Hasegawa and colleagues
[65,66] at the University of California, San Francis-
co, pioneered in the 1990s the development of ded-
icated SPECT/CT. Later, Townsend and coworkers
(University of Pittsburgh) pioneered in 1998 the
development of combined PET/CT imaging sys-
tems, which have the capability to record both
PET emission and x-ray data for correlated func-
tional/structural imaging [6,67].

Before the commercial introduction of hybrid
units (and even after their introduction), much
worthwhile research was conducted in the field of
software-based multimodality image registration

and fusion with the goal of improving the correla-
tion between anatomic (CT and MRI) and physio-
logic or metabolic (PET) information in clinical
and research settings [68,69]. Software-based image
registration allows one to fuse images from two or
more different modalities after they are acquired
separately [70]. The simplest form of image registra-
tion uses ‘‘rigid-body’’ translation and rotation to
match the two image data sets. These techniques
can be applied most successfully to brain studies,
where the skull provides a rigid structure that pre-
serves the geometrical relationship of regions within
the brain, and have been used since the 1990s for
clinical procedures at many facilities [71,72].

The situation becomes more difficult when image
registration techniques are applied to other areas of
the body, such as the thorax and abdomen, where
the body can bend and flex, especially when the
PET and CT data are captured in separate proce-
dures using different units located in different
facilities, often on different days. Geometrical rela-
tionships between different anatomic regions can
be affected by the shape of the patient table, the ori-
entation of the body and limbs (up or down) dur-
ing the imaging procedure, internal organ shift
between the two procedures, and the respiratory
state of the patient. In these cases, image registra-
tion might match the patient anatomy in one re-
gion of the body but not in all anatomic regions.
Image warping can improve registration over
a larger region of the patient’s anatomy, but, in
most cases, software-based image registration can

Fig. 2. Representative images of the same patient acquired on the Siemens ECAT EXACT (top) and Siemens Biog-
raph Sensation 16 (bottom) are shown.
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be challenging and at most institutions is not used
routinely for clinical procedures unless the multi-
modality data can be collected on the same day us-
ing carefully matched anatomic positioning and
respiration protocols [73,74].

Combined PET/CT might offer a crucial advan-
tage over separate PET and CT imaging systems in
correlating functional and anatomic images with-
out moving the patient (except for table transla-
tion). Different designs of combined PET/CT
tomographs have been developed for diagnostic
purposes in clinical oncology and have been com-
mercially available since 2001 [6,75]. This tech-
nique produces anatomic and functional images
with the patient in the same position and during
a single procedure, simplifying the image registra-
tion and fusion processes. Fig. 5 shows the essential
steps that comprise a typical PET/CT scan, demon-
strating the degree of integration available in a con-
temporary dual-modality imaging system.

In seeking to achieve accurate registration of the
anatomic and functional images, combined PET/
CT imaging offers several potential advantages
over conventional imaging techniques. First, the
PET and CT images are supplementary and comple-
mentary. PET images allow one to identify areas of
disease that are not apparent on the CT images

alone [76]. CT images provide an anatomic context
that interpreters can use to differentiate normal
metabolic uptake from that indicating disease,
and to help localize disease sites within the body.
Second, the low-noise CT data can be used to gen-
erate a patient-specific attenuation map and other
a priori anatomic data, which, in turn, can be
used to correct the PET data for errors due to pho-
ton attenuation [77], scatter radiation [78], and
other physical effects or, alternatively, to serve as
support during the reconstruction process [79]. In
these ways, the CT data can be used to improve
the visual quality and the quantitative accuracy of
the correlated radiotracer data. Current commercial
PET/CT systems consist of multislice spiral CT of up
to 64-slice capability allowing cardiac imaging to be
performed with a high temporal resolution.

The advent of combined PET/CT units is a prom-
inent example of an advance in molecular imaging
technology that offers the opportunity to modern-
ize the practice of clinical oncology by improving
lesion localization and facilitating treatment plan-
ning for radiation therapy. Nevertheless, several im-
portant challenges must be overcome, including
dealing with potential artifacts that may arise owing
to effects such as respiratory-induced misregistra-
tion of the PET and CT data [80–85], truncation

Fig. 3. Illustration of the parallax or depth-of-interaction error associated with annihilations occurring off-center
of the transaxial field of view or oblique lines of response for a multi-ring PET scanner. Note the considerable
degradation of spatial resolution for off-centered lines of response inherent to all radial geometries.
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artifacts owing to discrepancy between fields of
view in a dual-modality system [86–89], the pres-
ence of oral and intravenous contrast medium
[90–99], artifacts due to metallic implants [100–
107], beam hardening artifacts caused by the
polychromatic nature of CT x-rays [108,109], x-ray
scatter in CT images for future generation cone-
beam geometries [110–112], and other CT artifacts
from any source.

Since its inception, PET/CT has been advertised
as a cutting-edge technology to influence clinicians
and decision makers to adopt it as the new gold
standard modality and to push scanner manufac-
turers to replace stand-alone PET scanners with
combined PET/CT units. The latter is considered
a questionable choice by some investigators [113–
115]. The marketing strategy of vendors supported
by many scientists aiming at disseminating PET/
CT technology in the clinic is that the added value
of combined units is well-established and repre-
sents the ultimate solution for image co-registra-
tion. According to these advocates, this solution
enables appropriate combination of imaging tech-
nologies to yield useful anatomolecular imaging
fusion [116]. The bottom line is that, although

PET/CT has been accepted commercially, the clini-
cal benefits and the need for this technology remain
controversial [117,118] and are still being debated
[113,115,119]. Although hybrid PET/CT has many
interesting features and offers several advantages
when compared with software approaches of image
co-registration for patient diagnosis and image-
guided radiotherapy, it is often argued that com-
bined PET/CT is not the ultimate solution for image
co-registration [73,120,121].

The promise of simultaneous PET/MR
imaging

As diagnostic techniques transition from the sys-
tems to the molecular level, the role of multimodal-
ity imaging will become ever more important. The
combination of PET and MRI, enabling truly simul-
taneous acquisition, will bridge the gap between
molecular and systems diagnosis. Both imaging
modalities offer richly complementary information
about disease; their integration into a combined
system offering simultaneous acquisition will capi-
talize on the strengths of each, providing a hybrid
technology that is significantly better than the

Fig. 4. Illustration of the reduction of parallax or depth-of-interaction error when using the phoswich detector
approach with depth-of-interaction measurement capability. The two detectors are assembled in a sandwich-
like design in which the difference in decay time of the light is used to estimate the crystal where the interaction
occurred, allowing one to roughly halve the uncertainty of the depth-of-interaction. Note the reduction in deg-
radation of spatial resolution for off-centered lines of response.
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Table 2: Main performance characteristics of commercial PET/CT scanners operating in three-dimensional mode (factory data)

Parameter Biograph truepoint Gemini GXL Gemini TF Discovery LS Discovery ST Discovery STE/VCT SceptreP3

CT
Number of slices 6, 16, 40, 64 6, 16 16, 64 4, 8, 16 4, 8, 16 8, 16, 64 (VCT) 4
Rotation speed (s) 0.33/0.42 0.4 0.4/0.5 0.5 0.5 0.4 0.8
Detector material UltraFast ceramic Solid-state GOS Solid-state GOS Patented ceramic Patented ceramic Patented ceramic Ceramic
Temporal
resolution (ms)

w90 w100 w100/120 w120 w120 w100 w200

Spatial resolution
(line pairs/cm)

15.1/24 16/24 24 15.4 15.4 15.4 16

PET
Scintillation crystal LSO GSO LYSO BGO BGO BGO LSO
Number of crystals 32,448 (True V) 17,864 28,336 12,096 10,080 13,440 4,224
Detector size (mm) 4 � 4 � 20 4 � 6 � 30 4 � 4 � 22 4 � 8 � 30 6.2 � 6.2 � 30 4.7 � 6.3 � 30 6.45 � 6.45 � 25
Axial field of view
(cm)

16.2/21.6 (True V) 18 18 15.2 15.7 15.7 16.2

Sensitivity (cps/
kBq)

7.9 (True V) 8 7.2 1.3 2 2 8.7

Peak noise
equivalent count
rate (kcps)

165 (True V) 70 105 42 63 75 34

Activity
concentration @
peak NEC (kBq/cc)

32 11 16 8.5 12 12 —

Scatter fraction
(%)

<36 37 30 43 44 35 <36

Transverse
resolution @ 1 cm
(mm)

4.2 5.3 4.7 4.8 6.2 5.0 6.3

Transverse
resolution @ 10 cm
(mm)

4.8 6.0 5.1 5.2 6.7 5.6 6.8

Axial resolution @
1 cm (mm)

4.5 6.0 4.7 6.5 5.6 5.6 5.3

Axial resolution @
10 cm (mm)

5.5 6.6 5.2 7.5 5.9 5.9 7.0

The characteristics for the two-dimensional mode for some scanners were omitted to facilitate comparison.
Abbreviation: NEC, noise equivalent counts.
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sum of its parts. The recent introduction of hybrid
PET/MR technology is considered by many experts
as a major breakthrough that will potentially lead
to a revolutionary paradigm shift in health care
and revolutionize clinical practice [122]. Several ac-
tive research groups in academic and corporate set-
tings are focusing on the development of various
configurations of MR-compatible PET inserts to al-
low simultaneous scanning using the most highly
sophisticated molecular imaging technologies
available today.

The idea of designing a combined PET/MR sys-
tem goes back to the mid-1990s, even before the de-
sign of the first PET/CT prototype [123–125]. The
first attempts to design MR-compatible PET units
relied on simple modification of conventional
PET detectors for small animal systems to keep
the photomultiplier tubes (PMTs) away from the
strong magnetic field of MRI [126–131]. In this ap-
proach, scintillation crystals were coupled to 3- to
5-m long optical fibers, leading the weak scintilla-
tion light outside the fringe magnetic field to posi-
tion-sensitive PMTs. One major drawback of this
design is that the long fibers result in the loss of
a significant fraction of the scintillation light, affect-
ing energy and timing resolution, deteriorating
crystal identification, and loosing PET signal
performance.

Other related approaches based on conventional
PMT-based PET detectors rely on more complex
magnet designs, including a split magnet [132] or
a field-cycled MRI [133]. In the former design, an
8-cm gap in the radial direction of the B0-field of
a 1-T actively shielded superconducting magnet

houses the preclinical PET scanner and shorter
(1.2 m long) optical fiber bundles [132]. This de-
sign allows one to place the PMTs at very low field
strength (w30 mT). The major advantage of this de-
sign is that only minor modifications of existing
conventional PET detectors are required. Neverthe-
less, the magnet and gradient coil design is more
complex and expensive when compared with tech-
nologies used on typical MRI scanners. In the latter
approach, the PMTs are built into the magnet, but
PET scanning is allowed only within small time in-
tervals (w2.5 seconds) when the MR polarizing
and readout fields are switched off [133]. The
switching cycle for the 1-T polarizing field requires
about 1 second to magnetize the object and is shut
down very quickly. The hardware implementation
of this design still needs to be demonstrated given
that the exposure of the PMTs to a variable magnetic
field remains challenging. In addition, the use of
electromagnets (instead of superconducting mag-
nets) for field-cycled MRI engages significant
compromises.

The potential of using novel readout technolo-
gies insensitive to magnetic fields, including Ava-
lanche Photodiodes (APDs) and Silicon PMTs
(SiPMs), has not yet been fully realized. APD-based
technology has been successfully implemented by
one small animal PET vendor [134] and in many
preclinical PET/MR systems [135–137]. SiPMs,
small finely pixilated APDs operated in Geiger
mode, have a large potential for further improve-
ment; however, their current performance (high
gain and an excellent SNR) is sufficiently good
that they can be considered strong candidates in

PET

Pre-correct

Em
is

si
on

si
no

gr
am

s

CT image

Reconstruct
CT images

Tr
an

sm
is

si
on

si
no

gr
am

s

Energy scaling Resolution match

Forward project

Reconstruct
PET images

Attenuation
map 

x

Display fused
PET/CT images

Downsampling

Attenuation corrected
sinograms

ACFs

CT
Move patient table
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the design of combined PET/MR scanners [138] be-
cause they significantly reduce the amount of elec-
tronics needed inside the MRI [139]. SiPMs are
currently commercially available from several ven-
dors such as Photonique (Geneva, Switzerland),
a distributor for CPTA Russia (http://www.photoni-
que.ch), Hamamatsu, (Hamamatsu City, Japan),
(http://www.hamamatsu.com), or SensL, (Black-
rock, Cork, Ireland) (http://www.sensl.com). The
development of combined PET/MR systems based
on APDs is one of the most promising designs
achieved thus far. The first in vivo mice images
confirmed the capability of the system for perform-
ing simultaneous PET/MR imaging [137]. Further
experimental analysis showed that both systems
work with unhindered performance, consolidating
the observation that each modality is virtually in-
visible to the other.

The conceptual design of combined PET/MR in-
strumentation for humans would greatly benefit
from the experience gained in preclinical imaging.
There are at least four evident ways to combine
PET and MRI in a single gantry (Fig. 6). The obvious
and easiest configuration would be to combine
PET/MRI as two ‘‘standard’’ scanners hardware
wired to each other with a common bed and com-
mon computer console similar to PET/CT (Fig. 6A).
This configuration would be more straightforward
to develop when compared with fully integrated ap-
proaches, because the PET electronics are outside
the MRI scanner’s field of view and high magnetic
field. The main limitation of this design is that

the PET and MR data will be acquired sequentially
rather than simultaneously, seriously limiting the
envisioned applications (eg, the assessment of two
independent functional processes with PET tracers
and MRI contrast agents [functional MRI or MR
spectroscopy]). Moreover, MRI has relatively long
acquisition times when compared with CT, which
further emphasizes the advantages of simultaneous
scanning to reduce acquisition time.

The full integration of PET and MRI with large
and matched fields of view in a single gantry to
allow simultaneous whole-body scanning remains
the long-term objective (Fig. 6D); however, the
cost and complexity of designing and manufactur-
ing such a large-scale system makes an initial small-
er-scale design appealing. As a result of a close
collaboration between Siemens Medical Solutions
(Erlangen, Germany) and the University of Tuebin-
gen, Germany, the first prototype human PET insert,
the BrainPET scanner [140,141], was designed in
2005 using photodetectors insensitive to magnetic
fields (APDs instead of PMTs) and non-magnetic
detector and front-end electronic materials to oper-
ate within a clinical MRI system, namely, the 3T TIM
Trio manufactured by the same company. The
BrainPET was designed to work quietly in the fre-
quency range of interest for MRI at 3 T, rendering
it well-matched with the most sophisticated MR
brain sequences that can be performed at this field
strength. The first patient images were shown late
in 2006. The system is currently undergoing a de-
tailed evaluation of mutual interference between

Fig. 6. Concept of PET/MRI illustrated through four potential designs that are being explored. (A) Two scanners
mounted together back-to-back allow sequential rather than simultaneous acquisition like PET/CT. (B) PET scan-
ner inserted within a gap in a superconducting magnet where the PMTs can be placed in a low magnetic field
through a combination of magnet design and the use of fiberoptic bundles. (C) PET scanner inserted (between
the RF-coil and gradient set of the MR system) into a standard clinical MRI system. (D) Full integration of
a whole-body PET/MRI system.
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the two imaging modalities and is being used com-
prehensively to assess its potential using normal
subjects and clinical studies [142].

The role of advanced molecular imaging
instrumentation in biomedical research

The introduction of FDG and a multitude of novel
radiotracers has demonstrated the enormous po-
tential of nuclear medicine as an emerging disci-
pline in the field of molecular imaging [143].
Molecular imaging in its broad definition repre-
sents methodologies and probes that allow visualiz-
ing events at the cellular and molecular levels [144].
The intended targets for this purpose include cell
surface receptors, transporters, intracellular en-
zymes, or messenger RNA. The source of the signal
detected by these techniques could originate di-
rectly from the molecule or its surrogates.

Molecular imaging is the main focus of the NIH
Road Map Initiative, a major undertaking, further
demonstrating the importance of this approach in
the scientific community [145]. It is not farfetched
to speculate that, in the future, molecular imaging
will be the centerpiece of medical practice whereby
early and accurate diagnoses will be made by appro-
priate imaging probes. Treatment for most diseases
and disorders would be individualized by using la-
beled pharmacologic agents as tracers that would be
predictive of a favorable outcome from therapeutic
doses of compounds [146]. Molecular and cellular
imaging techniques would be successfully em-
ployed for monitoring response and detecting early
evidence of failure or recurrence of disease activity.
In addition to nuclear medicine techniques, many
different methodologies have been studied for the
purpose of molecular imaging, including optical im-
aging, MR spectroscopy, and functional MRI. The
merits and current applications of these techniques
are described elsewhere in the literature [147,148].

The challenges faced by the imaging community
include a shortage of properly trained personnel to
perform various tasks that are associated with the
very complex technology. These tasks include run-
ning cyclotron facilities, synthesizing routine and
new novel compounds, and operating the imaging
instruments. Obviously, there is a great demand
for physicians and scientists who are adequately
trained to provide this type of service with high
standards. Understanding and providing quantita-
tive data for accurate diagnosis and treatment is
a major challenge that scientists and physicians
face in this discipline.

It can arguably be stated that FDG-PET, as a single
modality, has made a lasting impact on the spe-
cialty of nuclear medicine. In fact, it has rejuvenated
the field and has changed its image in the medical

community. It is not an exaggeration to speculate
that, in the coming years, the number of FDG-PET
images performed in most facilities will exceed
that of all other procedures performed with radiola-
beled compounds. It is appropriate to applaud our
distinguished colleague Henry Wagner, who named
FDG as the ‘‘Molecule of the Century’’ because of its
unparalleled impact on the evolution of the spe-
cialty of nuclear medicine.

Summary

An overview of current state-of-the art develop-
ments in stand-alone PET and emerging dual-
modality (PET/CT and PET/MR) instrumentation
is provided in this review. Many different design
paths have been tried and continue to be pursued
in academic and corporate settings that offer differ-
ent compromises in terms of performance and ver-
satility but in most cases improve the clinical
workflow efficiency. It is still uncertain which de-
signs will be incorporated into future clinical sys-
tems, but it is certain that technological advances
will continue and will enable new quantitative ca-
pabilities in molecular imaging using PET. More
compact and cost-effective designs of dual-modality
systems are being explored using a rail-with-sliding-
bed approach in which a sliding CT bed is placed
on a track in the floor and linked to a flexible SPECT
camera [149]. Various other rail-based, docking,
and click-over approaches for anatomolecular im-
aging fusion are also being considered for which
the possibilities are limited only by the imagination
and creativity of researchers [150]. In any approach,
it is the power of molecular imaging using highly
specific tracers that is central and not the number
of slices of the CT subsystem when considering
the example of combined PET/CT.
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