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HIGH RESOLUTION PINHOLE SPECT FOR TUMOR IMAGING 

SVEN-ERIK STRAND, MARIJANA IVANOVIC, KJELL ERLANDSSON, DAVID A. WEBER, DINKO FRANCESCHI, 
TERRY BUTTON and KATARINA SJOCREEN 

High-resolution, non-invasive, 3D-imaging techniques would greatly benefit the investigation of the 
localization properties of tumor-specific radiopharmaceuticals in laboratory animals. The present study 
reports how pinhole SPECT can be applied to tumor localization studies in small laboratory animals 
to provide high resolution SPECT images in vivo. Pinhole SPECT was performed using a rotating 
scintillation camera, equipped with a pinhole collimator. The sensitivity of a 2 mm diameter collimator 
at 45 mm from the source is 90 cps/MBq for *Tc. The planar spatial resolution at  a 45 mm distance 
is 2.2 mm. The transaxial spatial resolution, with a distance of 45 mm between the collimator aperture 
and the axis of rotation, is 3.1 mm. For SPECT imaging, spatial linearity is preserved across the usable 
field-of-view. The major advantage of the high resolution properties of pinhole tomography is 
demonstrated by the enhanced lesion-to-normal-brain uptake ratio achieved on tomographic slices as 
compared to planar images. For example, *"Tl tumor-to-normal-brain uptake ratios of 1.1 to 1.3 ob- 
served on planar images, corresponded to ratios ranging from 3.2 to 3.7 on the SPECT slices. Examples 
of the activity distributions of two radiopharmaceuticals in tumor and in normal brain for sagittal and 
coronal images are given. In all cases, tumors are clearly delineated on the pinhole SPECT slices. The 
present study shows that pinhole SPECT performed with standard SPECT instrumentation can give high 
spatial resolution images, with a FWHM % 3 mm and a sensitivity % 100 cps/MBq for 99"Tc. 

Development of new methods for systemic radiation 
therapy ( SRT), with tumor-specific radiopharmaceuticals, 
e.g. monoclonal antibodies for radioimmunotherapy 
(RIT), and the use of tumor-specific diagnostic agents, 
require high spatial resolution imaging techniques to mon- 
itor localization properties in vivo. Imaging of radiophar- 
maceuticals in laboratory animals is usually performed 
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using planar scintillation camera techniques employing 
either a high resolution parallel hole collimator or a pin- 
hole collimator. These techniques provide a two-dimen- 
sional representation of the three-dimensional activity 
distribution. The application of SPECT (single photon 
emission computed tomography) could provide the activity 
distribution in 3D. However, the spatial resolution of 
SPECT using parallel hole collimators is not adequate for 
imaging small animals. Higher resolution pinhole collima- 
tors provide the basis for performing these studies. Here 
we have used pinhole SPECT to investigate the compara- 
tive localization properties of several different radiophar- 
maceuticals, which appear to offer promise for the 
detection and monitoring of primary brain tumors ( 1-5). 

A reconstruction method for cone beam tomography 
has been presented by Feldcamp et al. (6). Pinhole SPECT 
has been reported by Palmer & Wollmer for lung studies in 
rabbits (7). We have extended that technique for imaging 
the brain in rats (8). 
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Fig. 1. Test phantom with five 99”Tc filled line sources (inner diameter 0.58 mm) in a plexiglass cylinder (diameter 30 mm), a-b) 
dimensions of the phantom, c)  SPECT image and count profiles through line sources. 

Material and Methods pinhole collimator. The camera was rotated 360°, with 
projections acquired in the step-and-shoot mode. Tomo- 

Pinhole SPECT reconstruction. Pinhole SPECT was graphic images were reconstructed using a 3D cone-beam 
algorithm that is a generalization of the 2D fan-beam 
filtered backprojection algorithm. For the central trans- 

performed using a rotating scintillation camera (Toshiba 
901A SPECT system) equipped with a 2mm aperture 
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axial plane, the two algorithms are identical. Outside this 
plane, the data are treated as tilted fan-beams, and the 
results are only approximate. A ID reconstruction filter is 
applied to each fan-beam, and a weighted 3D-backprojec- 
tion is used as the final step of the image reconstruction. 
Prior to reconstruction, the pinhole projections were cor- 
rected for the decay of the radionuclide, the geometric and 
intrinsic efficiency variations of the camera system, and the 
center-of-rotation (COR) shift. No attenuation correction 
was applied. A uniformity correction was made by multi- 
plying each projection image with a normalized inverse of 
a flood source image. The COR shift was measured using 
a parallel hole collimator, and the correction was made by 
shifting the projections. 

Imaging properties of the SPECT system. The resolution 
that can be achieved in pinhole SPECT is determined by 
the size of the pinhole aperture. Due to the magnification 
factor, the system spatial resolution can be better than the 
intrinsic resolution of the scintillation camera. The sensi- 
tivity of the system in planar mode (counts/s/MBq) was 
evaluated using a disc source with 99mTc (2.2 cm diameter 
filled with 85 MBq 9 9 m T ~  in 1 ml), that was placed under 
the collimator at distances of 20 to 150mm. The spatial 
resolution (FWHM) was obtained by imaging a line 
source (diameter of 1 mm and length of 80 mm) with 
99mTc (48 MBq/ml). The linearity and resolution in 
SPECT mode was studied by imaging a cylindrical plexi- 
glass phantom (diameter 30 mm and length 45 mm) with 
five line sources (inner diameter 0.58 mm and length 
45 mm) 10 mm apart filled with 99mTc (see Fig. la). The 
distance between the collimator aperture and the axis of 
rotation was 45 mm. 

Animal studies. Rats (Fischer 344) were inoculated with 
cultured glioma cells 2-3 weeks prior to imaging. The rats 
developed a tumor in the brain that was approxiniately 
8-12 mm in diameter at the imaging time. This tumor is 
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fast growing and the survival time of untreated animals is 
approximately 3 weeks (9, 10). The rats were anesthetized 
(ketamine/xylazine mixture) and put in a specially de- 
signed holder at the axis of rotation of the SPECT camera, 
which was at a distance of 45 mm from the pinhole colli- 
mator. The images were acquired in 64 x 64 matrices in 
zoom mode, and the total acquisition time for the SPECT 
study was 45min. Examples of findings from two radio- 
pharmaceuticals, '"TI-Cl (thallium chloride) and 99mTc- 
HMPAO (hexamethyl-propylen-amine-oxime) are given. 
The studies were carried out after the administration of 
185MBq of 99mTc-HMPA0 and 37MBq of 20'T1. The 
radiopharmaceuticals were administered intravenously in 
the tail vein in a volume of 0.3-0.5 ml. MRI scans of the 
head of the rat were obtained in selected studies to assist in 
the correlation of radiopharmaceutical uptake with 
anatomic structures. 

Results 

The sensitivity of the 2 mm collimator for 99mTc is given 
in Fig. 2a as function of distance from the collimator. At 
45 mm the sensitivity is 90 cps/MBq. The dependence of 
sensitivity on distance between collimator and source fol- 
lows the inverse square law, as predicted by theory (1 1). 

The spatial resolution as function of distance from the 
collimator aperture is given in Fig. 2b. We have also 
included a theoretical curve for comparison ( 11). The slight 
variations in the measured data points are due to position- 
ing uncertainties. At 45 mm the resolution is 2.2 mm. 

The results for the SPECT phantom study are given in 
Fig. Ic. Good spatial linearity in the system is demon- 
strated by the correlation of the line source spacing in the 
image as compared with the line source spacing in the 
phantom. The resolution obtained from the line sources 
shows a FWHM of 3.1 mm. 
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Fig. 2. Properties of the pinhole collimator (aperture 2mm) on the large field-of-view camera for 99mTc. a) sensitivity and b) spatial 
resolution as function of the distance from the collimator. 
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Fig. 3. 20'T1 images of a rat brain with tumor. Planar images: a) lateral, b) posterior; pinhole SPECT: c) sagittal d) coronal. 

An example of the 20'TI-CI study in the rat's brain is 
given in Fig. 3. Here, both the planar and the SPECT 
images are given for comparison. Fig. 3a shows a left 
lateral planar view, and 3b the posterior planar view. 
Uptake in the tumor is only poorly visualized on the 
posterior view. Uptake ratios compared for regions of 
interest over the tumor to the contralateral region of the 
cerebellum are 1.1 and 1.2. The sagittal and coronal pin- 
hole SPECT slices, shown in Figs 3c and d, show 
markedly improved contrast between the tumor and the 
surrounding normal brain. The corresponding contrast 
values are 3.7 and 3.2. This animal was not sacrificed 
after the measurement, and so no in vitro data are avail- 
able for comparison. 

An example of the corresponding 99mTc-HMPA0 stud- 
ies in the rat's brain is given in Fig. 4. Again, both planar 
and SPECT images of the localization properties of the 
radiopharmaceutical are shown. Fig. 4a shows the left 
lateral planar view, and 4b the posterior planar view. In 
contrast to the elevated uptake of 201T1 in the tumor, a 
perfusion deficit in the tumor is seen with 99mT~-HM- 

PAO. Uptake in the tumor is poorly visualized on the 
planar views. Uptake ratios compared for regions of in- 
terest over the tumor to the contralateral part of the 
cerebellum are 0.9. The sagittal and coronal pinhole 
SPECT slices shown in Figs 4c and d show enhanced 
contrast between the tumor and the surrounding brain. 
Corresponding uptake ratios are 0.7 and 0.8. After the 
measurement, the animal was sacrificed and dissected, 
and the activity in different organs was measured in a 
well-counter. The ratio between the activity concentra- 
tion in the tumor and in the cerebellum was found to be 
0.6. 

In Fig 5,  a comparison of a MRI image with the 
localization properties of 20'Tl-Cl, and 99mTc-HMPA0 is 
shown. The tumor is well delineated on the MRI image, 
shows an increased uptake with 'o'TIC1, and a reduced 
uptake with 99"'Tc-HMPA0. 

Discussion 
We have demonstrated that pinhole SPECT can, with a 

spatial resolution of about 3 mm, be used for 3D-imaging 
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Fig. 4. 99mTc-HMPA0 images of a rat brain with a tumor. Planar images: a) lateral, b) posterior; pinhole SPECT: c) sagittal d) coronal. 

Table 
Radioimmunotherapy radionuclides suitable for pinhole SPECT 

Radionuclide TI,, Decay mode Principal energies 
( d) 

Electrons' Photons4 
keV keV (YO) 

3.3 
2.6 
0.56 
0.19 

13.6 
1.6 

0.55 
60.1 
8.0 
1.95 
0.1 
3.8 

0.71 
3.1 
3.0 

beta' 
beta 
beta 
beta 
conv. eL2 
conv. el. 
conv. el. 
EC-Auger el.' 
conv. el. 
EC-Auger el. 
beta 
beta 
beta 
beta 
conv. el. 
beta 
beta 
EC-Auger el. 

143/204 
121 / 154/ 189 
36 1 
279 
308 
133 
20 

3 
127 

4 
192 
200/226/265 
455 
309/362 
125 
728/794 
67/82/132 
10 

159( 68) 
185(49)/93( 16) 
M(3.6) 

336( 45) 

I 58( 86) 
25( 89) 

159( 83) 
28( 139) 

364( 81) 
70( 5) / I03( 28) 
934)  

l23( 2)/137( 8.7) 

15S( 15) 
I58( 37) 
71( 83)/167( 10) 

I Average energies for beta particles. 
(EC). 

Conversion electrons. Auger electrons following electron capture 
Photons of suitable energy for scintillation camera imaging. 
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studies in small animals to evaluate tumors. The resolution 
could be improved by using a pinhole collimator with 
smaller aperture at the expense of a lower sensitivity. The 
pinhole SPECT images show marked improvement in tu- 
mor delineation, with greatly enhanced tumor-to-normal- 
brain uptake ratios and significantly better definition 
of the localization properties of the radiopharmaceuticals 
throughout the brain. 

Many other procedures are employed for studying the 
activity distribution of radiopharmaceuticals/MAbs, with 
spatial resolution of 1 mm or less. In vitro techniques, such 
as film autoradiography or beta camera studies, have 
shown the inhomogeneous distribution of MAb-activity 
in tumors (12, 13). We here demonstrate a non- 
invasive technique that can give a tomographic image of 
the activity distribution in vivo, with a spatial resolution 
of 3 mm or better. The technique complements other in 
vitro/ex vivo high resolution imaging techniques for 
obtaining localization data and for studying biokinetics. 
Many radionuclides used for experimental RIT have 
photon energies suitable for external imaging by this 

Fig. 5. Comparison of a) sagittal MRI slice with b) zo’Tl-Cl and 
c) 99”Tc-HMPA0 pinhole SPECT slices through tumor in rats, 
brain. Note that in the 30’T1 image the tumor shows well-delin- 
eated, increased uptake whereas, in the 99”Tc-HMPA0 study, the 
tumor area is a cold spot. 

technique. Several of these are listed in the table. The 
present work is part of a larger study comparing locali- 
zation properties and sensitivity of different radio- 
pharmaceuticals for r-onitoring tumor response in exter- 
nal beam radis lion therapy (which will be reported 
elsewhere). 

In conclusion the present study shows that pinhole 
SPECT can be performed with standard SPECT instru- 
mentation to provide high resolution images with a 
FWHM of about 3 mm. The sensitivity of approximately 
100cps/MBq for 99mTc is acceptable for laboratory ani- 
mal studies. 
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