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Dual-Modality Imaging: More Than
the Sum of its Components

B.H. Hasegawa* and H. Zaidiy

1. Introduction

The field of diagnostic radiology encompasses a wealth of imaging techniques

that now are essential for evaluating andmanaging patients who needmedical

care. Traditional imaging methods such as plain film radiography and more

recent techniques such as x-ray computed tomography (CT) and magnetic

resonance imaging (MRI) can be used to evaluate a patient’s anatomy with

submillimeter spatial resolution to discern structural abnormalities and to

evaluate the location and extent of disease. Thesemethods also offer relatively

fast scan times, precise statistical characteristics, and good tissue contrast

especially when contrast media are administered to the patient. In addition,

x-ray fluoroscopy and angiography can be used to evaluate the patency of

blood vessels, the mechanical performance of the cardiovascular system, and

structural abnormalities in the gastrointestinal or genitourinary systems. Simi-

larly,CTandMRIcanbeperformedwithcardiacgatingtotheheartatdifferent

phases of the cardiac cycle. Computed tomography recently has experienced a

significant increase in utilization with the advent of multislice helical scanning

techniques that cover a large region of the patient’s anatomy within a single

breath-hold, with scan speeds that can capture both the arterial and venous

phases of the contrast bolus. These increased scan speeds also enhance patient

comfort, and contribute to patient throughput and cost effectiveness.

X-ray projection imaging, computed tomography, and magnetic reson-

ance imaging differentiate disease from normal tissue by revealing structural

differences or differences in regional perfusion of the administered contrast

media. The interpretation of the images can be complicated when normal

perfusion patterns are disrupted by prior surgery or radiation therapy, which

can lead to tissue damage or necrosis where contrast patterns can mimic
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those associated with neoplasia. This presents a significant challenge when

the imaging techniques are used to define the anatomical extent of disease as

is needed for planning highly conformal radiation treatment or for planning

highly targeted therapeutic regimes.

In comparison to the anatomical imaging techniques described above,

functional imaging methods including planar scintigraphy, single-photon

emission computed tomography (SPECT), positron emission tomography

(PET), and magnetic resonance spectroscopy (MRS), assess regional differ-

ences in the biochemical status of tissues.1,2 In nuclear medicine, including

SPECT and PET, this is done by administering the patient with a biologic-

ally active molecule or pharmaceutical which is radiolabeled and accumu-

lated in response to its biochemical attributes. Radionuclide imaging and

nuclear medicine rely on the tracer principle in which a minute amount of a

radiopharmaceutical is administered to assess physiological function or the

biomolecular status of a tissue, tumour, or organ within the patient. The

amount of the radiopharmaceutical is sufficiently small so that its adminis-

tration does not perturb the normal function of the patient. However, the

radiopharmaceutical produces a radioactive signal that can be measured,

and ideally imaged, using an external array of radiation detectors. By design,

the radiopharmaceutical has a targeted action, allowing it to be imaged

to evaluate specific physiological processes in the body. There now are

many radiopharmaceuticals available for medical diagnosis, with additional

radiotracers available for in vivo as well as in vitro biological experi-

mentation.

Nuclear medicine relies on use of radionuclide tracers which emit radiation

in amounts proportional to their regional concentration within the body. For

this reason, radionuclide imaging often is called ‘‘emission’’ imaging. This is in

contrast to x-ray or ‘‘transmission’’ imaging where an external radiation

source transmits radiation through the body and onto a set of opposing

detectors. The properties of emission imaging are best suited for imaging

functional processes, while transmission imaging is best suited for visualizing

anatomical structure. Because the amount of radiation that can be adminis-

tered internally to the patient is limited by considerations of radiation dose

and count rate, radionuclide images inherently have poor photon statistics,

are produced with only modest spatial resolution, and require relatively long

scan times. In addition, the visual quality of radionuclide images can be

degraded by physical factors such as photon attenuation and scatter radi-

ation.3-10 In contrast, transmission images are producedwith short scan times,

excellent signal-to-noise characteristics, and submillimeter spatial resolution,

but generally contain limited functional information. These considerations

illustrate that x-ray (transmission) and radionuclide (emission) imaging pro-

vide quite different but complementary information about the patient.11-14

This information can be interpreted by the diagnostician to detect, localize,

and diagnose diseases. Similarly, biomedical research scientists can analyze

these attributes to monitor and measure processes that are important for
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biological research, drug discovery, and development of new diagnostic and

therapeutic techniques in humans and animals.

Several investigators have developed methods which attempt to improve

the correlation between anatomical and physiological information obtained

using these x-ray transmission and radionuclide emission imaging studies.

Software-based image registration15-17 can fuse images from two or more

different studies after they are acquired separately. Commonly, image regis-

tration techniques produce a single ‘‘fused’’ or ‘‘combined’’ image in which,

for example, the radionuclide distribution is displayed in colour over a grey-

scale CT image of the same anatomical region. The simplest form of image

registration uses ‘‘rigid-body’’ translation and rotation to match the two

image data sets. These techniques can be applied most successfully to neuro-

logical studies,18,19 where the skull provides a rigid structure that maintains

the geometrical relationship of structures within the brain. The situation is

more complicated when image registration techniques are applied to other

areas of the body, for example the thorax and abdomen, where the body

can bend and flex, especially when the x-ray and radionuclide data are

captured using different machines in separate procedures, often on different

days (see chapter 9). Geometrical relationships between different anatomical

regions can be affected by the shape of the patient table, the orientation of the

body and limbs during the imaging procedure, and the respiratory state of the

patient.20 In these cases, image registration might match the patient anatomy

in one region of the body, but not in all anatomical regions. Image warping

can improve registration over a larger region of the patient’s anatomy, but in

most cases, software-based image registration can be challenging and, at most

institutions, is not used routinely for clinical procedures.16,17

With the goal of improving the correlation of different types of image

data, other investigators have developed instrumentation which integrate

both x-ray and radionuclide imaging is in a single device.1,21-35 This tech-

nique, often called dual-modality imaging, can combine a PET or SPECT

system with a CT scanner, using a common patient table, computer, and

gantry so that both the x-ray and radionuclide image data are acquired

sequentially without removing the patient from the scanner. This technique

thereby produces anatomical and functional images with the patient in the

same position and during a single procedure, which simplifies the image

registration and fusion processes.1,25,28,32,34,36 In seeking to achieve accurate

registration of the anatomical and functional data, dual-modality imaging

offers several potential advantages over conventional imaging techniques.37

First, the radionuclide and x-ray images are supplementary and complemen-

tary. Radionuclide data can identify areas of disease that are not apparent

on the x-ray images alone.14,38-41 X-ray images provide an anatomical con-

text that interpreters use to differentiate normal radionuclide uptake from

that indicating disease, and to help localize disease sites within the body.

Second, the x-ray data can be used to generate a patient-specific map of

attenuation coefficients and other a priori anatomical data which in turn is
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used to correct the radionuclide data for errors due to photon attenuation,

scatter radiation, and other physical effects.1,21,22,25,27,42-44 In these ways, the

x-ray data can be used to improve both the visual quality and the quantita-

tive accuracy of the correlated radionuclide data.

2. Brief History of Dual-Modality Imaging

Whereas the advent of dedicated dual-modality imaging systems designed

specifically for clinical use is relatively recent, the potential advantages of

combining anatomical and functional imaging has been recognized for several

decades by radiological scientists and physicians. Many of the pioneers of

nuclear medicine, including Mayneord,45-47 Anger,48,49 Cameron and Soren-

son,50 and Kuhl51 recognized that a radionuclide imaging system could be

augmented by adding an external radioisotope source to acquire transmission

data for anatomical correlation of the emission image. Furthermore, Kuhl

et al.52 added an external radionuclide source on hisMark IV brain scanner to

produce anatomical images useful for both localizing regions of radionuclide

uptake and to correct for soft tissue absorption in the radionuclide emission

data. In a 1974 review of photon attenuation, Budinger and Gullberg53 noted

that a patient-specific attenuation map could be produced from transmission

data acquired using an external radionuclide source or extracted from a

spatially correlated CT scan of the patient. A specific implementation of a

combined emission-transmission scanner was disclosed by Mirshanov54 who

produced an engineering concept diagram showing a semiconductor detector

to record radionuclide emission data and a strip scintillator to record coregis-

tered x-ray transmission data from a patient (Figure 1). In addition, Kaplan

et al.55 proposed a high performance scintillation camera to record both

emission data from an internal radionuclide source and transmission data

from an external x-ray source. However these concepts were never reduced to

practice or implemented in either an experimental or a clinical setting.56

In late 1980’s and early 1990’s, Hasegawa et al.23,26,57,58 at the University

of California, San Francisco, pioneered the development of dedicated emis-

sion/transmission imaging systems which could record both radionuclide

and x-ray data for correlated functional/structural imaging. The first proto-

type, developed by Lang et al.26,58 used an array of HPGe detectors (Figure

2) with sufficient energy discrimination and count-rate performance to

discriminate g-rays emitted by an internally distributed radiopharmaceutical

from x-rays transmitted through the body from an external x-ray source.

Phantom experiments with this first prototype led to the development of a

second prototype (Figure 3) having a 20-cm reconstruction diameter that

could record emission and transmission data from stationary animal or

object using a single HPGe detector array. Kalki et al.59,60 used this second

prototype in animal studies both to demonstrate the capability of the system

to facilitate image correlation and to test the feasibility of correcting the
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Figure 1. Concept drawing of transmission–emission tomography system proposed

in the Soviet Union in 1987. System includes semiconductor detector for radionuclide

imaging and strip scintillator for x-ray imaging, with electronics for combined

recording and display of x-ray and radionuclide data sets. Reprinted from ref.54
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Figure 2. Schematic of data acquisition of combined emission-transmission imaging

system developed at UCSF using single high-purity germanium detector array with

fast pulse-counting electronics for simultaneous emission-transmission imaging.
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radionuclide data for photon attenuation using coregistered x-ray transmis-

sion data. Because the HPGe detector implemented in these first two proto-

types was expensive and impractical for clinical use, the UCSF group next

implemented a SPECT/CT scanner (Figure 4) for patient studies by sitting a

GE 9800 Quick CT scanner in tandem with a GE 400 XR/T SPECT

system.21,22,42 This configuration allowed the patient to remain on a com-

mon patient table for radionuclide and x-ray imaging with separate detector

technologies that already had been optimized for clinical use both in terms of

technical performance and cost-effectiveness. The investigators used this

system to demonstrate that CT data could produce a patient-specific attenu-

ation map that could be incorporated into an iterative reconstruction algo-

rithm for attenuation correction of the correlated radionuclide data. The

system was used for imaging studies with phantoms, animals, and patients

and demonstrated that the use of combined emission and transmission data

could improve both the visual quality and the quantitative accuracy of

radionuclide data in comparison to SPECT data alone.21,22,42

The first integrated PET/CT system (Figure 5) was developed by Town-

send and co-workers at the University of Pittsburgh in 199828,33-35 by

combining the imaging chains from a Somatom AR.SP (Siemens Medical

Systems) CT system with an ECAT ART (CTI/Siemens) PET scanner. Both

Figure 3. Early emission-transmission CT system at UCSF had an HPGe detector

was translated across a circular arc to simulate an entire detector array and was

rotated around an isocenter for tomographic imaging. Detector was read-out using

fast pulse-counting electronics (Figure 2) using energy discrimination to separate the

simultaneously acquired x-ray and radionuclide data. Reprinted with permission

from ref.1
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Figure 4. Combined SPECT/CT system configured at UCSF from a GE 9800 CT

Quick CT scanner and a 400 XR/T SPECT system with a common patient table to

translate the patient between the reconstruction volumes of the CT and SPECT

systems. Reprinted with permission from ref.1

Gantry dimensions:
170 cm�168 cm�110 cm

Rotation: CT: 2s

PET: 2 s

110 cm

100 cm

168 cm

60 cm

CT PET

Dual-modality imaging range

Figure 5. Schematic of combined PET/CT scanner developed at University of

Pittsburgh by Townsend and co-workers. PET components were mounted on back

of rotating CT scanner assembly. Centers of fields-of-view between PET and CT

(vertical lines) were 60 cm apart. Combined PET/CT gantry was 110 cm deep,

170 cm high, and 168 cm wide. PET and CT data were acquired over 100 cm axial

range of patient. Reprinted with permission from ref.35
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the CT components and the PET detectors were mounted on opposite sides

of the rotating stage of the CT system, and imaged a patient with a common

patient table translated between the centers of the two tomographs which are

offset axially by 60 cm.33 The PET/CT prototype was operational at the

University of Pittsburgh from May 1998 to August 2001, during which over

300 cancer patients were scanned. The success of these initial studies

prompted significant interest from the major medical imaging equipment

manufacturers who now all have introduced commercial PET/CT scanners

for clinical use.

In 1999 and 2000, SPECT/CT and PET/CT dual-modality imaging sys-

tems were introduced by the major medical equipment manufacturers for

clinical use, with approximately 400 systems of each type sold by midyear

2004. A significant success of PET/CT has been the improved image quality

of FDG images for tumour localization.38,39,41,61 The major use of SPECT/

CT has been in reducing attenuation artefacts and improving the quality of

myocardial perfusion imaging with 99mTc-sestamibi.21,59,62-64 SPECT/CT

also has demonstrated advantages for oncologic imaging with single-photon

agents.12,25,40,41,65-70 Both SPECT/CT and PET/CT have demonstrated their

ability to facilitate attenuation correction using an x-ray based patient-

specific attenuation map that can be produced faster and more accurately

than attenuation maps generated with external radionuclide sources.10,34

Clinical studies are underway to evaluate the applicability of x-ray based

correction of photon attenuation,71 and early results demonstrate improve-

ment in sensitivity, specificity, and predictive accuracy in comparison to

SPECT perfusion studies reconstructed without correction for photon at-

tenuation. The anatomical information from PET/CT improves the differ-

entiation of physiological (normal) uptake of FDG and other

radiopharmaceuticals from that associated with disease, and thereby can

reduce false positive errors in comparison to lesion characterization when

radionuclide imaging is used alone. By providing high-resolution anatomical

information from CT, dual-modality imaging also correlates functional and

anatomical data to improve disease localization14,38,39,41,61 and facilitates

treatment planning for radiation oncology12,72 or surgery.68,73,74

3. Capabilities of Dual-Modality Imaging

Dual-modality techniques offer a critical advantage over separate CT and

radionuclide imaging systems in correlating functional and anatomical im-

ages without moving the patient (other than table translation). Dual-modal-

ity imaging also can account consistently for differences in reconstruction

diameter, offsets in isocenter, image reconstruction coordinates, and image

format (e.g., 512� 512 vs. 128� 128) between the CT and radionuclide

image geometries to perform image coregistration and image fusion. De-

pending on the design of the system, image registration software also may be
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needed to account for table sag or for misalignment when the patient moves

between the CT and radionuclide image scans. Generally, the coordinate

systems implicit in the radionuclide and CT image geometries are calibrated

with respect to each other using fiducial markers that are scanned with both

CT and radionuclide imaging. The image registration must be confirmed to

avoid misregistration errors in the dual-modality images or in the radio-

nuclide image reconstructed using CT-derived attenuation maps.

Dual-modality imaging also provides a priori patient-specific information

that is needed to correct the radionuclide data for photon attenuation and

other physical effects. Increasingly, x-ray sources are replacing external radio-

nuclide sources for acquisition of the ‘‘transmission scan’’ to obtain projection

data which can be reconstructed to produce a patient-specific map of linear

attenuation coefficients so that the radionuclide (SPECT or PET) data can be

reconstructed with a correction for photon attenuation.5,75-80 Because the

external radionuclide sources produce a limited fluence rate, the transmission

scans often require several minutes and produce images that are noisy and

photon-limited. Alternatively, transmission data can be acquired using an

x-ray source having a small focus, a significantly higher photon fluence rate

than a radionuclide source, and therefore produce tomographic recon-

structions with 1 mm (or better spatial resolution) with excellent noise

characteristics. The resulting CT images then can be calibrated to produce a

patient-specific map of linear attenuation coefficients calculated for the

energy of the radionuclide photons.21-23,29,34,42-44 In this way, the CT data

from a dual-modality imaging system facilitates, and in some ways simplifies,

the process of correcting the radionuclide image for photon attenuation.

Several different CT-based attenuation correction techniques have been

developed21-23,29,34,42-44 and are reviewed in chapter 6. As an example, the

technique developed by Blankespoor et al.22,81 obtains CT calibration meas-

urements from a phantom with cylindrical inserts containing water, fat-

equivalent (ethanol), and bone equivalent material (K2HPO4). CT numbers

extracted from each region are plotted against their known attenuation

coefficients at the photon energy of the radionuclide to provide a piece-

wise linear calibration curve.22,82,83 During the dual-modality imaging study,

both CT and radionuclide data of the patient are acquired. The calibration

curve described above is used to convert the CT image of the patient into an

object-specific attenuation map. The resulting attenuation map then can be

incorporated into the reconstruction of the radionuclide data84 using ML-

EM or other iterative algorithm, to correct the radionuclide data for per-

turbations due to photon attenuation. This or a similar process can be used

to improve both the image quality and the quantitative accuracy of SPECT

or PET images (see chapter 4). Important clinical applications include

attenuation correction of myocardial perfusion images80,85 to resolve false-

positive defects caused by soft-tissue attenuation (Figure 6). In addition, the

visual quality of oncologic images can be significantly improved when the
18F-FDG data are reconstructed using attenuation correction.
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In addition to the energy conversion process described above, it is import-

ant to match the geometric characteristics of the CT-derived attenuation

map and radionuclide tomograms. This typically requires the CT data to be

resampled so that it can be presented in slices that have the same pixel

format (e.g. 128� 128, or 256� 256) and same slice width as the radio-

nuclide image. Accurate spatial registration of the CT and radionuclide data

is important since slight differences in position of the attenuation map

relative to the corresponding data can cause ‘edge artefacts’ which produce

bright and dark ‘rims’ across edges of regions where the CT and radionuclide

data are misaligned.

The process of generating attenuation maps as described above also as-

sumes that the body is composed primarily of lean soft tissue (essentially

Figure 6. Myocardial perfusion scans acquired with GE Discovery VG using x-ray

derived attenuation map. In each pair of rows, the top and bottom rows represent

data reconstructed with and without attenuation correction respectively. In this

study, the patient presented with chest pain with borderline normal ejection fraction

of 47%. Resting 99mTc-sestamibi perfusion scan without attenuation correction

shows mild inferior wall defect. However, myocardial perfusion images appear

normal when reconstructed with x-ray based attenuation correction. Reprinted

with permission from GE Healthcare Technologies, Waukesha, WI.
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water-equivalent) and bone. However, CT studies of the head and body

generally are obtained following the administration of intravenous and oral

contrast media.86 Since contrast media in the body can attenuate photons

emitted by a radiopharmaceutical during a PET or SPECT study, it obviously

is important to derive accurate attenuationmaps that account for the presence

of these materials in the body regardless of whether they are administered

orally and/or intravenously.42,69,86,87 It has been shown that SPECT and PET

attenuation can be overestimated in the presence of positive contrast agents,

which can generate significant artefacts (Figure 7). One can account for

attenuation differences between iodine versus bone using a technique that

generates a calibration curve for contrast media, using a method similar to

that described above for soft tissue andbone alone. In thismethod, calibration

data are obtained experimentally using CT to image a calibration phantom

containing known concentrations of iodine contrast. The reconstructed CT

values for each calibration region in the phantom are extracted from the CT

scan, and are related to the known linear attenuation coefficients as a function

A B

DC

Figure 7. Contrast-enhanced related artefact in PET/CT imaging. Bolus passage of

intravenous contrast agent in left subclavian and brachiocepalic veins on CT (A,

arrows) led to areas of apparently increased glucose metabolism on CT-based at-

tenuation corrected PET (B, arrows). On fused PET/CT images, this area of appar-

ently increased glucose metabolism correlated with high-density contrast in venous

system on CT (C). Reconstructed PET images without attenuation correction dem-

onstrated homogeneous tracer distribution (D), demasking areas of apparently in-

creased glucose metabolism as artefact. Reprinted with permission from ref.86
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of CT number. Separate calibration curves are generated for each material

(i.e., iodine vs. bone), for different x-ray potentials used to acquire CT scans,

and for different photon energies (e.g. 140 keV, 364 keV, and 511 keV)

encountered in nuclear medicine.42,69 It is important to use image processing

or other techniques to segment bony and iodine-containing regions in the

patient’s CT image so that bone and iodine can be scaled independently when

forming the attenuationmap. The attenuationmapswith calibrated values for

soft-tissue, fat, bone, and iodine, then are incorporated into an ML-EM or

other iterative reconstruction algorithm for attenuation compensation of the

radionuclide image. These methods have been tested in phantoms and in

animals, and demonstrated in pilot studies on humans.

The x-ray data from a dual-modality imaging system also can be used to

compensate the radionuclide data for contamination by scatter radiation

(see chapter 7). One class of scatter compensation techniques characterizes

the scatter distribution for different radionuclide and attenuation distribu-

tions with a spatially-dependent kernel, which can be used to convolve data

from the photopeak window for estimating the scatter distribution from the

acquired data. For example, the method proposed by Mukai et al.88 assumes

that the scatter radionuclide image r can be estimated from the ‘‘true’’ (i.e.,

‘‘scatter-free’’) image h, as r ¼ Ph, where P is a matrix having elements

P(b,b’) specifying the probability that a primary photon emitted from voxel

b0 is scattered in voxel b with an energy suitable for detection within the

primary energy window and which can be calculated by integrating the

Klein–Nishina equation over the primary acquisition energy window taking

into account the energy resolution of the emission system. Obviously, the

‘‘true’’ or ‘‘scatter-free’’ image is unknown, making it necessary to approxi-

mate this using the currently available image estimated by the tomographic

reconstruction algorithm. The matrix P can be approximated from the

coregistered CT-derived attenuation map of the object provided by the

dual-modality imaging system to obtain the total attenuation (D(b,b0))
along a line from the center of voxel b to the center of voxel b0. All the

parameters needed can be determined accurately from x-ray based attenu-

ation maps, illustrating how this process is facilitated by the availability of

CT data from dual-modality imaging. Once the scatter distribution is calcu-

lated, it can be incorporated in the tomographic reconstruction algorithm to

compensate the radionuclide data for the effect of this perturbation.

The visual quality and quantitative accuracy of the radionuclide data can be

improved by using themethods described above by image fusionwithCT, and

use of x-ray data to correct the radionuclide data for perturbations arising

from photon attenuation and Compton scatter. In addition, the radionuclide

image can be improved by correcting the data for the geometric response of

the radionuclide detector.6,42,89,90 Traditionally, radionuclide quantification

methods have focused on techniques that compensate the radionuclide image

reconstruction process for physical errors such as photon attenuation, scatter

radiation, and partial volume errors as discussed above. This may include the
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use of recovery coefficients,89 requiring a priori information about object size

and shape, that generally are only used for simple target geometries (e.g.,

spheres). Other investigators have developed methods that incorporate phys-

ical models, not in image reconstruction, but rather into the quantification

process itself. Severalmethods have been described in the literature combining

SPECTandMRI91 andPET andMRI92,93 for brain imaging, and SPECTand

CT for cardiac and oncologic imaging.21,59,69 Several approaches were devel-

oped specifically for quantitation using planar imaging65,94,95 and are de-

scribed in chapter 13 of this book. One technique called ‘‘template

projection’’42,90 can be used to quantify radioactivity in planar images. This

process begins with dual-modality (i.e., radionuclide and CT) images of a

target region surrounded by background. Regions-of-interest (ROIs) for the

target (e.g., tumour) and background regions are defined on the high-reso-

lution CT image, then are used to define ‘‘templates’’ which represent ideal-

ized radionuclide-containing objects (e.g., tumour vs. background) with unit

radionuclide concentration. Planar imaging of these ideal radionuclide ob-

jects is modelled bymathematically projecting the templates onto the plane of

the radionuclide detector using the known geometrical transformation be-

tween the CT coordinate system and the planar radionuclide image provided

inherently by the dual-modality imaging system. This is performed using the

projection machinery available from iterative reconstruction algorithms (e.g.,

ML-EM), including physical models of photon attenuation and non-ideal

detector response, and which potentially can incorporate perturbations

from detected scatter radiation, patient motion, and pharmaceutical kinetics.

This process generates ‘‘projected templates’’ that are analogous to conven-

tional ROIs, in that they delineate a target region over which events in the

radionuclide image are integrated. Like conventional ROIs, the projected

templates specify the geometry of the tumour and background regions on

the projected planar radionuclide images; however the projected templates are

defined on the high-resolution CT images rather than on the low-resolution

radionuclide images. Furthermore, unlike traditional ROIs which are uni-

form, the projected templates are nonuniform and contain information about

physical effects (photon attenuation, detector response, scatter radiation)

included in the projector model.

Several methods using the projected templates can quantify activity in a

planar radionuclide image. If we assume that the imaging process is linear, and

consider the photons emitted from M different regions (e.g., tumours and

background) where each region has a uniform activity concentrationAm, then

the counts p(d)measured in detector (i.e., pixel) d are estimated by p*(d) as

p*(d) ¼
XM
m¼1

Amfm(d) (1)

where fm(d) represents the value of the projected template at detector

location d, which is physically equivalent to the relative number of photons
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detected from radioactive region m in pixel location d. If we measure the

value p(d) from the planar emission data and given that we have calculated

fm(d) from the template-projection technique, we can estimate the activity

concentration Am for region m (i.e., for the target lesion) by minimizing the

weighted least squares difference

x2 ¼
XD
d¼1

p(d)� PM
m¼1

Amfm(d)ffiffiffiffiffiffiffiffiffi
p(d)

p
2
6664

3
7775
2

(2)

where D is the number of detector elements (i.e., pixels) from which we

estimate the activity concentrations (typically an area surrounding the target

lesion). We note that a theoretical basis for this formulation has been

described elegantly by Formiconi96 and is similar to a method described by

Liu.97 An alternative formulation assuming Poisson statistics was suggested

by Carson.98 Specific details of the implementation described here can be

found elsewhere.42

The template projection technique described above for planar imaging can

be extended to quantify target regions in tomographic images. This tech-

nique, called ‘‘template projection-reconstruction’’,42 begins with the ‘‘tem-

plate projection’’ technique described above. This process is repeated for all

angles sampled by the tomographic acquisition of the real radionuclide data.

After the template projection data for the target and for the background

structures are modelled, they are reconstructed with the same reconstruction

algorithms (e.g., ML-EM or filtered-backprojection) that are used for recon-

structing the emission data. The reconstructed templates contain informa-

tion about physical effects (e.g., photon attenuation, scatter radiation,

geometric response) included in the modelling process and can be used to

quantify the emission tomographic data. Several methods are then available

for estimating the object activity concentration. For example, the radio-

nuclide content of the target region can be calculated using a technique

analogous to that discussed above for planar imaging by assuming that

both the imaging and reconstruction processes are linear. With this assump-

tion, the reconstructed activity concentration r(i) of each voxel of the

radionuclide image is represented as a linear combination of the M radio-

nuclide concentrations Am (assumed to be uniform) in the different regions,

weighted by their corresponding reconstructed template values gm(i)

r(i) ¼
XM
m¼1

Amgm(i) (3)

where gm(i) represents the contribution of activity region m to measured

counts in reconstructed voxel i, as estimated from the template projection-

reconstruction process. The activity concentrations of each object may be
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obtained by linear least squares fitting analogous to that given by Eq. 2.

Alternatively, the corrected mean activity concentration rt in the target

region can be calculated through voxel-by-voxel rescaling after estimating

or assuming the background activity concentration rb.

rt ¼
1

N

XN
i¼1

r(i)� rbgb(i)

gt(i)
(4)

where gb(i) and gt(i) represent the reconstructed template values for voxel

location i and contributed by the background (b) and target (t) regions,

respectively. The voxel-by-voxel correction is analogous to scaling the recon-

structed data with object size- and shape-dependent recovery factors42,89,99

(i.e., by division by gt(i) and corrects for ‘‘spill-in’’ of background activity

into the target lesion (by subtraction of the term rbgb(i)). The radionuclide

content of a given target region t, can be calculated as rtVT , where Vt is the

actual target volume defined on the CT image.

At present, dual-modality imaging is most widely used to enable spatial

registration of structural and functional information from CT and radio-

nuclide imaging. Attenuation correction of radionuclide data using a CT-

derived patient-specific map of attenuation coefficients also is available with

all dual-modality imaging systems. However, very few clinical or biological

studies have been conducted that use quantification methods such as tem-

plate projection, template projection-reconstruction, or other model-based

methods that extract a priori anatomical information for analysis of func-

tional data from PET or SPECT. However, these techniques are being

developed and are slowly being incorporated into research studies. For

example, Koral et al.99 have developed a technique that uses CT-SPECT

image fusion with conjugate view imaging to quantify the uptake of single-

photon radionuclides in vivo. In this analysis, a patient-specific attenuation

map is derived from the correlated CT images to correct the radionuclide

data for photon attenuation. In addition, volumes of interest delineating the

extent of the tumour are defined anatomically on the CT scans, then are

superposed on the SPECT data for radionuclide quantification100,101. Excel-

lent results have been obtained with this method to assess radiation dosim-

etry of lymphoma patients undergoing radionuclide therapy with 131I-

tositumomab, also known as the anti-B1 monoclonal antibody.65,94 An

initial study showed that the percentage of infused dose in the tumour

following therapeutic administration of the agent could be predicted within

8% by linear extrapolation of the uptake of tracer amounts infused before

therapy.94 A later study demonstrated that the probability of complete

response using radionuclide therapy was correctly associated with a high

tumour dose measured in the patient using the SPECT-CT analysis.65 Fur-

thermore, for individual tumours, the combined SPECT-CT method pro-

vided a statistically significant relationship between radiation dose and

tumour volume reduction at 12 weeks whereas this relationship was not

2. Dual-Modality Imaging 49



significant for dosimetry estimated from a conventional pre-therapy

conjugate view radionuclide imaging alone.102,103 Koral et al. developed

the quantification method using images obtained using separate SPECT

and CT studies and that were combined using software-based image regis-

tration; however, the quantification technique certainly could be implemen-

ted using a dual-modality SPECT/CT system of the type described in this

chapter. The reader is directed to a more extensive discussion of planar

radionuclide quantification techniques in chapter 13. Radionuclide quanti-

fication also can be implementated using SPECT/CT, PET/CT, and

other dual-modality imaging approaches of the type described in this

chapter.104

4. General Design Features of Dual-Modality
Imaging Systems

Modern dual-modality imaging systems incorporate subsystems for radio-

nuclide imaging and for x-ray computed tomography that essentially use the

same components as those in dedicated nuclear medicine and CT systems. In

PET/CT, the radionuclide detector uses a scintillator (bismuth germinate,

lutetium orthosilicate, gadolinium orthosilicate) coupled to an array of

photomultiplier tubes for imaging the annihilation photons from the posi-

tron-emitting radiopharmaceuticals. Modern PET/CT scanners also include

an x-ray source and detector identical to those used in modern multislice

helical scanning CT scanners.33-35 Similarly, SPECT/CT systems use con-

ventional dual-headed scintillation cameras suitable for planar scintigraphy

or tomographic imaging of single-photon radionuclides, or coincidence-

imaging of PET radiopharmaceuticals. The first-generation clinical

SPECT/CT scanners used a low-resolution CT detector40,41,70,105 that

offered relatively modest scan times (i.e., approximately 20 seconds per

slice). However, newer SPECT/CT scanners now are becoming available

that incorporate state-of-the-art multislice helical CT scanners identical to

those used for diagnostic CT procedures.

The integration of the radionuclide and x-ray imaging chains in a dual-

modality imaging system requires special considerations beyond those

needed for scanners designed for single modality imaging alone. One chal-

lenge is offered by the presence of x-ray scatter from the patient that has the

potential to reach and possibly damage the radionuclide detectors which are

designed for the relatively low photon fluence rate encountered in radio-

nuclide imaging.34,35,64 To avoid this possibility, the radionuclide detector in

a dual-modality system typically is offset in the axial direction from the

plane of the x-ray source and detector. This distance can be relatively small

when a modest x-ray tube is used such as the 140 kV, 1 mA tube used in the

GE Millennium VG SPECT/CT system,64 but can be 60 cm or more when a
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diagnostic CT scanner is coupled to a modern PET scanner operated with-

out septa.28,30,31,34

As noted above, all dual-modality systems rely on separate x-ray and

radionuclide imaging chains that must be supported on a common mechan-

ical gantry to maintain consistent spatial relationship between the two data

sets, and allow the detectors to be rotated and positioned accurately for

tomographic imaging. The requirements for translational and angular posi-

tioning accuracy are, of course, different for CT, SPECT, and PET. For

example, CT requires approximately 1000 angular samples acquired with an

angular position and center of rotation maintained with submillimeter ac-

curacy. In comparison, SPECT and PET have spatial resolutions of a few

millimetres, and therefore can be performed with an accuracy of slightly less

than a millimetre for clinical imaging.

The mechanical gantry of the dual-modality imaging system obviously

must be designed to satisfy the requirements for both the radionuclide image

and for CT. This can be achieved in several ways. In first generation SPECT/

CT systems,40,41,70,105 the SPECT detectors and CT imaging chain were

mounted on the same rotating platform and were used sequentially while

rotated around the patient. This limited the rotational speed of the x-ray and

radionuclide imaging chains to approximately 20 sec per rotation, but also

had the advantage that it could be performed using a gantry similar to that

used with a conventional scintillation camera. Second generation SPECT/

CT systems that now are available include high-performance diagnostic CT

subsystems. This requires the heavy SPECT detectors to be mounted on a

separate rotating platform from the CT imaging chain which is rotated at

speeds of 0.25 to 0.4 sec per revolution. While this design obviously increases

the performance of the CT subsystem, it also increases the cost and com-

plexity of the gantry.

In comparison to SPECT/CT in which the radionuclide detector is rotated

around the patient during data acquisition, PET typically (but not always) is

performed using a dedicated high-end stationary detector ring. A PET/CT

system therefore can be configured by designing a gantry that mounts a

stationary PET detector ring in tandem with a platform that rotates the CT

imaging chain around the patient using a mechanical configuration similar

to that used in a conventional diagnostic CT scanner. Alternatively, a partial

ring of PET detectors can be rotated to acquire the PET data using the same

rotating platform as the CT subsystem. This approach was taken by Town-

send and his colleagues in their implementation of the first PET/CT sys-

tem,28,30,31 and is an alternative for a more economical dual-modality system

in comparison to those that use a full-ring of PET detectors. All of these

mechanical designs have been used in commercial dual-modality systems

and obviously offer trade-offs in terms of their performance and cost.

The patient table is another seemingly simple, yet important element of a

dual-modality scanner.34,35 Most imaging systems use cantilevered patient

tables to support the patient in the bore of the imaging system. Patient tables
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are designed to support patients weighing up to 500 pounds, but obviously

deflect to varying degrees when they are loaded and extended with normal

adult patients. However, dual-modality systems use x-ray and radionuclide

imaging chains in tandem and thereby require longer patient tables than

conventional imaging systems. Moreover, the table extension and the degree

of deflection can be different for the x-ray and radionuclide imaging chains

which can introduce a patient-dependent inaccuracy in the registration of

the x-ray and radionuclide images. This problem is overcome by several

different methods. The first uses a patient table which is supported in front

of the scanner, with a secondary support between or at the far end of the

x-ray and radionuclide imaging chains to minimize table deflection. A

second approach adopted by CTI Molecular Imaging and Siemens Medical

Systems uses a patient table that can be fixed on a base that is translated

across the floor to extend the patient into the scanner. Since the patient

platform is stationary relative to its support structure (which acts as a

fulcrum), the deflection of the patient table is identical when the patient is

positioned in the radionuclide imager or the CT scanner.

Finally, in modern dual-modality scanners, the computer systems are well

integrated in terms of system control, data acquisition, image reconstruc-

tion, image display, and data processing and analysis.34,106 The dual-modal-

ity system must calibrate the CT data so that it can be used as an attenuation

map to correct the radionuclide data for photon attenuation.21,22,27,29,42,44

For physician review, the dual-modality system also typically registers the

CT and radionuclide data and presents the radionuclide image as a colour

overlay on the grey-scale CT image. Finally, software tools are provided

that, for example, allow a cursor placed on the CT image by the operator

with another cursor automatically placed in the identical position on the

radionuclide image, and vice versa. These software functions allow the

operator to utilize the dual-modality data in correcting, viewing, and inter-

preting and obviously are important design elements in modern dual-

modality imaging systems.

5. PET/CT Imaging Systems

The first combined PET/CT system was developed by Townsend and co-

workers at the University of Pittsburgh in 1998.28,33,34 The system was

configured by combining a Somatom AR.SP spiral CT scanner (Siemens

Medical Systems) in tandem with the PET detectors from an ECAT ART

PET system (CTI/Siemens). The PET subsystem consisted of two arrays of

bismuth germanate (BGO) block detectors covering 16.2 cm in the axial

direction with 24 partial detector rings operated without septa, allowing

the PET data to be acquired in a fully 3-dimensional mode. The CT scanner

was a third generation helical CT scanner that has an x-ray tube operated at

110-130 kVp with a 6.5 mm Al-equivalent filtration and having a xenon
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x-ray detector with 512 elements. Both the CT components and the PET

detectors are mounted on opposite surfaces of the rotating stage of the CT

system, and during imaging are rotated continuously at a rate of 30 rpm.

The system has a common patient table, with the patient translated between

the centers of the CT and PET imaging planes which were offset axially by

60 cm. On the prototype system, an axial extent of 100 cm in the patient

could be covered by simple table translation33,34 with the PET and CT

images acquired sequentially rather than simultaneously. The PET/CT

prototype was operational at the University of Pittsburgh from May 1998

to August 2001, during which over 300 cancer patients were scanned. These

pioneering studies by Townsend and his colleagues demonstrated both the

feasibility and the clinical benefit of combined PET/CT scanning, and

prompted significant interest from the major medical imaging equipment

manufacturers who now all have introduced commercial PET/CT scanners

for clinical use.

PET/CT scanners now are available from all of the major medical imaging

equipment manufacturers (GE Medical Systems, CTI/Siemens Medical Sys-

tems, and Philips Medical Systems).35,107 Current systems have up to 16 slice

CT capability and have radionuclide detectors with either 2D or 3D PET

imaging capability. The PET scanner can have either bismuth germinate

(BGO), lutetium oxyorthosilicate (LSO), or gadolinium oxyorthosilicate

(GSO) scintillators. The CT study typically is used for both localization of

the FDG uptake38,41,61 as well as for attenuation correction of the PET

image. In addition, the use of CT in comparison to external transmission

rod sources for producing the attenuation data increases patient throughput

by approximately 30%.107 As noted above, the PET/CT system also has a

specially designed patient table that is designed to minimize deflection when

it is extended into the patient port.

Figure 8 shows the 7 steps identified byBeyer et al.108 that comprise a typical

PET/CT scan, demonstrating the degree of integration available in a modern

dual-modality imaging system. (1) The patient is prepared for imaging which

commonly includes administration both with contrast media86 and with the

radiopharmaceutical, typically 370 to 555 MBq (10 to 15 mCi) of 18F-fluro-

deoxyglucose (FDG) inadults. (2)Thepatient then is asked to remove allmetal

objects that could introduce artefacts in the CT scan and then is positioned on

the patient table of the dual/modality imaging system. (3) The patient then

undergoes an ‘‘overview’’ or ‘‘scout’’ scan during which x-ray projection data

are obtained from the patient to identify the axial extent of the CT and

radionuclide study. (4)Thepatient undergoes aCTacquisition. (5)Thepatient

then undergoes the nuclear medicine study approximately 1 hour after FDG

administration. (6) The CT and PET data then are reconstructed and regis-

tered, with the CT data used for attenuation correction of the reconstructed

radionuclide tomograms. (7) The images are reviewed by a physician who can

view the CT scan, the radionuclide images, and the fused x-ray/radionuclide

data, followed by preparation of the associated clinical report.
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There have been multiple studies which have demonstrated the role of

PET/CT especially for oncologic applications.110 For example, in a clinical

study of PET/CT for the evaluation of cancer in 204 patients with 586

suspicious lesions, PET/CT provided additional information over separate

interpretation of PET and CT in 99 patients (49%) with 178 sites (30%).109

Furthermore, PET/CT improved characterization of equivocal lesions as

definitely benign in 10% of sites and as definitely malignant in 5% of sites.

It precisely defined the anatomical location of malignant FDG uptake in 6%,

and led to the retrospective lesion detection on PET or CT in 8%. As a result,

PET/CT had an impact on the management of 28 patients (14%), obviated

the need for further evaluation in 5 patients, guided further diagnostic

procedures in 7 patients, and assisted in planning therapy in 16 patients.

Figure 9 shows an example of a patient study where the combined PET/CT

images provided additional information, thus impacting the characterization

of abnormal FDG uptake.

6. SPECT/CT Imaging Systems

As noted earlier, the first SPECT/CT imaging systems were developed at the

University of California, San Francisco by Hasegawa and co-workers. The

first prototype instruments (Figures 2 and 3) were configured as small-bore

Topogram

CT PET

Spiral CT

ACF

Emission
scan

Emission
images

μ-Image

CT Images

Fused PET/CT

Figure 8. Illustration of standard PET/CT scanning protocol. The patient is posi-

tioned on a common specially designed patient table in front of the combined mech-

anical gantry. First, a topogram is used to define the co-axial imaging range (orange).

The spiral CT scan (grey box) preceded the PET scan (green box). The CT data are

reconstructed on-line and used for the purpose of attenuation correction of the corre-

sponding emission data (blue box). Black and blue arrows indicate acquisition and

data processing streams, respectively. Reprinted with permission from ref.108
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SPECT/CT systems with a small segmented high-purity germanium detector

operated in pulse-counting mode for simultaneous x-ray and radionuclide

imaging.23,26,57,59 A clinical prototype SPECT/CT system (Figure 4) also was

configured at UCSF by installing a GE X/RT SPECT camera and GE 9800

CT scanner in tandem with a common patient table,21,22,42,69 and was used

for studies on both large animals and patients.

The first dual-modality imaging system designed for routine clinical use

was the Millennium VG (Figure 10) introduced by General Electric Health-

care Technologies (Waukesha, WI) in 1999.40,41,70,105 This system has both

x-ray and radionuclide imaging chains that were integrated on a common

gantry for ‘‘functional-anatomical mapping’’. X-ray projection data are

acquired by rotating the x-ray detector and low-power x-ray tube 220

degrees around the patient. Since the patient is not removed from the patient

table, the x-ray and radionuclide images are acquired with a consistent

patient position in a way that facilitates accurate image registration. The

image acquisition of the CT data requires approximately five minutes, and

the radionuclide data requires a scan time of approximately 30 to 60

Figure 9. Precise characterization of increased 18F-FDG uptake and retrospective

lesion detection on CT, after PET/CT. The patient is a 35-y-old man, 22 months after

treatment of colon cancer, with negative high-resolution contrast-enhanced CT and

normal levels of serum tumour markers, referred for PET scan for assessment of

pelvic pain. The coronal PET images (left) show area of increased 18F-FDG uptake in

left pelvic region (arrow), interpreted as equivocal for malignancy, possibly related to

inflammatory changes associated with ureteral stent or to physiological bowel up-

take. Hybrid PET/CT (right) transaxial image (top) precisely localized uptake to soft-

tissue mass adjacent to left ureter, anterior to left iliac vessels. Mass (arrow) was

detected only retrospectively on both diagnostic CT and CT component of hybrid

imaging study (bottom). Patient received chemotherapy, resulting in pain relief

and decrease in size of pelvic mass on follow-up CT. Reprinted with permission

from ref.109
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minutes. These SPECT/CT systems produce transmission data with signifi-

cantly higher quality and better spatial resolution than those acquired with

an external radionuclide source, and can be used for anatomical localiza-

tion14 and attenuation correction of the radionuclide data.

In June 2004, both Siemens Medical Systems and Philips Medical Systems

introduced SPECT/CT systems offering the performance available on state-

of-the-art diagnostic CT systems. For example, Siemens Medical Systems

now offer their Symbia line of SPECT/CT systems that have a single-slice,

2-slice, or 6-slice CT options with 0.6 sec rotation speed coupled to a dual-

headed variable-angle SPECT system. The 6-slice CT scanner will cover the

abdomen in less than 6 seconds and allows both x-ray based attenuation

correction and anatomical localization with the correlated diagnostic

CT images. Philips Medical Systems has announced their Precedence

SPECT/CT system which incorporates a dual-headed SPECT system with

a 16 slice diagnostic CT scanner. The advanced CT capability has several

potential benefits. First, they offer CT scan times that are compatible with

the use of contrast media for improved lesion delineation with CT. Second,

they offer improved image quality and spatial resolution typical of that

offered by state-of-the-art diagnostic CT scanners. Finally, CT scanners

offering 16 or more slices can be used for cardiac and coronary imaging.

SPECT/CT scanners with multislice capabilities therefore offer improved

performance for tumour imaging and have the potential to acquire and

overlay radionuclide myocardial perfusion scans on a CT coronary angio-

gram showing the underlying arterial and cardiac anatomy in high spatial

resolution.

Figure 10. GE Millennium VG SPECT system with x-ray anatomical mapping.

Reprinted with permission from General Electric Healthcare Technologies, Wauke-

sha, Wisconsin.
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7. Small-Animal Imaging Systems

The advantages of improved image quality and quantitative accuracy that

are available for clinical applications of dual-modality imaging also are

being investigated as a means of facilitating biological research, especially

those that involve small animals such as mice and rats.37,111 Advances in

molecular biology and genetic engineering, and the modern growth of the

pharmaceutical and biotechnology industries have increased the need for

biological studies that involve mice. Approximately 90% of all research

involving vertebrate biology now uses mice as the predominant mammalian

model.112 Approximately 25 million mice were raised in 2001 for experimen-

tal studies, and this number is expected to increase at a rate of 10% to 20%

annually over the next decade. In addition, experimental methods now allow

the genetic sequence of mice to be manipulated by knockout or transgenic

techniques in which a genetic sequence from another individual or species

can be deleted or inserted into that of an individual animal. Murine models

now are available for a wide variety of biological conditions and transgenic

animals113-116 now account for a sizable and growing fraction of animal

models used in biological research.

Traditional techniques of biological research including histology, organ

sampling, and autoradiography, require that animals must be sacrificed for

the measurement to be obtained. This precludes investigators from obtaining

multiple measurements from an individual during the progression of disease

or while an animal is monitored following diagnostic procedures or thera-

peutic interventions. This greatly increases the number of animals that must

be used for an individual experiment, compromises statistical power, and

requires that control and experimental measurements are made in different

rather than in the same animal.

While noninvasive imaging techniques potentially could be used in these

experiments to obtain the desired measurements, clinical medical systems do

not have adequate spatial resolution and temporal resolution, and other

specific characteristics needed to image small animals. For example, for

cardiovascular studies, the left heart of a mouse in short axis view is ap-

proximately 5 mm in diameter with the left ventricular wall having a thick-

ness of approximately 1 mm. In addition, the mouse heart rate is 600 to 900

beats per minute making it difficult to acquire image data with cardiac

gating.116,117 Similarly, small tumours can have a diameter of a few milli-

metres, within the spatial resolution limit of clinical CT and MRI systems

but outside that of conventional radionuclide imaging such as SPECT or

PET. For these reasons, investigators have developed high resolution im-

aging systems specifically designed for small animal imaging.111,112,118-120

These include microCT systems118,121-123 that incorporate a low power X-ray

tube and a phosphor-coupled CCD camera or similar two-dimensional x-ray

imaging detector to achieve spatial resolutions as high as 25 microns or
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better. Similarly, high-resolution images can be obtained using microPET

scanners111,119 having high-resolution detectors operated in coincidence to

obtain spatial resolutions in the range of 1 to 2 mm, whereas SPECT

imaging of mice124-129 can be performed using pinhole collimation to obtain

spatial resolutions better than 1 millimetre. In general, these imaging systems

provide characteristics similar to those used for clinical imaging of humans.

In the specific case of radionuclide imaging, including microPET and micro-

SPECT, the accumulation of radiotracer can be used to monitor physio-

logical or biological interactions in the animal. Dual-modality imaging

offers potential advantages in biological studies, similar to those offered in

clinical protocols.120,130-138 First, the availability of anatomical data im-

proves localization and interpretation of studies involving radiopharmaceu-

tical uptake. In addition, the visual quality and quantitative accuracy of

small animal imaging can be improved using x-ray based techniques to

correct the radionuclide data for physical errors contributed by photon

attenuation, scatter radiation, and partial volume effects due to the limited

spatial resolution of the radionuclide imaging system.

In response to these concerns, several investigators now are developing

dual-modality imaging systems specifically designed for imaging small ani-

mals.37 Dr. Cherry and his group, now at the University of California at

Davis, have developed a microPET system for small-animal imaging. Com-

mercial versions of these microPET systems suitable for imaging mice and

rats now are available from CTI Concorde Microsystems (Knoxville, TN).

The same group also has developed a microCT/microPET dual-modality

imaging system.131 The microPET detectors use LSO scintillator coupled

through a fiber-optic taper to a position sensitive photomultiplier tube.

These are placed on opposite sides of the animal with the annihilation

photons from the positron emission detected in coincidence. The system

also includes a microCT system having a microfocus x-ray tube and an

amorphous selenium detector coupled to a flat panel thin film resistors

readout array.139 A schematic diagram of a prototype system and an

image of a mouse obtained with the microPET/microCT system are shown

in Figure 11.

SPECT/CT systems designed specifically for small animal imaging also

are being developed by several investigators.120,132-138,140,141 One of the first

small animal SPECT/CT systems was developed by a consortium that in-

cludes The Thomas Jefferson National Accelerator Facility (Jefferson

Laboratory), The University of Virginia, and researchers at the College of

William and Mary.132-134 These systems use a compact scintillation camera

that operates with multiple Hamamatsu R3292 position-sensitive photo-

multiplier tubes (PSPMT’s) coupled to a pixelated array of cesium iodide

(CsI(Tl)) crystals using both pinhole and parallel-hole collimators. The x-ray

data are acquired using a small fluoroscopic x-ray system (Lixi, Inc., Down-

ers Grove, IL). Representative planar dual-modality images acquired on one

of the systems mentioned above obtained from a 250-g rat injected with
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99mTc-MDP are shown in Figure 12, demonstrating radiopharmaceutical

uptake in the bone superimposed with an anatomical x-ray image of the

rat.133,142

Gamma Medica2 Inc. (Northridge, CA) has developed and introduced a

small animal SPECT/CT system137,138 with two compact scintillation cam-

eras126,143,144 and a high-resolution CT subsystem138 for dual-modality

Figure 11. Top: schematic diagram of the experimental set-up. The CT and PET

components are mounted in a coplanar geometry so that the same portion of the

mouse is imaged by both systems at once. The back PET detector is shown without

the lead shielding in place in order to show the design of the detector modules. The

lead shielding on the entrance face is 1.5 mm thick. The detectors remain stationary

while the object is rotated on the bed mounted on the rotation stage. Bottom: scan of

a mouse 3 hours after injection of 26 MBq of 18F bone seeking tracer. The images

shown are from left to right: sagittal slices through the CT image, the 18F PET image,

and the fused PET/CT image. Note the overlap of the PET uptake with the location

of the bones in the CT image. The scan was acquired using 400 views in a time of 38

min. Reprinted with permission from ref.131
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imaging of mice, rats, and other small animals (Figure 13). The scintillation

camera can be operated with pinhole collimators that provide submillimeter

spatial resolution in the reconstructed images or with parallel-hole collima-

tors when higher detection sensitivity or whole body imaging is desired. The

system includes a high-resolution microCT subsystem138 configured with a

CMOS x-ray detector coupled to a gadolinium oxysulfide scintillator and a

low-power x-ray tube. The microCT system provides anatomical imaging

with a spatial resolution of approximately 50 microns; the resulting x-ray

data can be used both for attenuation correction and for anatomical local-

ization of the radionuclide data (Figure 14). In addition, the radionuclide

data can be acquired with ECG-gating for cardiovascular imaging applica-

tions where wall-motion abnormalities, ejection fraction calculations, or

other assessments of ventricular function are necessary.

Figure 12. Superposition of digital x-ray radiography (left) and radionuclide
99mTc-MDP bone scan (middle) resulting in a fused image of the rear portion of a

rat (right). (Courtesy of Dr Mark B. Williams, University of Virginia).

Figure 13. Gamma Medica X-SPECT system has dual-headed compact SPECT

system and high-resolution microCT imaging capability. Reprinted with permission

from Gamma Medica, Incorporated, Northridge, CA.
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Finally, the Center for Gamma Ray Imaging at the University of Arizona,

under the direction of Dr Barrett, has configured a high-resolution SPECT/

CT system for small animal imaging.135 High-resolution SPECT is per-

formed with a modular semiconductor detector that consists of a

2:5� 2:5� 0:2 cm3 slab of cadmium zinc telluride (CdZnTe) operated with

a continuous gold electrode to apply bias on one side, and a 64� 64 array of

pixelated gold electrodes on the opposite side connected to an ASIC for

readout of the individual pixel signals. The detector has a 380mm pixel pitch,

and 330mm wide pixels, coupled to a 7 mm thick parallel-hole collimator for

radionuclide imaging. The x-ray and radionuclide imaging subsystems are

mounted with their image axes perpendicular to one another with the animal

rotated vertically within the common field of view. The x-ray and radionu-

clide projection data are acquired sequentially, and corrected for distortions

Figure 14. X-ray CT (top row), SPECT (middle row), and coregistered SPECT/CT

(bottom row) obtained with small animal dual-modality system (X-SPECT, Gamma

Medica, Northridge, CA) of colon carcinoma xenograft in right shoulder of mouse.

SPECT images recorded 23 hours after administration of 123I-labeled anti-CEA

minibody145 that localizes in colon carcinoma. Images shown in transverse (left

column), sagital (middle column), and coronal (right column) tomograms. (Images

from G Sundaresan, S Gambhir, AM Wu, with permission from AM Wu, UCLA,

Los Angeles, CA, and reprinted with permission from ref.146
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and nonuniformities introduced by each of the detectors, then reconstructed

with statistical iterative algorithms (OS-EM).

8. Need for Dual-Modality Imaging

Even though both PET/CT and SPECT/CT systems have been accepted

commercially, the clinical role and need of these systems is still being

debated. PET, for example, is a diagnostic technique that offers a sensitivity

and specificity in excess of 90% for many malignant diseases, and some argue

that an incremental improvement in specificity or sensitivity beyond that

point probably cannot justify the cost of performing image fusion for all

patients on a routine basis.147 Furthermore, a patient receiving medical

diagnosis typically undergoes both anatomical and functional imaging

from commonly-available single-modality medical imaging systems. This

means that the anatomical images can be viewed side-by-side with the

functional images when necessary. In other cases, image registration tech-

niques15,16 can be used when a more direct fusion of anatomical and func-

tional data following their acquisition without the use of the expensive new

dual-modality imaging systems (see chapter 9).

Nonetheless, other practitioners now see important roles for dual-modal-

ity imaging in the sense that it offers important features for diagnostic

studies and patient management.37,73,109 First, the anatomical and func-

tional information from dual-modality imaging are supplementary and not

redundant. As noted earlier, anatomical imaging is performed with tech-

niques such as CT or MRI that have excellent spatial resolution and signal-

to-noise characteristics, but that may offer relatively low specificity for

differentiating disease from normal structures. In contrast, radionuclide

imaging generally targets a specific functional or metabolic signature in a

way that can be highly specific, but generally lacks spatial resolution and

anatomical cues which often are needed to localize or stage the disease, or

for planning therapy.36,39,41,148 Similarly, the availability of correlated func-

tional and anatomical images improves the detection of disease by highlight-

ing areas of increased radiopharmaceutical uptake on the anatomical CT or

MRI scan, whereas regions that look abnormal in the anatomical image can

draw attention to a potential area of disease where radiopharmaceutical

uptake may be low. The information from CT supplements that from

radionuclide imaging, and vice versa; therefore it generally is advantageous

to view the CT and radionuclide images side-by-side during the diagnostic

interpretation. In other cases, it can be valuable to view a fused dual-

modality image in which the radionuclide data are presented as a colour

overlay on the grey-scale CT image. The availability of a dual-modality

imaging system facilitates this process in acquiring the functional and ana-

tomical data with the patient in a consistent configuration and during a

single study, in a way that is faster and more cost-efficient than attempting
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to register the images by software after they are acquired on separate

imaging systems. The dual-modality image data can be used to guide radi-

ation treatment planning for example by providing anatomical and func-

tional data that are important for defining the target volume as well as

indicating normal regions that should avoid irradiation. Similar roles are

played when the dual-modality data is used to guide surgical approach,

biopsy, or other interventional procedures.73

In addition, the anatomical and functional information from a dual-

modality imaging system are complementary in that together they provide

information that cannot be easily discerned from one type of image alone.

This is best illustrated in oncologic applications where anatomical imaging

often is needed to differentiate whether the radiopharmaceutical has local-

ized in response to disease (e.g. in the primary tumour, lymphatic system, or

metastatic site)38,39,41,68,73 or as part of a benign process (e.g. in the GI tract,

urinary system, or in response to inflammation).35 Moreover, the process of

differentiating normal from abnormal uptake of 18F-FDG can be compli-

cated by the relative paucity of anatomical cues in the 18F-FDG scan,

making it necessary for the diagnostician to refer to anatomical images

obtained from CT or MRI to correlate the structural and functional infor-

mation needed to complete the analysis.

The potential advantages of dual-modality imaging are further illustrated

by a meta-study of PET-CT fusion for radiotherapy treatment planning in

non-small cell lung carcinoma (NSCLC). Paulino et al.148 found that the use

of FDG imaging with PET/CT may alter target volumes for radiation

therapy treatment planning in 26 to 100% of patients with NSCLC com-

pared with CT-based treatment planning alone. Approximately 15 to 64%

had an increase in the planning target volume (PTV), whereas 21 to 36% had

a decrease in PTV. Similarly, in a study at Duke University,149 SPECT-CT

was useful in detecting the 48% of patients with hypoperfused regions of the

lung, and in 11% of patients this information was used to alter the radiation

therapy fields to avoid highly functional lung tissue. In addition, PET/CT

and SPECT/CT may have an important role in guiding radiation treatment

planning in cancers of the brain, head and neck, cervix, and other areas

including lymphoma and melanoma.148 These examples are not exhaustive,

but indicate the potentially important role of dual-modality imaging in

guiding radiation treatment planning in comparison to techniques that use

anatomical imaging with CT alone.

The complementary nature of dual-modality imaging also is demonstrated

by the use of a CT-derived attenuation map and other a priori patient-

specific information from CT that can be used to improve both the visual

quality and the quantitative accuracy of the correlated radionuclide imaging.

This occurs in myocardial perfusion imaging of 99mTc-sestamibi or thallium-

201 where SPECT/CT can provide an attenuation map to compensate the

radionuclide image for soft-tissue attenuation associated with false-positive

errors. In both PET/CT and SPECT/CT, the use of CT-derived attenuation
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map is also practical and cost-efficient in that with modern CT scanners it is

generated in a few seconds, resulting in more efficient use of time than

SPECT or PET scanners that use external radionuclide sources to record

the transmission image. The resulting CT-derived attenuation map also is of

significantly higher quality, and arguably is more accurate, than those

acquired using scanning line sources available in conventional radionuclide

imaging systems. As dual-modality imaging systems become available with

faster and higher spatial-resolution CT systems, it may be possible to per-

form CT angiography of peripheral or coronary vessels that can be super-

imposed on a colour map of tissue perfusion or metabolism obtained with

SPECT or PET.

9. Challenges of Dual-Modality Imaging

There are several challenges that face the use of dual-modality imaging, and

that may represent inherent limitations in this technique. All currently-used

dual-modality imaging systems record the emission and transmission data

using separate detectors rather than a single detector. In addition, the x-ray

and radionuclide imaging chains are separated by several tens of centimetres,

to facilitate mechanical clearance and to avoid contamination of the radio-

nuclide data by scatter radiation produced by the x-ray scan. One potential

problem occurs when the patient moves either voluntarily or involuntarily

between or during the anatomical and functional image acquisitions. This

can occur, for example, when the patient adjusts his or her position while

lying on the patient bed. Patient motion also occurs due to respiration,

cardiac motion, peristalsis, and bladder filling, all of which can lead to

motion blurring or misregistration errors between the radionuclide and CT

image acquisitions.110 Traditionally, CT data were acquired following a

breath-hold, whereas PET data were acquired over several minutes with

the patient breathing quietly. However, these breathing protocols can lead

to misregistration artefacts due to anatomical displacements of the dia-

phragm and chest wall during a PET/CT or SPECT/CT scan. For example,

if the position of the diaphragm is displaced in the CT scan, which then is

used as an attenuation map for the radionuclide data, this displacement can

lead to an underestimate or overestimate of radionuclide uptake in the

reconstructed emission data.63 The discrepancy in diaphragmatic position

between PET and CT can result in the appearance of the so-called ‘‘cold’’

artefact at the lung base (Figure 15). A recent study150 noted that in 300

patients with proven liver lesions; approximately 2% appeared to have the

lesion localized in the lung due to respiratory motion. Care therefore must be

taken when interpreting results from patients with disease in periphery of the

lung where noticeable radiopharmaceutical uptake may be contributed by

respiratory-induced motion artefacts rather than disease.
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Modern dual-modality scanners now use CT technology that can acquire

the anatomical data within a few seconds after the patient is positioned on

the bed. For this reason, the CT acquisition rarely is the factor that limits the

speed of the dual-modality image acquisition in comparison to SPECT or

PET that can consume several minutes to complete. If additional increases in

scan speed are needed, these must be implemented using faster radionuclide

scans using newer detector technologies, faster scintillators, increased com-

puting power, and more efficient scanner architectures or detector designs

than are currently being used. In PET, this includes the possibility of

replacing conventional PET block detectors with LSO panel detectors35,151

which would cover a larger axial extent of the patient with the goal of

achieving 5 min scan times and thereby would allow even faster scan times

than are achievable with current systems. Regardless, faster scan speeds both

improve patient comfort and limit the time during which patient motion can

occur during the study. In addition, faster scan speeds can promote faster

patient throughput and thereby increase system utilization and cost-effect-

iveness of the study.

Dual-modality imaging systems now commonly use the correlated CT

scan as an attenuation map for the correction of the emission data acquired

with PET or SPECT. The use of iodinated contrast media for the CT scan

also presents a potential challenge when the CT scan is used as an attenu-

ation map for correction of SPECT or CT data.86 Since the x-ray energy of

the CT data generally will be different than the photon energy of the radio-

pharmaceutical emission data, as described above, the CT data must be

transformed to units of linear attenuation coefficient at the photon energy

of the radiopharmaceutical emission data. This is performed by assuming

A B C

D E F

Figure 15. Demonstration of a cold artefact on PET images reconstructed with CT-

based attenuation correction. (A) Coronal CT, (B) 18F-FDG PET, and (C) fused, and

(D) sagittal CT, (E) PET, and (F) fused images are displayed. A region of decreased

metabolic activity is demonstrated in the diaphragmatic region (below vertical

arrows), representing a ‘‘cold artefact’’. Reprinted with permission from ref.110
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that image contrast in the CT data is contributed by mixtures of air, soft

tissue, and bone. The presence of iodinated contrast complicates this process

since two regions that have the same image contrast may indeed have

different compositions, for example contributed by bone and soft tissue in

one case and iodine contrast and soft-tissue in another situation. These

artefacts are most severe in cases where the contrast media is concentrated,

for example in abdominal imaging after the patient swallows a bolus of oral

contrast. In this case, the higher densities contributed by the oral contrast

media can lead to an overestimation of PET activity.86 Some investigators

have proposed using an image segmentation post-processing technique in

which image regions corresponding to iodinated contrast are segmented

using image processing from those contributed by bone.87 In addition,

other strategies including the acquisition of both pre-contrast and post-

contrast CT scans, can be used to minimize possible artefacts contributed

by the presence of contrast media when the CT scan is to be used as an

attenuation map for correction of the PET data.35

Use of dual-modality has demanded that technologists be cross-trained in

both modalities, and that medical specialists have expertise in interpreting

both anatomical and functional image data. Also, optimal use of SPECT/CT

and PET/CT requires a team approach involving physicians from radiology

and nuclear medicine, as well as oncology, surgery, and other clinical

disciplines.

10. Future of Dual-Modality Imaging

Over the past 10 to 15 years, dual-modality imaging has progressed steadily

from experimental studies of technical feasibility to the development of

clinical prototypes to its present role as a diagnostic tool that is experiencing

widening commercial availability and clinical utilization. Dual-modality

imaging has advanced rapidly, primarily by incorporating the latest techno-

logical advances of CT, SPECT, and PET. Currently, combined MRI/

MRSI,152,153 PET/CT,34,35 and SPECT/CT1,25 systems are available com-

mercially and are used clinically. SPECT/CT systems now are available that

include state-of-the-art dual-headed scintillation camera and multislice hel-

ical CT scanners for rapid patient throughput. Similarly, the PET/CT scan-

ners now are widely available from all of the major equipment

manufacturers that include high-speed helical CT scanners that offer up to

16-slice capability and submillimeter spatial resolution.34,35 This has reduced

the time needed to acquire the transmission data from several minutes with

an external radionuclide source to a few seconds with x-ray imaging. In

addition, the current generation of PET/CT scanners now incorporates

state-of-the-art PET detector rings, some of which operate at high count

rates and can perform volumetric imaging without septa. At the time when

PET/CT was first introduced clinically in 2000, PET scan times required
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approximately 1 hour to complete whereas a complete PET/CT study now

can be completed in the range of 10 to 15 minutes. This has led to the

potential of increasing patient throughput from 3 to 4 patients a day a few

years ago to 10 to 12 patients a day with current-generation PET/CT

scanners.31 Moreover, the addition of advanced CT capability allows ana-

tomical images to be acquired after the patient is administered with contrast

media to improve lesion detection in oncologic imaging86 or to visualize the

cardiac chambers154,155 as well as the coronary and peripheral vascula-

ture.156,157 With these capabilities, the next-generation PET/CT and

SPECT/CT systems could produce high-resolution structural images of the

cardiac chambers and of coronary and peripheral vasculature that can be

correlated with myocardial perfusion and other functional assessments with

radionuclide imaging. In addition, the use of contrast media could enable

advanced radionuclide quantification techniques in clinical studies such as

the template projection method discussed above.21 These capabilities would

have the potential of improving the quantitative assessment of cancer

and cardiovascular disease in comparison to studies acquired with SPECT

or CT alone.

Similarly, it is expected that the technology of small animal SPECT/CT

will continue to advance. Current small animal radionuclide SPECT systems

obtain submillimeter spatial resolution at the cost of reduced detection

efficiency. Newer multipinhole SPECT systems158-160 are under development

and offer both improved geometric efficiency and spatial resolution in

comparison to current radionuclide imaging approaches in a way that

would improve image quality and reduce scan times for dynamic or ECG-

gated cardiovascular imaging in small animals. Unfortunately, given the

current state of high-resolution x-ray detectors and microfocus x-ray

sources, microCT systems that allow cardiac gating and in vivo coronary

imaging in small animals will be difficult to develop over the next few years.

Nevertheless, these capabilities would be very useful for functional/struc-

tural imaging and quantitative radionuclide assessments of small animals,

similar to those that we expect to develop for clinical dual-modality imaging.

Finally, advances in computing power will enable the development and

implementation of new anatomically-guided statistical reconstruction algo-

rithms and data processing techniques that will offer advantages for both

clinical and small animal imaging with dual-modality imaging.

While all clinical and commercial dual-modality systems have been con-

figured in the form of PET/CT or SPECT/CT scanners, several investigators

proposed and in some cases have implemented and tested prototype dual-

modality systems that combine MRI with PET.130,161-165 The development

of combined PET/MRI imaging has several important motivations.166 First,

MRI produces high-resolution (1 mm or better) anatomical and structural

images that offer better soft-tissue contrast sensitivity than CT, has excellent

contrast between white and grey matter, and is capable of assessing flow,

diffusion, and cardiac motion.167-170 In addition, MRI can be combined with
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magnetic resonance spectroscopy (MRS) to measure the regional biochem-

ical content and to assess metabolic status or the presence of neoplasia and

other diseases in specific tissue areas171-173 including the prostate.153,174-176

Finally, MRI does not use any ionizing radiation and therefore can be used

in serial studies, for paediatric cases,177 and in other situations where radi-

ation dose should be limited. Radionuclide imaging (specifically PET) re-

cords the regional distribution of radiolabeled tracers, but unlike MRS

cannot distinguish the specific molecular species to which the radionuclide

is attached and unlike MRI provides only little anatomical information.

There are, however, several important challenges that must be overcome

in implementing and operating a combined PET/MRI or SPECT/MRI

imaging system.32 In comparison to x-ray CT, MRI typically is more expen-

sive, involves longer scan times, and produces anatomical images from

which it is more difficult to derive attenuation maps for photon correction

of the radionuclide data.178 Furthermore, virtually all clinical radionuclide

imaging detectors use photomultiplier tubes whose performance can be

seriously affected in the presence of magnetic fields which are significantly

smaller than those produced by modern MRI scanners. This is especially

problematic in an MRI scanner which relies on rapidly switching gradient

magnetic fields and radiofrequency (RF) signals to produce the magnetic

resonance image. The presence of the magnetic field gradients and RF

signals certainly could disrupt the performance of a photomultiplier tube

and PET detector if they were located within or adjacent to the magnet of

the MRI system. Similarly, the operation of the MRI system relies on a very

uniform and stable magnetic field to produce the MRI image. The introduc-

tion of radiation detectors, electronics, and other bulk materials can perturb

the magnetic field in a way that introduces artefacts in the MR image.

In spite of these challenges, several researchers are investigating methods

to integrate a radionuclide imaging system directly in an MRI scanner. For

example, it may be possible to design a radionuclide imaging system having

detectors made from nonmagnetic materials that can be placed within the

magnetic field of an MRI/MRS system.32 For example, Shao et al.130,179

developed a 3.8-cm ring of small scintillator crystals that was placed in the

MR system for PET imaging. The crystals were optically coupled through 3

m long fiber optics to an external array of position-sensitive photomultiplier

tubes, and which could be read-out through external processing electronics.

By keeping the radiation-sensitive elements of the detector within the MR

system, while operating the electronics away from the magnetic field, the

combined system could perform simultaneous PET/MR imaging. Shao

et al.161 and Slates et al.162 also performed simultaneous PET/MR imaging

with a larger (5.6 cm-diameter) detector ring using the same design

(Figure 16). Researchers at Kings College London placed the system inside

of a 9.4-T NMR spectrometer to study metabolism in an isolated, perfused

rat heart model. 32P-NMR spectra were acquired simultaneously with PET

images of 18F-FDG uptake in the myocardium.180,181 Slates et al.162 are
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extending this design concept to develop an MR-compatible PET scanner

with one ring of 480 LSO crystals arranged in 3 layers (160 crystals per layer)

with a diameter of 11.2 cm corresponding to a 5 cm diameter field of view,

large enough to accommodate an animal within a stereotactic frame. The

system is designed to offer adequate energy resolution and sensitivity for

simultaneous PET/MRI imaging of small animals (Figure 17).181,182

Output cables
to NIM/Camac

modules

Optical
fibers

LSO crystal
ring

PMT’s

Figure 16. A photograph of the prototype MR compatible PET scanner (McPET)

scanner developed by UCLA (CA) in collaboration with UMDS (London). Rep-

rinted with permission from ref.179

Figure 17. Small animal PET (left) and MRI (right) images obtained with MRI-

compatible small animal PET detector (figure 16). Courtesy of Dr Simon R. Cherry

(University of California, Davis) and reprinted with his permission.

2. Dual-Modality Imaging 69



Other investigators have proposed PET/MRI systems configured with

suitable solid-state detectors that can be operated within a magnetic field

for radionuclide imaging. For example, Pichler et al.183 have tested APD’s

within a high-field (9.7 T) NMR spectrometer and have produced radio-

nuclide data that appear to be free of distortion. However, it is still unknown

whether the introduction of the APD’s cause distortions in the magnetic field

to an extent that would cause severe artefacts in the MRI image.32

11. Concluding Remarks

Dual-modality imaging is an approach that combines imaging modalities in

a way that provides diagnostic information that is not available from a single

imaging modality alone. Currently available dual-modality imaging systems

include SPECT/CT or PET/CT, with which the radionuclide imaging tech-

nology (SPECT or PET) provides functional or metabolic information that

is complementary to anatomical information provided by CT. In addition,

the development of dual-modality systems that combine radionuclide im-

aging with magnetic resonance imaging is an area of active research. For

spatial and temporal correlation, the dual-modality data can be presented as

a fused image in which the radionuclide data are displayed in colour and are

superposed on the gray-scale CT image. The resulting correlated data im-

proves differentiation of foci of radionuclide uptake that can indicate disease

from those representing normal physiological uptake that are benign.

Dual-modality imaging has been available clinically since the year 2000,

and as such is a relatively recent development in the fields of diagnostic

radiology and nuclear medicine. However, the commercial emergence of

both PET/CT and SPECT/CT has been rapid and has benefited significantly

from recent technological advances in the conventional SPECT, PET, and

CT. The clinical growth of dual-modality imaging has been most dramatic in

the area of PET/CT which now is available from all of the major medical

imaging equipment manufacturers; some observers predict that all PET

systems will be installed as PET/CT scanners in the near future. Over the

past year, SPECT/CT has gained increased interest and has potential clinical

applications in myocardial perfusion imaging and oncologic imaging. Newer

high-resolution SPECT/CT and PET/CT systems also are becoming avail-

able for small animal imaging and are needed for molecular imaging, bio-

logical research, and pharmaceutical development in small animal models of

human biology and disease.

At present dual-modality imaging is primarily used for structural-func-

tional correlations. However, as this chapter has attempted to describe,

dual-modality imaging also has important ramifications for radionuclide

quantification, the major theme and focus of this volume. For example,

dual-modality imaging provides x-ray CT data can be normalized to obtain

a patient-specific map of attenuation coefficients that be used to compensate
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the correlated radionuclide data for photon attenuation or for Compton

scatter. In addition, regions of interest defined anatomically on the CT

image can be used to quantify the correlated radionuclide data in a way

that allows more precise target and background definition, and that can use

model-based methods that correct the extracted quantitative data for par-

tial-volume effects and other perturbations. The use and understanding of

dual-modality imaging as an enabling concept for radionuclide quantifica-

tion is just starting to emerge. The importance of this development will only

be understood and manifest over the ensuing years as PET/CT, SPECT/CT,

and other forms of dual-modality imaging become available and are utilized

for clinical studies of humans as well as biological investigations involving

animal models of biology and disease.
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