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ABSTRACT

Dual-modality imaging is a technique where computed tomography or magnetic resonance imaging is com-
bined with positron emission tomography or single-photon computed tomography to acquire structural and functional
images with an integrated system.  The data are acquired during a single procedure with the patient on a table viewed by
both detectors to facilitate correlation between the structural and function images. The resulting data can be useful for
localization for more specific diagnosis of disease.  In addition, the anatomical information can be used to compensate
the correlated radionuclide data for physical perturbations such as photon attenuation, scatter radiation, and partial vol-
ume errors.  Thus, dual-modality imaging provides a priori information that can be used to improve both the visual
quality and the quantitative accuracy of the radionuclide images.  Dual-modality imaging systems also are being devel-
oped for biological research that involves small animals.  The small-animal dual-modality systems offer advantages for
measurements that currently are performed invasively using autoradiography and tissue sampling.  By acquiring the re-
quired data noninvasively, dual-modality imaging has the potential to allow serial studies in a single animal, to perform
measurements with fewer animals, and to improve the statistical quality of the data.
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1.  INTRODUCTION

Medical diagnoses commonly rely on an assessment of both the functional status and the anatomical condition
of the patient.  In a clinical setting, in vivo measurement of organ physiology, tissue metabolism, tissue perfusion, and
other biological functions can be performed with radionuclide-tracer techniques including positron emission tomography
(PET) and single-photon emission computed tomography (SPECT).  However, the visual quality and quantitative accu-
racy of radionuclide imaging is limited by some important physical perturbations1. Radionuclide images often lack ana-
tomical cues that are needed to localize or stage the disease and typically are produced with poorer statistical and spatial
characteristics than anatomical imaging methods such as computed tomography (CT) and magnetic resonance imaging
(MRI).  When physiological function is measured with radionuclide imaging, accuracy can be compromised by spatial
resolution and photon-statistical limitations and by the need for attenuation correction and scatter compensation1, for
imaging with both single-photon and positron-emitting radionuclides.

These limitations have motivated the development of new approaches which combine functional data from
SPECT or PET with structural data from MRI or CT.  Researchers have investigated stereotactic techniques2 or com-
puter processing methods correlating functional information from SPECT or PET images with morphologic information
from MRI or CT3.  These techniques are most successful for imaging the head, where the rigidity of the skull allows
anatomical and physiological images to be correlated using coordinate transformations applied in software.  The situa-
tion is more complex when trying to correlate functional and structural images in the thorax or abdomen; since the body
can bend and flex, simple rigid body coordinate transformations cannot be applied, especially when the two image sets
are acquired on separate scanners over two different imaging sessions.
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Combined functional-radionuclide and anatomical-transmission imaging also has the potential to solve a differ-
ent problem, that of overcoming the quantitative errors in radionuclide imaging, most notably those due to photon at-
tenuation. Commercially available radionuclide imaging systems now are equipped with apparatus to acquire transmis-
sion scans of the patient with external radionuclide sources4.  The transmission data are reconstructed to generate a pa-
tient-specific map of attenuation coefficients for attenuation correction of the radionuclide image.  This technique is used
to improve the quality myocardial perfusion imaging5, but also has potential applications for tumor imaging where inter-
nally administered radiopharmaceuticals are being pursued for diagnosis and treatment of cancer.

To facilitate the process of correlating structural and functional information, and for improving the quantitative
accuracy of radionuclide data, several investigators have developed a new class of diagnostic instrumentation that com-
bine x-ray and radionuclide imaging.  This approach is performed with medical imaging systems that perform anatomi-
cal imaging with CT, and functional imaging with SPECT or PET.  These �dual-modality� systems use separate detec-
tors for x-ray and radionuclide imaging.  The detectors are integrated on a common gantry in a way that facilitates pa-
tient handling, data acquisition, and coregistration of the CT and radionuclide image data.  Since CT can be used to gen-
erate a patient specific map of attenuation coefficients with a high degree of accuracy and precision, these systems also
can be used to improve the quantitative accuracy of the radionuclide data for functional assessments.  Therefore, the goal
of these dual-modality imaging systems is to correlate function and structure, and to improve quantitation of radiophar-
maceuticals using a noninvasive technique that is applicable for functional studies in a clinical setting.  Quantitative ra-
dionuclide imaging would be important for assessing myocardial perfusion6. For example, the quantitation of myocardial
blood flow and coronary reserve could provide a very sensitive therapeutic end-point for treatment of patients with risk
factors, (e.g., elevated LDL cholesterol), and overall would provide a more rational basis for assessing metabolic func-
tion and coronary disease.  Quantitative radionuclide assessments also would be important for clinical assessment of
cancer7,8 by allowing accurate perfusion measurements, precise localization of receptor-binding, and quantitative uptake
measurements of therapeutic agents labeled with single-photon radionuclide such as iodine-131.  These methods would
improve the application of radionuclide imaging for tumor localization, metabolic assessments to stage the malignancy,
tumor dosimetry for treatment planning and monitoring, and evaluating therapeutic response to surgery, radiation treat-
ment, or chemotherapy7,9,10.

2.  CLINICAL IMPLEMENTATION

2.1 Design and Implementation of Dual-Modality Imaging Systems

The conceptual design of dual-modality imaging systems is quite simple.  A typical dual-modality imaging has
a CT scanner (x-ray tube and detector) and a radionuclide detector (PET or SPECT) mounted on a common gantry with
a common patient table for x-ray and radionuclide imaging.  X-ray CT scans and radionuclide scans are acquired by
translating the patient from one detector to the other while the patient remains on the patient table.  This allows the two
image sets to be acquired with a consistent scanner geometry and body habitus, and with minimal delay between the two
acquisitions.  Virtually all dual-modality imaging systems separate the x-ray components from the radionuclide detector
by 50 to 100 cm to insure that the high flux rate of x-rays generated during the CT acquisition do not damage the radio-
nuclide detector.  After both sets of images are acquired and reconstructed, image registration software11 then is used to
fuse the x-ray and radionuclide images in a way that accounts for differences in reconstruction diameter, offsets in iso-
center, image reconstruction coordinates, and image format (e.g., 128×128 vs. 512×512).  Over the past decade, PET/CT
and SPECT/CT systems have been developed by academic researchers, most notably at the University of Pittsburgh and
at the University of California, San Francisco (UCSF).  More recently, commercial dual-modality imaging system have
become available from the major medical imaging companies, including systems from GE Medical System, Siemens
Medical Systems and CTI Incorporated, and Philips/ADAC Medical Imaging Systems.  Finally, dual-modality systems
for imaging small animals are being developed in both academic and corporate settings, and are discussed in Section 4 of
this manuscript.  Table 1 shows a list of several dual-modality systems that have been developed or that are under devel-
opment.  This list is not exhaustive, but tabulates the characteristics of several dual-modality imaging systems for differ-
ent applications, including prototype evaluation, clinical use, and research involving small animal imaging.
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2.2 PET/CT Imaging Systems

At the University of Pittsburgh, Townsend, Beyer, et al.,19,20,22 implemented the first combined PET/CT
(�SMART�) system by combining a ECAT ART PET system from CTI Incorporated with a Somatom AR.SP spiral CT
scanner.  The ECAT ART uses a partial ring of BGO detectors that are mounted on a common rotating stage with the x-
ray tube and detectors from a Somatom AR.SP spiral CT scanner.  The PET and CT components can be operated either
separately or in a combined mode, with the centers of the two tomographic systems offset by 60 cm.  The PET subsys-
tem includes 24 detector rings with a plane spacing of 3.375 mm.  The CT subsystem operates at a maximum of 130 kVp
and 105 mA, with scan times of 13 and 1.9 sec per slice, slice thicknesses of 1, 2, 3, 5, and 10 mm and in-plane spatial
resolution of 0.45 mm and 6.2 mm respectively for the CT and PET images.  Attenuation correction21 of the PET data
can be implemented by scaling the CT transmission image from its effective energy of 70 keV to 511 keV using hybrid

Table 1:  Dual-Modality Imaging Systems

Year Scanner
Name/Type

Developer Application Radionuclide
Detector

Description Refer-
ences

1989,
1992

Emission-
Transmission

CT

UCSF Phantoms,
Animals

HPGe array Pulse-counting detector,
simultaneous
SPECT/CT

12-16

1992 SPECT/CT UCSF Research, Clinical
SPECT CT Sys-

tem

NaI(Tl), PMT
(Scintillation

Camera)

Separate CT, SPECT;
Common patient table

11,17,
18

1998 PET/CT Univ of Pitts-
burgh

Research, Clinical
PET/CT system

BGO, PMT BGO detector, CT;
Common slip ring

19-22

1999 Discovery VH
(�Hawkeye�)

GE Medical
Systems, El-

gems Ltd

Clinical
SPECT/CT Sys-

tem

NaI(Tl), PMT
(Scintillation

camera)

Scintillation camera,
CT; Common slip ring

23-25

2000 Biograph Siemens Medi-
cal, CTI Inc

Clinical PET/CT
System

BGO, PMT PET; spiral CT

2000 Discovery VI
(�Positrace�)

GE Medical
(SMV Medical)

Clinical PET/CT
System

NaI(Tl), PMT PET; spiral CT

2001 Discovery LS GE Medical Clinical PET/CT
System

BGO, PMT PET; spiral CT

2002 Gemini (under
development)

Philips Medical,
ADAC

Clinical PET/CT
System

GSO, PMT PET; spiral CT

2000 PET/MRI UCLA, UC
Davis

Small animal LSO, PSPMT LSO detector in MRI;
PSPMT readout

26-29

2001 PET/CT UCLA, UC
Davis

Small animal LSO, PSPMT LSO with PSPMT;
CCD x-ray detector

30

2002 PET/CT Forschung-
szentrum Jülich

Small animal YAP, PSPMT YAP with PSPMT;
aSi:H x-ray detector

31

2000 SPECT/CT Univ of Vir-
ginia

Small animal CsI(Tl),
PSPMT

CsI(Tl), PSPMT;
CCD x-ray detector

32

2002 SPECT/CT Photon Imag-
ing, Inc.

Small animal CsI(Tl),
PSPMT

CsI(Tl), PSPMT;
CMOS x-ray detector

2002 SPECT/CT
(under devel-

opment)

UCSF Small animal CsI(Tl), Si-PD CsI(Tl), Si-PD;
CCD x-ray detector

33

Abbreviations: BGO bismuth germanate; CMOS complementary metal-oxide semiconductor; CsI(Tl) thallium-activated
cesium iodide; HPGe high-purity germanium; NaI(Tl) thallium-activated sodium iodide; GSO gadolinium orthosilicate;
LSO lutetium orthosilicate; PMT photomultiplier tube(s); PSPMT position-sensitive photomultiplier tube(s); Si-PD sili-
con photodiode(s); YAP yttrium aluminum perovskit
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segmentation and scaling, with CT-based scatter correction performed prior to attenuation correction.  The system has
been used to image oncology patients covering a range of different cancers, including lung, esophageal, head and neck,
melanoma, lymphoma, pancreas, and renal cell22. The aligned PET and CT images are used both for diagnosing and
staging disease and for evaluating response to therapy.

More recently, several PET/CT scanners have been developed or are under development by commercial ven-
dors for clinical utilization.  In 2000, SMV Incorporated introduced a combined PET/CT scanner that incorporates a
NaI(Tl) scintillator-based PET scanner and a spiral CT scanner integrated with a common patient table for combined
PET/CT imaging.  The system now is available as the �Discovery VI� from GE Medical Systems.  In 2001, both
Siemens Medical Systems and GE Medical Systems introduced high-performance PET/CT scanners with stationary
BGO detectors capable of three-dimensional PET imaging and multislice spiral CT scanner.  Finally, Philips Medical
System is developing a PET/CT scanner having a gadolinium orthosilicate (GSO) detector for PET imaging that is inte-
grated with a dual-ring spiral CT scanner.  PET/CT scanners with lutetium orthosilicate (LSO) detectors now are under
development at CTI Incorporated and Siemens Medical Systems, and offers the potential for higher count-rate capabili-
ties and faster scan times especially for three-dimensional PET imaging.

2.3 SPECT/CT Imaging Systems

In comparison to the development effort at the University of Pittsburgh, researchers at the UCSF Physics Re-
search Laboratory have pioneered the development of dual-modality imaging systems that combine x-ray computed to-
mography (CT) and single-photon emission computed tomography (SPECT).  The first dual-modality imaging system
developed at UCSF13 had a 20 cm reconstruction diameter for imaging phantoms and animals.  The system used a seg-
mented high-purity germanium (HPGe) detector operated in a fast photon-counting mode34 with sufficient energy reso-
lution to discriminate x-ray photons from an external source (for computed tomography) from emission γ-rays from an
internal radionuclide source. The system was used for imaging studies in phantoms and in animals with 99mTc-sestamibi
in a porcine model of myocardial perfusion15,16,35,36.

As an outgrowth of initial studies with the prototype dual-modality system described above, the UCSF group
also developed a combined CT/SPECT system11 for clinical studies.  The system was configured by siting a scintillation
camera (GE 600 XR/T) adjacent to a commercial CT scanner (GE 9800 Quick), allowing the patient to be scanned first
in the CT scanner, then moved into the SPECT system by simple translation of a common patient table.

As an example, SPECT images obtained from a 7-year old female with neuroblastoma, five days after thera-
peutic intravenous administration of 364 mCi of 131I-mIBG (18 mCi/kg) are shown in Fig. 1.  Tomographic radionuclide
data were acquired at 64 views over 360°, 15 s/view, with a count rate of approximately 10 kcps using a high-energy
general-purpose collimator.  CT images were obtained without iodinated contrast at 140 kVp, 70 mA, 2 s/slice in a 512 ×
512 format.  The SPECT images were reconstructed with filtered backprojection (Fig. 1 left), with 100 iterations of an
ML-EM algorithm including attenuation correction and compensation for the geometric response of the collimator (Fig.
1 middle), and with the correlated CT image of the same anatomical region (Fig. 1 right).  These images show that at-

Figure 1: SPECT images of a neuroblastoma patients showing radionuclide reconstruction with filtered-
backprojection (left), radionuclide reconstruction using ML-EM algorithm including compensation for photon at-
tenuation and collimator response (middle), and correlated CT image (right)
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tenuation correction and compensation for collimator response significantly improve delineation of radionuclide uptake
in comparison to more conventional reconstruction methods (e.g., filtered backprojection) that are still in common clini-
cal use.

GE Medical Systems (Milwaukee WI) and Elgems Ltd (Haifa Israel) have developed a dual-modality imaging
system that includes a low-resolution CT capability23-25.  The system includes two rectangular scintillation cameras with
NaI(Tl) crystals mounted on a slip ring to perform radionuclide tomography.  The radionuclide detectors can be operated
with conventional collimators for planar scintigraphy or SPECT, and also perform coincidence detection of annihilation
photons for imaging 18F-fluorodeoxyglucose and other positron-emitting radionuclides.  An x-ray tube (140 kVp, 2.5
mA) and x-ray detector array having 384 elements each 1.8 × 2.8 mm2 also are mounted on the same slip ring to perform
x-ray tomography.  The resulting anatomical images are generated with a spatial resolution of 2.5 mm FWHM in plane25

and with a 1 cm mid-plane slice width.  The CT image can be used for anatomical localization of the radionuclide data,
and also can be calibrated to the energy of the radionuclide photon for photon correction of the radionuclide image.
Transmission scanning is obtained with a scan time of approximately 20 sec per slice with a 40-cm diameter axial field
of view for both radionuclide and x-ray imaging.

Finally, investigators at the University of Virginia37 have developed a dual-modality breast imaging system.
The system incorporates six charge-coupled device modules tiled together to enable full-field digital mammography with
a spatial resolution of 46 microns.  Planar radionuclide imaging of 99mTc-sestamibi (Miraluma, DuPont Pharma) is per-
formed with a 4 × 4 array of position-sensitive photomultiplier tubes coupled to an array of 3 mm square CsI(Tl) scintil-
lator crystals.  Fusion of the structural and functional is performed without fiducial markers using the known geometrical
relationship between the x-ray and radionuclide planar images in the way that assists in the interpretation of radiophar-
maceutical uptake in the nuclear medicine image.

3.  RADIONUCLIDE QUANTIFICATION

3.1 Measurement of Physiology Function with Radionuclide Imaging

Nuclear medicine offers the potential to measure regional radiopharmaceutical uptake to assess physiological
function in the intact animal or human.  Nuclear medicine also offers exquisite detection sensitivity, allowing the radio-
pharmaceutical to be administered and measured in tracer amounts.  Therefore, the measurement can be performed non-
invasively without perturbing the function of the physiological system being monitored.  Conventional methods to quan-
tify radionuclide images use regions of interest that are defined directly on the radionuclide image itself.  This approach,
however, has several drawbacks.  First, radionuclide images inherently lack anatomical information in a way that can
frustrate the reliable definition of object boundaries, particularly in low count rate images.  Furthermore, physical pertur-
bations occur during the imaging process (photon attenuation, scatter, and partial volume effects) that can severely affect
the accuracy of the quantitation process. Compensating the radionuclide image reconstruction process for physical errors
can lessen these effects, but it is not possible to recover all of the information that is lost in the imaging process by proc-
essing the radionuclide image alone.

While current attention on dual-modality imaging systems has focused on their ability to improve registration of
radionuclide and CT images, they also have the potential to improve the accuracy of quantitative radionuclide measure-
ments.  This is achieved in several ways.  First, dual-modality imaging provides an anatomical image from CT can that
be used as a template to define anatomically-specific regions of interest to quantify radionuclide uptake in the correlated
PET or SPECT images.  Second, a priori anatomical information from CT can be used to generate an object-specific
map of attenuation coefficients, scatter coefficients, or recovery coefficients to correct the radionuclide data for errors
due to photon attenuation, scattered radiation, or partial volume errors.  Therefore, correlated x-ray and radionuclide data
from dual-modality imaging provides the potential to improve the quantitative accuracy of functional measurements in
comparison to measurements extracted solely from the nuclear medicine study.

3.2 Photon Attenuation

All nuclear medicine data, including PET, suffer from errors due to �photon attenuation� in which gamma rays
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emitted by the radiopharmaceutical are absorbed by overlying anatomical structures.   It is possible to compensate the
radionuclide data for these errors using a patient specific map of linear attenuation coefficients derived from the cor-
registered CT image acquired from the patient. At UCSF, the calibration of the patient-specific images to units of linear
attenuation coefficient is performed using calibration measurements11 obtained from a phantom with inserts containing
water, fat-equivalent (ethanol), and bone equivalent material (K2HPO4).  CT scans of the calibration phantom are ob-
tained at the same technique (kV, mAs, slice width, etc).   CT numbers then are extracted from each region and are plot-
ted against their known attenuation coefficients.  This generates calibration data11,38,39 that are used to transform the pa-
tient specific CT images from Hounsfield units to units of linear attenuation coefficient (cm-1) for the photon energy of
the radionuclide.  The attenuation map then is incorporated into an iterative (e.g., maximum likelihood expectation
maximization) algorithm for reconstruction of the radionuclide data to compensate the radionuclide data for photon at-
tenuation in the radionuclide image.  Correction techniques for photon attenuation using correlated x-ray CT images now
have been developed and implemented for both PET/CT and SPECT/CT systems21,22,24,25.

3.3 Scatter Radiation

In addition to photon attenuation, Compton scatter can perturb and introduce errors into the nuclear medicine
image.  Several techniques that have been reported in the literature that can estimate the magnitude of scatter in the ra-
dionuclide image.  For example, the �Compton window� method which estimates the scatter from a fraction of the
counts recorded in an energy window placed away from the photopeak40,41.  Alternatively, the �dual photopeak window
method� which estimates the scatter-to-primary ratio from a third-order polynomial of the ratio between the counts re-
corded in two energy windows symmetrically placed around the photopeak42,43.  Finally, the �convolution-subtraction
method�44,45 which estimates the scatter contribution by convolving the detected data with an appropriate �scatter point
spread function�46,47. Recently, several investigators have developed scatter estimation methods48,49 based on the concept
of defining an effective source distribution of scatter photons, and calculating the expected scatter projection data from
this effective source.  The method approximates the scatter from a primary source by convolving the primary source
distribution with a kernel (or point spread function) that is calculated (using Monte Carlo techniques) from a point
source in an infinite water medium to estimate the �effective� source of detected scatter photons.  Assuming spatial in-
variance and to first order, the scatter distribution, s(t), is estimated as48:

( ) ( )[ ]{ }xkxaxts n ′∗′′= )(Proj)( ρ (1)

where ρ(x′) is the electron density at x′ relative to water, a(x�) is the estimated activity concentration, * represents the
three-dimensional convolution operation, and where �Proj� is an operator that simulations projection of the radionuclide
data onto the radionuclide detector.  The kernel kn(x�) is the product of  (a) the probability that a photon is scattered at x′
after traveling via any possible path from its point of emission at the coordinate system origin, (b) the probability that
photon�s energy is within the energy discrimination window of the imaging system, and (c) the probability that the pho-
ton is scattered in the direction of the detector, and can incorporate a patient specific map of linear attenuation coeffi-
cients derived from CT.  These kernels can be efficiently calculated for a specific imaging geometry using Monte Carlo
methods50 as Frey has done for the case of parallel hole collimators48.

3.4 Collimator Response

Nuclear medicine is characterized by spatial resolution limitations that are more severe than those obtained in
anatomical imaging.  For example, methods such as computed tomography (CT) and magnetic resonance imaging (MRI)
can image details having a size dimension of one millimeter or smaller.  In comparison, positron emission tomography
offers spatial resolution in the range of 3 to 5 mm FWHM, while the spatial resolution of SPECT is in the range of 8 to
14 mm FWHM.  The spatial resolution limitations of nuclear medicine obviously affects image quality by blurring small
structures, thereby degrading detectability and reducing contrast with respect to background structures.  The finite spatial
resolution of nuclear medicine also can introduce significant errors in quantitative radionuclide measurements by partial
volume averaging.  Conceptually, spatial resolution losses in both planar and tomographic radionuclide imaging cause
"spill-out" of the target activity into the background, and "spill-in" of the background activity into the target.  Therefore,
when a border is defined around an target region in a radionuclide image, the target activity often is contaminated with
background activity blurred into the target region by spatial resolution losses of the imaging system.  These errors can be
compensated using �recovery coefficients� which represent correction factors for these partial volume errors51.  When a
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CT image is available that is correlated to a radionuclide image, then the actual size of the target can be estimated by
defining a region of interest around the anatomical target region.  The region of interest then can be used to estimate the
magnitude of the partial volume error.  The recovery coefficient then can be used to compensate the radionuclide values
for these effects.  The recovery coefficient method works well for simple geometries (e.g., spherical lesions) but is more
difficult to apply for target regions that have a more complex shape.

3.5 Radionuclide Quantification

Recently, Tang et al.52 developed compensation techniques that depart from the traditional paradigm of cor-
recting the radionuclide images prior to quantitation by incorporating physical models, not in image reconstruction, but
rather into the quantitation process itself.  In this technique, regions-of-interest (ROI's) for the target (e.g., tumor) and
background regions are defined on the high-resolution CT image for quantitation of the radionuclide data. Once the tar-
get and background volumes are defined on the high-resolution CT image, they are resampled and reoriented into the
coordinates of the radionuclide image using the known geometrical transformation between the CT coordinate system
and the scintillation camera coordinate system provided inherently by dual-modality imaging.  The resulting regions
represent idealized objects (e.g., tumor vs. background) containing unit radionuclide concentration. Then, using a realis-
tic physical model of the imaging process that includes photon attenuation, non-ideal collimation, and other physical
perturbations, the template is mathematically projected to simulate the acquisition of the radionuclide image.

Planar imaging of the ideal radionuclide objects is modeled by mathematically projecting the templates onto the
plane of the radionuclide detector.  This process generates "projected templates" that are analogous to conventional
ROI's, in that the projected templates specify the geometry of the tumor 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 ROI's which are uniform, the projected templates
are nonuniform and contain information about physical effects included in the projector model.  There are several meth-
ods by which the projected templates can be used to quantify activity in the radionuclide image.  If we assume that the
image process is linear, and consider the photons emitted from M different regions (e.g., tumor, background) where each
region has a uniform activity concentration Am, then the counts p(d) measured in detector (i.e., pixel) d is estimated by

p *(d ) = Amφm (d )
m=1

M
∑ (2)

where φm(d) represents the value of the projected template at detector location d, which is physically equivalent to the
relative number of photons 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 φm(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

 χ 2 =
p(d) − Amφm (d )

m =1

M
∑

p(d )

 

 

 
 
 
 

 

 

 
 
 
 

d =1

D
∑

2

(3)

where D is the number of detectors 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 Formiconi53 and is similar to a method described by Liu54.  An alternative formulation assuming Poisson statistics
was suggested by Carson55.  Specific details of our implementation can be found in the doctoral dissertation completed
by Tang52.

The template projection technique described above for planar imaging can be extended to quantify target re-
gions in tomographic images52.  This technique begins by repeating template projection for all angles sampled by the
tomographic acquisition of the real radionuclide data.  The original template, defined on the high-resolution CT image,
specifies the geometry for the volume of interest in the radionuclide image.  After the template projection data are mod-
eled for the target and for the neighboring objects, they are reconstructed with the same reconstruction algorithms (e.g.,
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ML-EM or filtered-backprojection) used for reconstructing the emission data.  The reconstructed templates contain in-
formation about physical effects (e.g., photon attenuation, scattered radiation) included in the modeling 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 radionuclide content ρ(i) of the target region can be calculated using a technique analo-
gous to Eq. (2) for planar imaging by assuming that both the imaging and reconstruction processes are linear.  Alterna-
tively, the corrected mean activity concentration ρt in the target region can be calculated by voxel-by-voxel rescaling
after estimating or assuming the background activity concentration ρb  

ρt =
1
N

ρ(i ) − ρbγ b (i)
γ t (i)i=1

N
∑  (4)

where γb(i) and γt(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 reconstructed data with
object size- and shape-dependent recovery factors8,51.  Therefore, multiplicative errors caused by photon attenuation and
other perturbations are compensated in Eq. 3 by division by γt(i)) and while "spill-in" of background activity into the
target lesion is corrected by subtraction of the term ρbγ b(i).  The radionuclide content of a given target region t, can be
calculated as ρt,Vt where Vt is the actual target volume defined on the CT image.

3.6 Experimental Studies

Da Silva et al17  have tested the radionuclide quantitation techniques described above in a porcine model of
myocardial perfusion using radionuclide imaging of 99mTc-sestamibi with the CT/SPECT system at UCSF.  The study
was performed to test the accuracy of radiopharmaceutical content measured noninvasively against corresponding values
measured directly from excised tissue samples.  All studies were performed with the animals under general anesthesia,
with mechanical ventilation, and with ECG monitored continuously. Catheters were placed in an ear vein for
dipyridamole (a vasodilator) infusion, administration of normal saline, and for injection of 99mTc sestamibi. In some
animals the proximal LAD was isolated and occluded until ST-interval changes were confirmed using surface EKG
electrodes.  The ribs then were reapproximated for closed-chest imaging simulation.  Individual animals were imaged in
one of four different perfusion states:  (a) with neither coronary occlusion nor dipyridamole infusion, (b) with coronary
occlusion alone, (c) following dipyridamole infusion alone, and (d) with both coronary occlusion and dipyridamole
infusion.

Prior to imaging, the animals were administered approximately 30 mCi of 99mTc-sestamibi for radionuclide
evaluation of myocardial perfusion. Thoracic projection x-ray scans were obtained using the CT system to localize the
mid-left ventricular levels. The animals were administered nonionic iodine contrast media, and were positioned supine in
the imaging system to obtain thoracic CT images across the extent of the left ventricle.  CT imaging was followed by
radionuclide (SPECT) imaging of the same anatomical region for correlation with the CT scans. After the animal was
euthanized, its heart was removed, flushed, and sectioned.  The radionuclide image was reconstructed and "template
projection-reconstruction" (see Section 3.5) was used to quantify radionuclide uptake in 15 to 20 regions corresponding
to those obtained directly from the excised tissue samples.

Regional measurements of myocardial 99mTc-sestamibi uptake comparing values obtained from excised tissue
samples (ex vivo) were compared those obtained with CT/SPECT using template projection-reconstruction (in vivo).
The data points (in vivo vs. ex vivo) were fit to a line using linear regression and ideally should fall along the line of
identity with unit slope.  However, the in vivo values generated with neither attenuation correction nor correction for
partial volume errors had a slope of roughly 0.1, thereby representing an order-of-magnitude error in comparison to ex
vivo values.  In comparison, in vivo values obtained with attenuation correction alone had a slope of 0.42 (absolute error
of �55%), while those obtained with both attenuation correction and with compensation for collimator response (using
template projection-reconstruction) were generated with an absolute accuracy error of approximately �10%.  This dem-
onstrates the improved accuracy of in vivo radionuclide quantification obtained using dual-modality for assessment of
myocardial perfusion, as an example of how dual-modality imaging can be used to assess physiological function with
radiopharmaceuticals.
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4.  SMALL ANIMAL IMAGING

4.1 Need for Small Animal Imaging

Initial interest in dual-modality imaging has centered on the need to improve diagnosis and evaluation of pa-
tients in a clinical setting.  However, increasingly researchers are pursuing the development of specialized dual-modality
systems for imaging small animals in a research setting.  Biomedical researchers have long used animal models to inves-
tigate mechanisms and treatment of human diseases.  In part, this has been motivated by the availability of modern
transgenic and knockout techniques56,57 that have produced animals in which selected genetic alterations can define the
disease phenotype.  Trangenic animal models now affect research in every area of biomedical science56 including the
neurosciences58,59, behavior60, pharmacology 61, anesthesia and addiction62, molecular biology, mutagenesis, and carci-
nogenesis61,63. The availability of transgenic animals facilitates the development of therapeutic techniques, including the
use of drugs and antibodies57.  Similarly, advances in transgenic approaches have produced genetically engineered
mice64 that are being used in experimental studies to improve our understanding of mammalian cardiovascular develop-
ment, differentiation, function, and disease64.  It is clear from these examples that transgenic animal technology now has
an essential role and profound influence in all areas of biomedical research.

The innate physical characteristics of mice both facilitate and complicate their use as a model for biological re-
search.  For example, mice are genetically similar to humans, have short reproductive cycle, and are relatively easy to
house and maintain in a laboratory setting.  However, a mouse�s small size (about 15-40 grams), heart rates of around
600 beats per minute), and rapid metabolic rates complicates in vivo functional measurements64-66. Autoradiography or
tissue sampling can be used to quantify the tissue distribution of radiotracers for functional assessments with excellent
spatial resolution (10 to 100 µm)67,68.  However, these techniques are invasive, require the animal to be sacrificed, are
labor intensive, and do not allow serial studies to be performed in the same animal.  Therefore, high resolution imaging
techniques would provide an important tool for small animal research, and is especially critical for studies where nonin-
vasive functional assessments are needed.

Several investigators have developed high-resolution techniques suitable for noninvasive imaging of small ani-
mals.  Anatomical studies can be performed using high-resolution magnetic resonance imaging.  Similarly, magnetic
resonance spectroscopy65 can be used to assay the regional concentrations of metabolites.  High-resolution x-ray CT
(down to approximately 10 microns) has been developed for anatomical imaging studies69,70.   Several investigators71-75

are developing dedicated PET systems with sufficient spatial resolution (1 to 2 mm) for imaging small animals.  In-
creasingly, these instruments are being used for metabolic studies with 18F-fluorodeoxyglucose, and to assess pharmaco-
kinetic and pharmacodynamic events in the early stages of drug development76. Other laboratories77-84 have investigated
pinhole imaging techniques to produce radionuclide images with spatial resolutions (1 to 2 mm) suitable for studies in
small animals. Barrett, Barber et al.85,86 are developing a high-resolution semiconductor detector and read-out system for
single-photon imaging with spatial resolution and detection efficiencies suitable for studies on small animals.

4.2 Small Animal PET/CT and PET/MRI Systems

Several investigators are developing dual-modality systems that combine positron emission tomography (PET)
with computed tomography (CT) or magnetic resonance imaging (MRI) at length scales suitable for small animal imag-
ing.  These developments are motivated by several reasons that are similar to those motivating the development of clini-
cal dual-modality systems for imaging humans.  First, while PET can provide important information for evaluating the
metabolic state of various tissues (e.g., heart, brain) in the animal or for detecting tumors, the addition of anatomical
imaging from CT or MRI helps to delineate anatomical/functional relationships needed for phenotyping and for other
experimental protocols.  The availability of dual-modality imaging also allows the possibility of defining regions of in-
terest on the anatomical image, and for implementing corrections for photon attenuation and scatter radiation in a way
that may improve quantitative analysis of the radionuclide data.

Goertzen, Cherry, et al.,30 have developed a dual-modality system that combined microPET and microCT suit-
able for small animal imaging.  MicroPET is implemented using LSO crystals that are coupled to position-sensitive
photomultiplier tubes using an optical taper while microCT is implemented using a two-dimensional x-ray detector.  The
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microPET system offers a spatial resolution of approximately 2 mm FWHM, while microCT has a spatial resolution of
approximately 100 µm FWHM.  By shielding the radionuclide detector with metallic filters that absorb lower energy
photons from the x-ray beam but allow transmission of the annihilation photons from the PET image, the system is ca-
pable of simultaneous microPET and microCT imaging.  A similar approach is being implemented by Khodaverdi et al31

who are using a two-dimensional amorphous silicon x-ray detector with a spatial resolution of 400 µm FWHM for CT.
Both groups are implementing techniques for image registration and for deriving an object-specific map of attenuation
coefficients from CT that can be used to correct the PET data for photon attenuation.

Shao, Slates, Cherry, et al., have developed a compact detector array, suitable for microPET imaging, that can
be placed in an magnetic resonance imaging (MRI) system for simultaneous in vivo PET and MRI imaging of mice and
rats26-28.  The PET imager is configured as a 38 mm ring of lutetium oxyorthosilicate (LSO) crystals that are coupled via
a 4 m long optical fibers to individual channels of a multi-channel photomultiplier tube (MC-PMT). The system is con-
figured so that the PET detector can be placed in an MRI magnet while imaging the animal with the MC-PMT placed
outside of the magnet where it can be shielded from the residual magnetic field of the MRI system.  The system allows
simultaneous PET and MRI imaging of small animals with pixel sizes of 0.313 mm and 0.938 mm for MRI and PET
respectively.  Ultimately, the goal of this work is to design a larger PET detector ring that can be used for simultaneous
correlated PET/MRI imaging of the human brain.

4.3 Small Animal SPECT/CT Systems

The development of high-resolution gamma-ray detectors for small animal imaging has lead researchers at the
Thomas Jefferson National Accelerator Facility (Jefferson Lab), the College of William and Mary87 to implement this
technology in a dual-modality CT/SPECT system for small animal imaging.  The SPECT system uses position-sensitive
photomultiplier tubes coupled to an array of CsI(Tl) scintillators.  X-ray CT has been implemented using a compact fluo-
roscopy x-ray system with a 5 cm diameter field of view.  Both the radionuclide detector as well as the x-ray source and
detector are mounted on a gantry with 18 cm diameter rings for acquisition of the combined SPECT/CT tomographic
images.  The system is configured to image radionuclides with photon energies as low as 27 keV, making it feasible to
image the Kα and Kβ x-rays (27-32 keV) and 35 keV gamma-ray from iodine-125, a radiotracer commonly used for
autoradiography and in vitro counting of tissue samples in biological research.  In addition, iodine-125 is relatively inex-
pensive, has a half-life of 59.4 days, and can be used to radiolabel antibodies and other biomolecules, making it an ap-
pealing agent for small animal research.  A similar system incorporating CsI(Tl) scintillators and position-sensitive
photomultiplier tubes, and a CCD-based x-ray detector and microfocus x-ray source has been configured by Williams et
al32 at the University of Virginia.

Photon Imaging Incorporated (Northridge CA) is developing a combined CT/SPECT system for dual-modality
imaging of small animals.  The radionuclide detector88 uses an array of NaI(Tl) scintillation crystals coupled to position-
sensitive photomultiplier tubes.  The radionuclide detector provides submillimeter spatial resolution for pinhole-source
distances suitable for tomographic imaging of mice when operated with a pinhole collimator having a 0.5 mm diameter
aperture89.  The anatomical data will be obtained with a CMOS x-ray detector and compact x-ray source to generate x-
ray tomograms with a spatial resolution of 100 microns FWHM.  In the current version, the animal is positioned verti-
cally on a rotating stage with the x-ray and radionuclide detectors positioned to image the same object volume.  A new
gantry is under development, which will allow x-ray and radionuclide tomograms to be acquired with the animal placed
in a stationary horizontal position.

At UCSF, we are developing a combined CT/SPECT system for small animal that will generate both functional
(radionuclide) images and anatomical (x-ray) images, at spatial resolutions suitable for small animal imaging33,90.  The
systems integrate emission and x-ray imaging in a single device, and allow radionuclide uptake to be localized on a high-
resolution CT image.  Radionuclide imaging will be performed using silicon photodiode arrays coupled to a thallium-
activated cesium iodide (CsI(Tl)) scintillator. The small animal imager also will incorporate a high-resolution x-ray CT
system for imaging studies in small animals at spatial resolutions in the range of 100 µm, similar to those developed at
other laboratories69,70,91,92.

By providing a consistent method of correlating functional and structural information, combined CT/SPECT
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imaging can improve both the accuracy and the precision of in vivo radionuclide measurements.  The transmission data
can be used to derive an attenuation map for attenuation compensation12,15,38 to resolve regional nonuniformities for
relative assessments with SPECT.  Although the tissue lengths encountered in small animals are significantly shorter
than those encountered in humans, errors due to photon attenuation may be significant when lower-energy radionuclides
are used (e.g., 30 keV from 125I) or when quantitative measurements are required.  In addition, the small dimensions of
small animals will exaggerate partial volume errors, but can be compensated using techniques such as the template-
projection methods described above.

5.  DISCUSSION AND CONCLUSIONS

Over the past 2 to 3 years, dual-modality imaging has emerged from development at academic and industrial
centers, and now is undergoing the process of commercial dissemination and implementation in clinical settings. The
primary benefit of these systems is that they facilitate fusion of anatomical and functional information by producing x-
ray and radionuclide images of the patient in a consistent geometry.  The first applications of dual-modality imaging will
utilize the functional/structural correlation to improve cancer staging and to help in the delineation of normal versus ab-
normal uptake of radionuclide tracers.  Dual-modality imaging also can provide patient specific anatomical information
that can be used as a priori information to compensate radionuclide data for physical effects such as photon attenuation,
scattered radiation, and partial volume errors.  Therefore, dual-modality imaging has the potential to facilitate functional
assessments using radionuclide imaging, especially for (but not limited to) heart disease and cancer, especially when
quantitatively accurate measurements of radionuclide uptake would be desirable.  Over the longer term, dual-modality
imaging may find an increasing role for in vivo measurements of function and physiology of mice.  Potential applications
include those noted above, including the development of new radiopharmaceuticals, assessment of new therapeutic ap-
proaches, and investigation of fundamental biological processes in transgenic and knockout mice.  These techniques
would allow investigators to perform serial and repeat imaging studies in the same animal at multiple time points to in-
vestigate tumor growth, tissue pathology, the effects of therapy, and the mechanism of action of new diagnostic agents.
Therefore, dual-modality combines high-resolution imaging capabilities and the potential for achieving accurate quanti-
tation of radionuclide uptake in humans and in small animals.  In this way, dual-modality imaging could have wide ap-
plicability and significant impact in clinical use of radionuclide imaging and in research that uses small animals to ad-
vance our understanding of human growth, development, and disease.
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