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Quantitative Imaging of Iodine-131 Distributions
in Brain Tumors with Pinhole SPECT:
A Phantom Study
Mark F. Smith, David R. Gilland, R. Edward Coleman and Ronald J. Jaszczak
Departments of Radiologi' and Biomedicai Engineering, Duke University Medical Center, Durham, North Carolina

A method of quantitatively imaging 131Idistributions in brain tumors

from intratumoral administration of activity was developed and
investigated using pinhole SPECT of brain tumor phantoms.
Methods: PinholeSPECT sensitivityand resolutionwere character
ized using 131Ipoint-source acquisitions with high-resolution lead
(1.4-mm diameter aperture) and tungsten (1.0-mm diameter aper

ture) pinhole inserts. SPECT scans were obtained from brain tumor
phantoms in a water-filled cylinder. The tumor phantoms consisted
of spheres filled with an 131Isolution to model intratumoral admin

istration of radiolabeled monoclonal antibodies. Two spheres were
20.5 and 97 ml, and two other concentric spheres modeled a tumor
with a high-activity shell (71.5 ml) and a low-activity core (21 ml). The
collimator focal length was 16 cm and the distance from the pinhole
to the center of rotation was 13 cm. The filtered backprojection
reconstruction algorithm incorporated scatter and attenuation com
pensation. SPECT tumor activities and concentrations were esti
mated using scaling factors from reference point-source scans.

Results: System sensitivitiesfor point sources at the center of
rotation were 28.4 cts/sec"1 MBq 1 (lead insert) and 13.6 cts/
sec"1 MBq 1 (tungsten insert). SPECT resolutions (FWHM) at the

center of rotation were 8.1-11.9 mm (lead) and 6.7-10.3 mm

(tungsten). Total tumor activity estimates from SPECT were within
17% of the true activities. SPECT activity concentration estimates in
small regions of interest (ROIs) averaged -20% for the 20.5-ml
sphere, -11 % for the 97-ml sphere, -39% for the shell and +20%
for the core of the shell-core phantom. Activity spillover due to

limited spatial resolution and the tails of the system response
functions biased the estimates. The shell-to-core activity concentra

tion ratio of 4.1 was better estimated with the tungsten insert (2.3)
than with the lead insert (1.9) due to better resolution. Conclusion:
Pinhole SPECT is a promising technique for imaging and quantifying
total 131Iactivity in regions the size of brain tumors. Relative errors

were greater for activity concentration estimates in small ROIs than
for total activity estimates.
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J-he administration of I3ll-labeled monoclonal antibodies is a

promising strategy for the treatment of malignant tumors (1,2).
With intratumoral administration of activity, antibody uptake in the
tumor is markedly increased relative to intravenous administration
(3,4). High resolution SPECT imaging will allow the time-
dependent three-dimensional accumulation of 131I radiolabeled

antibody in the tumors to be followed and will permit better
evaluation of tumor dosimetry (5). In Phase I studies of 131I

radioimmunotherapy at Duke University Medical Center, Durham,
NC (6,7), 1850-3700 MBq (50-100 mCi) I3II have been admin

istered directly into cystic brain tumors or postoperative resection
cavities and intrathecally. We are investigating clinically practical

central
ray

axis of rotation

tumor
phantom

water-filled
cylinder

Al support (1.3 cm) +
Pb shielding (3.2 cm)

interchangeable
pinhole insert

scintillation crystal

FIGURE 1. Diagram of the pinhole apparatus mounted on one head of a
Trionix Triad gamma camera. Also shown is the position of the water-filled
cylinder for the SPECT acquisitions and an off-center tumor phantom

position.
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RGURE 2. Design of the pinhole
inserts. The acceptance angle e is
indicated. (A) Knife-edge aperture

design for the lead insert and (B)
channel aperture design for the tung
sten insert.

3.8cm

knife-edge

pinhole aperture

3.8cm

pinhole channel

ways to use SPECT to image and quantify antibody uptake within
these tumors to aid tumor dosimetry calculations and the assess
ment of the clinical effectiveness of radioimmunotherapy.

The gamma-ray emissions that accompany the beta-particle
emission by 131Iallow the distribution of 1311to be imaged by

gamma cameras. The primary gamma-ray emission is at 364
keV (82% abundant), with additional emissions at 637 keV
(6.5%) and 723 keV (1.7%) (8). High-resolution, quantitative
SPECT is more difficult with I3II than with lower energy

radionuclides because of the increased penetration of these
medium- and high-energy emissions. Pinhole SPECT is one
approach to limit penetration and to achieve high resolution
with acceptable sensitivity (9,10).

We have previously shown that pinhole SPECT is a viable
technique for imaging the medium-energy 171- and 245-keV
emissions of '"in in head phantoms (//), and that pinhole

imaging can provide improved performance over parallel-hole
collimatore for imaging 131I in a head phantom (12). Gamma

camera imaging of I with parallel-hole collimatore also has
been investigated recently by other research groups (13-18).

In this study, we developed and investigated a method to
quantitatively image the distribution of I in brain tumors
using pinhole SPECT of brain tumor phantoms. The sensitivity
and resolution of our pinhole SPECT imaging system with
high-resolution pinhole apertures are characterized. A scaling
procedure for converting counts in reconstructed 1311SPECT

scans to absolute activities is described. SPECT scans of
various brain rumor phantoms in a water-filled cylinder are
obtained. The total activity and radionuclide concentrations in
the brain tumor phantoms are estimated from the SPECT scans
and are compared with the true activities and concentrations.

20.5 ml 97.0 ml

6.2
cm

21.0 ml core
71.5 ml shell

FIGURE 3. Diagram of the tumor phantoms that were filledwith 1311solution,

with outer diameters indicated. The plastic used to fabricate the phantoms
was about 1.5 mm thick.

TABLE 1
System Sensitivity for a Point Source 13 cm Above the Pinhole at

the Center of Rotation

Sensitivity (counts sec 1 MBq 1)

Counting threshold

InserttypeLead

TungstenNone

(all countsincluded)28.4

13.610%

of maximum
pixelvalue15.4

5.70

MATERIALS AND METHODS

Pinhole SPECT Apparatus
Planar and SPECT scans were acquired on a Triad gamma

camera (Trionix Research Laboratory, Twinsburg, OH) using a
custom-built pinhole imaging apparatus (Fig. 1). The apparatus
was box-shaped with an aluminum support structure and lead
shielding. The focal length (pinhole to scintillation crystal distance)
was 16 cm. The pinhole insert was interchangeable and two
different pinhole inserts were used for the gamma camera acqui
sitions. The aperture of the lead insert was 1.42 Â±0.05 mm
diameter with an acceptance angle of 100Â°and a knife-edge taper

(Fig. 2A). The aperture of the tungsten insert was 0.96 Â±0.03 mm
diameter with an acceptance angle of 100Â°and a 1.5-mm high

channel designed to reduce penetration near the aperture (Fig. 2B).
These high-resolution apertures were smaller than the 3-6 mm
diameter apertures used in our previous head imaging experiments
(11,12). Considerations in the design of channeled pinhole aper
tures for ml imaging have been previously discussed (79).

System Sensitivity and Resolution
The system sensitivity and resolution were measured using

point-source scans with the lead and tungsten inserts. The point
source contained 10.0 MBq (0.271 mCi) 13II. Planar scans were 5

min duration and SPECT scans were 20 min duration, with
projection data acquired for 10 sec/angle at 120 equally spaced
angles over 360Â°.The energy windows were 364 keV Â±9%

(photopeak) and 304 keV Â±9% (scatter). The projection pixels
were 1.78 mm on a side. Planar scans were acquired with the point
source in air 13 cm above the pinhole on the central ray. The
system sensitivities were calculated in two ways: first by summing
the total number of counts in the projection data and second by
summing counts above 10% of the maximum pixel value. The
latter estimate excluded counts due to scatter and penetration near
the pinhole aperture that contributed to the tails of the point-source
response functions and degraded system resolution.

SPECT scans were acquired with the point source in air and in
water, both at the center of rotation and 6.2 cm off-center. The
pinhole aperture was 13 cm from the center of rotation. For the
scans in water, the axis of the 23-cm diameter water-filled cylinder
was aligned with the axis of rotation of the gamma camera (Fig. 1).
The projection data array was 256 X 128 with 1.78 mm pixels. A
cosv(0) offset-dependent sensitivity correction (20) was applied to
the projection data using.v = 6.4 (lead insert) and.v = 8.5 (tungsten
insert) determined from point-source sensitivity measurements.
Scatter compensation for the scans in water was accomplished by

TABLE 2
Planar System Resolution for a Point Source 13 cm Above the

Pinhole at the Center of Rotation

InserttypeLead

TungstenFWHM

(mm)9.0

7.4FWTM

(mm)22.5

17.2
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FIGURE 4. SPECT reconstructions (Hann
filter cutoff 1.40 cycles/cm) and profiles for
point sources in air acquired with the lead
and tungsten pinhole inserts. (A) Point
source at the center of rotation, (B) profiles
from Figure 4A, (C) point source 6.2 cm
off-center and (D) profiles from Figure 4C.
The profiles are normalized to their maxi
mum voxel value. The tails are due in part to
penetration through and scatter within the
pinhole insert. Some reconstruction edge
artifacts are seen for the 6.2 cm off-center

location.
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SPECT Point Source Profiles, Air
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â€¢10"
34 40 46 52

Voxel Index
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scatter subtraction (21) using a Â¿-factorof 1.0. This Â¿-factorwas
determined using the point-source measurements in air and in
water for the photopeak and scatter energy windows used in this
study. The chosen Â¿-factorprovided compensation for scattered
photons observed in the photopeak energy window.

Pinhole SPECT reconstruction was accomplished using a fil
tered backprojection approach (22). The reconstructed voxel size
was 1.78 mm. Reconstructions with a ramp filter were too noisy to
allow reliable assessment of system resolution, so reconstructions

were performed with two-dimensional Hann filters applied to the
projection data. The high frequency cutoffs of these filters were
Nyquist (2.81 cycles/cm) and half-Nyquist (1.40 cycles/cm) fre
quencies in projection space (the lower cutoff was the one applied
later to the brain tumor phantom reconstructions to suppress high-
frequency noise). A multiplicative Chang attenuation correction
(23) was applied for the scans in water. The attenuation map was
constructed using the physical dimensions of the cylinder and the
attenuation coefficient of water at 364 keV.
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FIGURE 5. SPECT reconstructions(Hann
filter cutoff 1.40 cycles/cm) and profiles
for point sources in water acquired with
the lead and tungsten pinhole inserts. (A)
Point source at the center of rotation, (B)
profiles from Figure 5A, (C) point source
6.2 cm off-center and (D) profiles from

Figure 5C. The profiles are normalized to
their maximum voxel value. The tails are
due in part to penetration through and
scatter within the pinhole insert, as well
as to scatter in the water-filled cylinder.
Some reconstruction edge artifacts are
seen for the 6.2 cm off-center location.

Scaling Factors for SPECT Quantitation
Scaling factors obtained with the reference point source were

used to convert counts in the reconstructed SPECT scans to
measured activities:

SPECT activity (MBq) = SPECT image counts

X scaling factor (MBq/count). Eq. 1

Scaling factors were determined using the reconstructed SPECT
scan of the reference point-source in air at the center of rotation.

First, the maximum voxel value in the reconstructed point
source image was found. Then, a family of scaling factors was
generated by considering voxels with counts above given
percentages of the maximum voxel value that were connected to
the peak voxel value by other voxels that were also above the
given threshold. The scaling factor was given by:
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TABLE 3
SPECT System Resolution from Point-Source Scans (Hann Filter Cutoff Frequency Indicated)

ScanmediumSourcelocationProfiledirectionFWHM
(mm)Lead2.811.40cycles/cmAirWaterAirAirWaterWaterAt

CORAt
COR6.2

cmoff-center6.2
cmoff-center6.2
cmoff-center6.2
cm off-centerRadialRadialRadialTangentialRadialTangential8.18.56.1626.47.611.811.97.310.18.19.5Tungsten2.811.40cycles/cm6.77.25.36.56.06210.310.37.09.36.37.9FWTM

(mm)Lead2.811.40cycles/cm18.419.211.122.111.020.124.424.813.823.815.320.3Tungsten2.811.40cycles/cm16.215.910.415.69.517.720.320.612.620.512.816.9

Estimated errors: Â±0.4 mm FWHM, Â±0.6 mm FWTM. COR = center of rotation.

Scaling factor = reference point-source activity from well

counter (MBq)/SPECT counts for reference point source above

a calibration threshold. Eq. 2

It is not obvious a priori what percentage threshold should be used
for accurate SPECT activity quantitation with brain tumors, since
the tails from point-source response functions will add construc
tively in the center of larger source regions. We took the approach
of determining the appropriate calibration thresholds empirically,
as will be discussed in the Results section of this article. The
SPECT images of the point sources used to determine the scaling
factors were reconstructed with the same filter used to reconstruct
the tumor phantom images.

SPECT Scans of Brain Tumor Phantoms

Acquisition. SPECT scans were obtained of three brain tumor
phantoms placed in the water-filled cylinder modeling the head.
The phantoms consisted of two hollow spheres, 20.5 and 97.0 ml,
and one set of two other concentric spheres (Fig. 3). For the latter
phantom, the outer shell region was 71.5 ml and the inner core
region was 21.0 ml. This shell-core tumor phantom modeled the
case of a tumor with regions of different radiopharmaceutical
uptake, as might be the case for an actively growing tumor with
malignant cells at the periphery and a necrotic core.

Iodine-131 activity was drawn up in a syringe and assayed in a
dose calibrator before dilution with water of measured volumes and
injection into the tumor phantoms. The 20.5-ml sphere was filled
with an aqueous solution of 33.0 MBq ml for a concentration of

1.61 MBq/ml. The 97.0-ml sphere was filled with 182 MBq or 1.88
MBq/ml. The shell-core phantom was filled with ml solutions of

different concentrations. The shell was filled with 115 MBq for a
concentration of 1.61 MBq/ml, and the core was filled with 8.27
MBq for a concentration of 0.394 MBq/ml. The shell-to-core
activity concentration ratio was 4.09.

The tumor phantoms were imaged individually without back
ground activity with both the lead and tungsten pinhole inserts.
Separate SPECT scans were acquired with the centers of the
phantoms 1.1 cm and 6.2 cm from the axis of the water-filled
cylinder. The scans were 60 min, with projection data acquired at
120 equally spaced angles over 360Â°.The energy windows were

364 keV Â±9% (photopeak) and 304 keV Â±9% (scatter). The
projection array was 256 X 128 and the 1.78 mm projection pixels
were summed to 3.56 mm pixels for image reconstruction.

Reconstruction. The projection data were reconstructed in a
fashion similar to that for the point-source scans in water. In
particular, an offset-dependent sensitivity correction was applied
and a scatter subtraction factor k=\.G was used for dual-energy
window scatter compensation. A two-dimensional Hann filter with

a high frequency cutoff of 1.40 cycles/cm in projection space was
applied to the projection data to suppress high-frequency noise in
the reconstructed images. A one-iteration Chang attenuation cor
rection was applied.

Activity Quantitation. The total tumor activity and radionuclide
concentrations in small regions of interest (ROIs) in the tumor
phantoms were estimated using the SPECT reconstructions. Total
SPECT tumor activities were estimated using the following proce
dure:

1. The average voxel value in a small ROI in a region of the
image with peak activity was computed. The ROI was drawn
manually and was 6X6 voxels for the 97-ml tumor, 4X4
voxels for the 20.5 mi-tumor and 8X3 voxels for the shell
region of the shell-core phantom.

2. A loose three-dimensional spherical ROI was centered
around the tumor. This was accomplished by manually
adjusting the center and radius of a digital mask that zeroed
activity outside of the ROI. The ROI diameter was 10 cm for
the 97-ml and shell-core tumors located 1.1 cm off-center and
9 cm for these tumors 6.2 cm off-center. The ROI diameter
was 7 cm for the 20.5-ml tumor located 1.1 cm off-center and
5 cm for the 6.2-cm off-center location. The resulting masked
images were visually inspected to verify that the ROIs were
properly chosen. Counts from voxels within the loose ROI
with amplitudes greater than 10% of the peak activity average
of Step 1 were summed. This 10% threshold was chosen to
allow summing of as many of the reconstructed tumor counts
as possible and still remain above the background noise level.

3. The summed counts were converted to absolute activities
using scaling factors from the reference point sources. Ac
tivity estimates were calculated for different calibration
thresholds (see Eqs. 1 and 2 and the point-source experiments
described in the earlier section on scaling factors).

Tumor radionuclide concentrations were estimated using small
ROIs within the reconstructed images in the regions of peak
activity as described in Step 1. A 27-voxel ROI also was selected
in the center of the core of the shell-core phantom. The ROIs were
drawn manually and were chosen as large as possible (to reduce
statistical noise) within regions of approximately constant activity.
Using the volume of the ROI and the number of counts in the ROI,
the radionuclide concentration (MBq/ml) was computed for a range
of calibration thresholds.

RESULTS

System Sensitivity and Resolution
Sensitivity and resolution for acquisition geometries appro

priate for brain imaging were measured. Sensitivities with the
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TABLE 4
Projection Data Counts in the Tumor Phantom Studies

Phantom20.5-ml

sphere97-ml

sphereShell-coreInsert

typePbPbWWPbPbWWPbPbWWPhantomlocation1.1

cmoff-center6.2
cmoff-center1.1
cm off-center6.2
cmoff-center1.1
cmoff-center6.2
cmoff-center1

.1 cmoff-center6.2
cmoff-center1

.1 cmoff-center6.2
cmoff-center1

.1 cmoff-center6.2
cm off-centerCounts

(x106)1.51.80.700.827.59.43.44.15.77.02.63.0

Pb = lead; W = tungsten.

point source 13 cm above the pinhole at the center of rotation
are given in Table 1. The sensitivities were smaller when an
amplitude threshold of 10% of the maximum pixel value was
used, illustrating the large fraction of scattered and penetrating
photons. The planar system resolution for a point source at the
center of rotation (corrected for magnification) is given in Table
2. The improved resolution with the tungsten insert was due to
both the narrower pinhole diameter and the additional attenua
tion of the channeled aperture.

SPECT reconstructions and profiles with the point source at
the center of rotation ( 13 cm above the pinhole aperture on the
central ray) and 6.2 cm off-center are shown in Figures 4 and 5.
The width of the system response function was narrower with
the tungsten pinhole insert than with the lead insert. SPECT
resolutions for the different pinhole collimators and reconstruc
tion filters are given in Table 3. The radial resolution is the
resolution along the line connecting the point source with the
center of rotation (horizontal profile in Figs. 4 and 5) and the
tangential resolution is the resolution along the line passing
through the point source perpendicular to this radial line.
Resolution was about the same in air and in water. Radial
resolution was better than tangential resolution, and resolution
was better at the edge of the field of view than at the center of
rotation. The SPECT resolutions with the lead (tungsten) insert
were 6-9 (5-7) mm FWHM for a Hann filter cutoff of 2.81
cycles/cm and 7-12 (6-10) mm FWHM for a cutoff of 1.40
cycles/cm.

Brain Tumor Phantom Studies
The brain tumor phantom studies contained between 700,000

and 9.4 million counts (Table 4). More counts were obtained at
the 6.2 cm off-center position because of greater geometric
sensitivity (inversely proportional to distance squared) and less
attenuation when the tumor phantoms were closer to the
pinhole. Reconstructed slices and profiles (Fig. 6) show that
resolution and contrast were improved with the narrower
tungsten pinhole insert, though at the expense of increased
image noise due to lower sensitivity. The shell of the shell-core
phantom was higher in intensity toward the periphery of the
cylinder because image resolution was spatially varied and
better toward the outside, resulting in higher reconstructed
voxel amplitudes.

Results from estimation of total activity in the brain tumor
phantoms are shown in Figure 7. The activity estimates in
creased as the calibration threshold used in the calculation of
the scaling factor from the reference point-source data in-

FIGURE 6. Reconstructed images and profiles from the tumor phantom
studies. These transverse slices pass through the center of the tumors. (A)
20.5-ml tumor phantom, (B) 97-ml tumor phantom and (C) shell-core tumor
phantom.

creased. An appropriate average value of the calibration thresh
old was about 17% with the lead pinhole insert and 11% with
the tungsten insert. The total tumor activities and errors in these
activities were estimated using these empirically-determined
thresholds (Table 5). The total tumor activities were accurate to
within 17%.

The radionuclide concentrations in the small ROIs varied as
a function of calibration threshold (Fig. 8). As previously
mentioned, finite spatial resolution and the tails of the system
response functions caused activity spillover into low-activity
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FIGURE 7. Total activity quantitation for
the different tumor phantoms. The cali
bration threshold for the scaling factor
was varied. Lead collimator, near-center

position (solid); lead collimator, 6.2 cm
off-center position (medium dash); tung
sten collimator, near-center position (long
dash); tungsten collimator, 6.2 cm off-

center position (short dash); assayed ac
tivity from well counter (dotted dash).

regions. The high-activity regions were also different sizes and
shapes, so it was not possible to choose one set of calibration
thresholds that would result in accurate activity estimates in all
of the ROIs. Thus, we used the 17% and 11% calibration
thresholds for the lead and tungsten inserts derived from the
total tumor activity estimates and provide the resulting radionu-
clide concentration estimates using these thresholds in Table 6.

Activity concentrations in the center of the rumor phantoms
were underestimated by an average of 20% for the 20.5-ml
tumor. This was larger than the average underestimate of 11%
for the 97-ml tumor. For the shell-core phantom, the activity
concentration in the low-activity core was overestimated by an
average of 20% due to spillover from the higher activity shell.
The activity concentration in the shell was underestimated by an
average of 39% due to activity spillover into the core and
outside of the tumor. Shell-to-core activity concentration ratios
were calculated using the radionuclide concentrations in Table
6. For this experiment, the true value of the activity concentra
tion ratio was 4.1 ; SPECT estimates of these ratios averaged 1.9

with the lead insert and 2.3 with the tungsten insert. The value
with the tungsten insert was more accurate due to better resolution.

DISCUSSION
The SPECT quantitation method described in this article can

be compared with other reported methods for 13II quantitation.

Israel et al. (13) acquired SPECT data for 25- to 127-cc spheres
in an Alderson body phantom and used a thresholding technique
to estimate rumor volumes. They found that a threshold that was
43% of the maximum voxel value provided volume estimates
that best matched the phantom volumes. An empirically deter
mined scaling factor was used to convert SPECT counts/voxel
into activity concentration (jnCi/cc). Green et al. (14) investi
gated the case of I3II sources in a torso phantom and compen

sated for scatter by using a secondary energy window subtrac
tion technique originally proposed by Jaszczak for 99nTc (21).

An empirically determined scaling factor was used to convert
SPECT counts/voxel to activity concentration (/nCi/ml). Gil-
land et al. (12) used a point-source calibration procedure for 131I

TABLES
Total Activity Quantitation(CalibrationThresholds 17% for Lead Insert, 11% for Tungsten Insert)

Phantom20.5-ml

sphere97-ml

sphereShell-corePinhole

insertPbPbWWPbPbWWPbPbWWPhantomlocation1

.1 cmoff-center6.2
cmoff-center1.1
cm off-center6.2
cmoff-center1.1
cm off-center6.2
cmoff-center1.1
cmoff-center6.2
cmoff-center1.1
cm off-center6.2
cmoff-center1.1
cm off-center6.2
cm off-centerSPECT

activity(MBq)33.832.032.733.4179161172169144123139131Error(%)+2.4-3.0-0.9+1.2-1.6-11.5-5.5-7.1+16.8-0.2+

12.8+6.3

Pb = lead; W = tungsten.
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FIGURE 8. Activity concentrations for the
20.5- and 97-ml tumor phantoms from

small ROIs near the center of the tumors,
and for the shell-core phantom from

small ROIs within the shell and core. Lead
collimator, near-center position (solid);
lead collimator, 6.2 cm off-center position

(medium dash); tungsten collimator,
near-center position (long dash); tung
sten collimator, 6.2 cm off-center position
(short dash); assayed activity from well
counter (dotted dash).

source vials in a head phantom. A fixed threshold of 10% of the
maximum voxel value was used for the SPECT reconstruction
of a point source using a Hann filter. The voxel threshold for
sources in the head phantom was varied to find the value that
provided the most accurate activity (mCi) estimates. The best
threshold was approximately 10% when a Hann filter was used
for reconstruction and 20% when a Metz filter was used.
Together with the calibration technique and results reported in
this article, these studies indicate that acceptable I3II SPECT

activity estimates can be obtained with careful attention to
calibration for the specific quantitation task.

Accurate activity quantitation for 13II SPECT imaging is

dependent on many factors, not all of which have been examined
in this study. The scaling factors to convert SPECT counts into
absolute activities depend in part on the SPECT gamma camera,

acquisition parameters and the image reconstruction method. We
are currently studying ways to model the tails of 131I system

response functions due to penetration near the pinhole aperture to
implement resolution recovery filters (24).

The quantitation method presented here was designed for the
task of estimating tumor activity for intratumoral administration
of 131Iradiolabeled monoclonal antibodies, where counts in the

projection data are expected to be high, the background activity
is expected to be very low and tumor-to-background contrast is
expected to be high. Quantitation in small regions of tumors
with heterogeneous radionuclide uptake is difficult even with
high-resolution SPECT, and larger relative errors are expected
as the volume of the ROI decreases. With fewer counts in the
projection data, regional activity estimates will be less accurate
due to statistical noise in the projection data; additional filtering

TABLE 6
Tumor Radionuclide Concentration Using Small ROIs (Calibration Thresholds 17% for Lead Insert, 11% for Tungsten Insert)

Phantom/ROI
location20.5-ml

sphere97-ml

sphereCore

ofshell-coreShell

of shell-corePinhole

insertPbPbWWPbPbWWPbPbWWPbPbWWPhantomlocation1

.1 cmoff-center6.2
cmoff-center1

.1 cmoff-center6.2
cmoff-center1

.1 cmoff-center6.2
cmoff-center1.1
cmoff-center6.2
cmoff-center1.1
cmoff-center6.2
cmoff-center1

.1 cmoff-center6.2
cmoff-center1

.1 cmoff-center6.2
cmoff-center1.1
cmoff-center6.2
cm off-centerSPECT

Concentration
(MBo/ml)1.191.281.291.421.601.641.641.790.4930.4950.3960.5030.9010.9840.9251.09Error(%)-26.1-20.5-19.9-11.8-14.9-12.8-12.7-4.8+25.1+25.6+0.5+27.7-44.0-38.9-42.5-32.3

Pb = lead; W = tungsten.
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to reduce image noise will bias these estimates by blurring the
reconstructed image. Determining the quantitative accuracy of
tumor activity estimates for different tumor sizes and shapes,
different wall thicknesses and different activity concentrations
within the tumor and background regions is an area for future
research.

One of our goals is to develop a patient-independent tech
nique for I3II SPECT quantitation. The quantitation method

proposed in this article will be particularly valuable when a
reference patient scan cannot be obtained immediately postin-
jection, or when the tracer is introduced gradually into the
tumor rather than being administered as a bolus injection. The
results of this study show that no single scaling factor can be
applied to SPECT reconstructions of different source activity
distributions and result in accurate tumor activity estimates.
This implies that one must be cautious in applying a single
scaling factor, as the biodistribution of the radiolabeled mono
clonal antibody inside the tumor changes with time.

In this article we considered a tumor model within a uni
formly attenuating water-filled cylinder. The most accurate
clinical SPECT quantitation will require compensation for
nonuniform attenuation within the head and skull. Kemp et al.
(25) have found that good SPECT uniformity for a 99mTc ( 140-

keV photopeak) brain tracer was obtained with an attenuation
correction method that modeled different attenuation within the
soft tissue and bone. Turkington et al. (26) reported that skull
attenuation for 99mTc resulted in relative attenuation increases

of less than 6%. Stodilka et al. (27) have found that relative
quantitation within 10% can be achieved for 99mTc using a

contour of the head boundary and a uniform Chang attenuation
correction, but that more accurate quantitation required nonuni-
form attenuation correction. In a study with I (159-keV
photopeak) Rajeevan et al. (28) reported quantitative errors of
12% in the midbrain and 5% in the striatum when uniform
rather than nonuniform attenuation correction methods were
used. Nonuniform attenuation correction for 131Iimaging of the

head has yet to be investigated.

CONCLUSION
Our measurements demonstrate that high resolution and good

sensitivity for I3II SPECT imaging can be achieved with a

pinhole collimator apparatus mounted on a clinical gamma
camera and using high-resolution pinhole apertures. SPECT
scans of three brain tumor phantoms from 20-100 ml modeling

intratumoral administration of activity show that total tumor
activities can be measured within 17% with a method of scaling
the SPECT image counts using a reference point-source scan.
The use of appropriate scaling factors is especially important
for I31I imaging due to penetration and scatter near the pinhole

aperture. Relative quantitation errors are greater for radionu
clide concentration estimation in small ROIs. Shell-to-core
radionuclide concentration ratios in the shell-core tumor phan
tom are more accurate with a tungsten pinhole insert than with
a lead insert due to better resolution. Pinhole SPECT is a
promising technique for imaging and quantifying I3II activity in

regions the size of brain tumors. Further investigation is needed
with phantoms that more accurately model the nonuniform
attenuation properties of the human head. Application of the
quantitation techniques described in this article to patients who
are being treated with direct administration of I3'l-monoclonal

antibodies into brain tumors is planned.
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