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Accuracy of** Tumor Quantification in
Radioimmunotherapy Using SPECT Imaging with an
Ultra-High-Energy Collimator: Monte Carlo Study
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Accuracy of 13! tumor quantification after radioimmunotherapy
(RIT) was investigated for SPECT imaging with an ultra-high-
energy (UHE) collimator designed for imaging 511-keV photons.
Methods: First, measurements and Monte Carlo simulations
were carried out to compare the UHE collimator with a convention-
ally used, high-energy collimator. On the basis of this compari-
son, the UHE collimator was selected for this investigation, which
was carried out by simulation of spherical tumors in a phantom.
Reconstruction was by an expectation—maximization algorithm
that included scatter and attenuation correction. Keeping the
tumor activity constant, simulations were carried out to assess
how volume-of-interest (VOI) counts vary with background activ-
ity, radius of rotation (ROR), tumor location, and size. The
constant calibration factor for quantification was determined from
VOI counts corresponding to a 3.63-cm-radius sphere of known
activity. Tight VOIs corresponding to the physical size of the
spheres or tumors were used. Results: Use of the UHE collima-
tor resulted in a large reduction in 13| penetration, which is
especially significant in RIT where background uptake is high.
With the UHE collimator, typical patient images showed an
improvement in contrast. Considering the desired geometric
events, sensitivity was reduced, but only by a factor of 1.6.
Simulation results for a 3.63-cm-radius tumor showed that VOI
counts vary with background, location, and ROR by less than
3.2%, 3%, and 5.3%, respectively. The variation with tumor size
was more significant and was a function of the background. Good
guantification accuracy (<6.5% error) was achieved when tumor
size was the same as the sphere size used in the calibration,
irrespective of the other parameters. For smaller tumors, activi-
ties were underestimated by up to —15% for the 2.88-cm-radius
sphere, —23% for the 2.29-cm-radius sphere, and —47% for the
1.68-cm-radius sphere. Conclusion: Reasonable accuracy can
be achieved for VOI quantification of 131l using SPECT with an
UHE collimator and a constant calibration factor. Difference in
tumor size relative to the size of the calibration sphere had the
biggest effect on accuracy, and recovery coefficients are needed
to improve quantification of small tumors.
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Clinical trials of 13%-labeled radioimmunotherapy (RIT)
are showing promise for the treatment of B-cell non-
Hodgkin’s lymphoma (NHL) {-4). At the University of
Michigan, a phase | RIT trial of NHL using®i-labeled
anti-B1 monoclonal antibody has been completed and
reports that, of 28 salvage-therapy patients, 79% achieved a
response and 50% achieved a complete respdijsellie
success at this institution and others has renewed interest in
accuraté?l quantification for dosimetric calculations. Both
SPECT (5-9) and planar imagin0—13) have been used to
carry out quantitative imaging df4. However, SPECT is

the preferred method for accurate estimation of activity in
sites with significant activity in overlying or adjacent
tissues.

The most significant®yl y-ray emissions are at 364 keV
(82%), 637 keV (7.2%), and 723 keV (1.8%), and typically
imaging is carried out with a photopeak window at 364 keV.
Collimator septal penetration by these medium-energy and
high-energy (HE) emissions has been recognized as 1 of the
principal limitations in accurate SPECT quantificatiot®f
(14-18). The camera-wide tails of tHél point spread
function (PSF), which are a result of scatter and penetration,
degrade focal quantification accuracy caused by activity
spillover from the surrounding tissue. This is especially
important in intravenously administrated RIT where anti-
body uptake by surrounding organs is significant compared
with tumor uptake. Work on compensation for scatter and
septal penetration it#Y imaging has been limited to energy
spectra—based methods10,16). These methods are easy to
implement in the clinic using multiwindow acquisitions but
cannot compensate for the 364-keV photons that penetrate
the collimator without undergoing a scatter interaction
anywhere. Such events have the same energy spectrum as
the desired events (no scatter and no penetration) and, hence,
cannot be compensated by techniques that are based on
differences in the energy spectra8j. Therefore, even if
energy spectra—based compensation is used, it is important
to minimize septal penetration by proper collimator design
or selection.

Recently Smith and Jaszczak7) and Smith et al.?)
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designed and tested both a rotating parallel-hole collimatarllimator is almost 2 times that of the HE collimator. The theoretic

and a pinhole collimator for high-resolution SPECT imagingpatial resolution (FWHM) using Anger’s equation (23) at 10 and

after RIT is carried out using commercial HE or medjumcm for the UHE collimator.

energy, parallel-hole, general-purpose collimators. The HE

collimators are designed fd#4, but Monte Carlo simula- Monte Carlo Model

tions (15,18) and experimental measurement (19) havell simulations were carried out using the well-established

shown that they allow a substantial amount of photoﬁlMlND Monte Carlo codeZ4,25). The version of the code that is

penetration. In this work we propose the use of a commelSed ere is coupled to a collimator routrg6 that explicitly
models collimator scatter and penetration. The camera model

cially available, ultra-high-energy (UHE), parallel-hole col, ., jes 4 5.cm glass layer behind the Nal crystal to model

limator for quantitative’3i SPECT. This collimator was pckscatter. We previously validated the SIMIND code ¥t

designed for imaging the 511-keV photons in positrofhaging with the HE collimatori8). The modeling of the UHE
SPECT but can also be used to significantly reduce sep¢ailimator is verified in this work by comparing measured and
penetration i SPECT. However, the thicker septa of theimulated energy spectra and PSF. Note that for ease of implemen-
UHE collimator can result in loss of sensitivity and holeation the collimator routine is restricted to a rectangular hole
pattern artifacts. In the first part of this work we compare thghape. As proposed by de Vries et a6), the hexagonal hole shape
performance of the HE and UHE collimators by experimer!HE collimator was approximated in the simulation by a square
tal measurement and Monte Carlo simulation. On the ba&f@e collimator that has the same open area and lead content.

of this comparison, the UHE collimator is selected for oyt though explicit modeling of the collimator is computationally
edious, SIMIND is relatively fast compared with some other

investigatign of quantitative imaging, which is Carri.efd quk/lonte Carlo codes. For each of the studies presented, it took
by simulating tumor phantoms. The SPECT quammcat'0[5”9tween 1 and 6 days of central processing unit time on a DEC

prcedee we mvgstlgated IS S'm'l"’.‘r to that Used to deteliha xP1000 workstation (Compag Computer Corp., Littleton,
mine*3Y tumor dosimetry of NHL patients at our clinic (20).Ma) to simulate all 60 projection angles with a large number of
Previously we have carried out some experimental phant@mitted photons (i 108 to 6 X 108 photons) per projection.
measurements with the HE collimator to show the accuracy
of our clinical quantification procedure8,1). This more Comparison of HE and UHE Collimators
detailed Monte Carlo study identifies some of the limitations Experimental MeasuremenfEo compare energy spectra, PSFs,
in volume-of-interest (VOI) quantification of radioactiveand hole pattern artifacts, planar acquisitions were carried out for a
structures and establishes error limits for clintSdISPECT point source in air 19 cm away from the collimator face. The source
using an UHE collimator. was a 6-mm-diameter filter paper soaked'ii solution. These
measured data were also used to validate Monte Carlo modeling of
the UHE collimator.

To compare contrast and hole pattern artifacts in typical SPECT
SPECT System and Collimators images, 3 NHL patients who had undergone RIT at our clinic were

The SPECT camera used in this work was a Prism XP30@@aged using UHE and HE collimators consecutively. Acquisition
(Picker International, Inc., Cleveland Heights, OH). The Naime was 20 min, and the other parameters of the acquisition and
crystal measured 24 40 X 0.95 cm. The measured energyreconstruction were as described. Note that to change the collima-
resolution at 364 keV was 10.2% (full width at half maximuntors it was necessary to move the patients between scans. There-
[FWHM]). The spatial resolution at 10 cm measured ¥t with ~ fore, to carry out a valid comparison, the HE and UHE collimator
the HE collimator was 1.2 cm (FWHM). In both measurement arichages were registered to the same space using a mutual informa-
simulation, tomographic acquisitions used 360°, 60 angles, andi@ image fusion program.
20% photopeak window at 364 keV. A 128 128 matrix with a Monte Carlo SimulationMonte Carlo simulation is ideal for
pixel size of 3.6 mm was used for point source images, and>a 64assessing penetration and scatter because these events can be
64 matrix with a pixel size of 7.2 mm was used for phantortracked separately, which is not possible in experimental measure-
images. Phantom projections were reconstructed using a spaoents. To quantitatively compare scatter and penetration for the 2
alternating generalized expectation—maximization algorithm (22jollimators, the geometric, scatter, and penetration components of
The algorithm used an attenuation-weighted strip integral amthotopeak events were separated for a planar acquisition of a point
incorporated scatter estimates based on the triple-energy windseurce in air 19 cm from the collimator. Geometric implies
(TEW) method into the Poisson statistical model. The attenuatitraversing the collimator hole without interaction; scatter implies
coefficient of water at 364 keV (0.11 crf) and the actual scattering in the collimator lead, whereas penetration implies
dimensions of the elliptic phantom were used to generate tpenetration of 1 or more septa without scatter.
attenuation map. The subwindows for the TEW correction were When comparing sensitivity, it is important to compare not only
located adjacent to the main window and were 6% in width. the total events but also the desired geometric events in the

The hole size, septa, and thickness of the UHE, general-purposkotopeak window. Because measurement will not allow for the
parallel-hole collimator (UHEGAP; Picker International) are 5.08atter comparison, simulation was used to compare sensitivity both
3.43, and 77 mm, respectively, whereas those of the HE, geneialierms of total events and geometric events for the point source
purpose, parallel-hole collimator (HEGAP; Picker InternationaBcquisition.
are 3.81, 1.73, and 58.4 mm, respectively. Both collimators have aOn the basis of the results of the comparison of the 2 collimators,
hexagonal hole shape. Note that the septal thickness of the UHiie UHE collimator was selected for this investigation of SPECT

MATERIALS AND METHODS
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quantification carried out by Monte Carlo simulation of tumotion, radius of rotation (ROR), and tumor size were assessed by

phantoms. varying each of these parameters and comparing tumor VOI counts
I . . in the reconstructed image. Note that typical val from patient

SPECT Quantification Using UHE Collimator e reconstructed image. Note that typical values from patie

S ing wer for th rameters. It i ibl impl
Phantom.The tumors were modeled by hollow spheres flllecfnag g were used for these para eters. Itis POSS ble to simply
L3 , : I lleompare VOI counts because, in all cases, the simulated tumor
with 131 solution and placed in a radioactive or cold water—fille

o . ctivity and acquisition time were the same and projection images
elliptic phantom that represents the tissue of the rest of the bo% re normalized by the number of histories. Effects of statistical

(Fig. 1A). The location, size, and number of spheres varied, but In". . . ; .
all cases the elliptic phantom was centered with respect to tﬂglse’ tumor shape, patient size, and nonuniform attenuation were

crystal and was constant in size (&331.5 cm and 20.5 cm in not addressed |nth_|s_study_. .
height). Background Activity.To investigate the effect of background

A large number of emitted photons were simulated to produgctlwty, a 3.63-cm-radius tumor was positioned at the center of the

low-noise images. Acquisition parameters and reconstruction Wes?gndard phantom, with 4 different levels of uniform activity

as described. Tight VOIs corresponding to the physical size of tt gt5|dt¢_e th? tu1t1_10_tr (Fig. lA)t' Tthe b_actI;grOllJlnc:_IeVﬁl, t; 'S deflnetg is
simulated spheres were used to define tumor boundaries, and feratio ot activity concentration in the €fiiptic phantom over tha

physical size of the phantom was used to define the attenuatfgr{%e tumor. The tested b values were 0, 1/8, 1/5, and 1/3, and the

map. This is consistent with our clinical SPECT quanth‘icatioﬁOR was 26 cm. Note that the background activity and sphere

procedure whereby patient-specific attenuation maps and tunfGiVY were simulated separ_ately, and the 2 s_ets .Of prOJecthns
VOI are obtained by CT-SPECT fusion (5). Tumor VOIs correlvere superimposed after scaling the sphere projections to achieve

spond to physical size because they are outlined on the patientte% required b value. This gre.atly. reduced the simulation tlmg
by a trained radiologist. because the same set of projections could be used to obtain

Several factors can affect VOI quantification of radioactivdiferent background levels. The range=h0 to 1/3 was selected

structures. The effects of tissue-background activity, tumor loci" Simulation on the basis of typical tumor and organ counts in
patient'3] SPECT images and conjugate view organ and tumor

dosimetry (27) carried out at our clinic. The background level of
1/3 can be considered a worst case equivalent to a situation in

A which the tumor is adjacent to a high-uptake organ such as the liver
. leen.
Background activit orsp . R,
& y The effect of nonuniform activity distribution was also evalu-
/‘\ . ated. For this case 2 hot spheres, identical to the center sphere in
Tumor axis S)f activity and size, were located off-axis on the center plane of the
uy rotation phantom as shown in Figure 1B. In the case termed nonuniform 1

the water surrounding the spheres was nonradioactive, whereas in
the case termed nonuniform 2 the water surrounding the spheres
was radioactive with Is= 1/8. The center sphere was considered the
target sphere with the off-axis spheres forming the nonuniform
background for the target.

radlqs of Location.To investigate the effect of tumor location, simulations
rotation were carried out for 3 sphere positions at the center plane of the
standard phantom. The sphere locations were as indicated in Figure
/ 1B but only 1 of the 3 spheres was present at a time. The spheres
L Camera were 3.63 cm in radius, and the ROR was 26 cm. All 4 background

levels specified previously were simulated.

ROR.To investigate the effect of ROR, the distance between the
phantom axis and the front face of the collimator was varied
between 22 and 30 cm, which is a typical range for patient imaging.
) The 3.63-cm-radius sphere was centered in the phantom, with the
off-axis 2 background activity at zero.

Size.To investigate the effect of tumor size, simulations were
carried out for tumors of 4 different sizes centered in the phantom.
The sphere volumes were 20, 50, 100, and 200 mL, which
corresponds to sphere radii of 1.68, 2.29, 2.88, and 3.63 cm,
respectively. The ROR was 26 cm and all 4 levels of background
center activity specified previously were simulated. In our SPECT evalua-
tions of 131 tumors in 31 NHL patients, the tumor volumes ranged
from 1.27 to 795 mL with a mean of 59.2 mL and a median of 20.7
mL (20).

Calibration Factor and Absolute QuantificatioA constant
calibration factor was used to convert VOI counts in the recon-
FIGURE 1. (A) Simulated phantom consists of hot sphere Structed images to activities. The simulation with the 3.63-cm-
centered in elliptic phantom. (B) Center plane of phantom shows ~ radius sphere, center location, ROR of 26 cm, and /5 was
3 sphere locations. selected as the calibration experiment. The sphere VOI counts were
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divided by the simulated sphere activity and total acquisition timeOV is 0.34 for the HE collimator and 0.82 for the UHE
for all projection angles to obtain a calibration factor in units ofollimator. When the PSFs are compared at a distance of 5
counts per sec per megabecquerel (cps/MBQ). Using this convgmn from the peak, the UHE collimator value is lower by a
sion, SPECT-estimated tumor activities were compared with thecor of 10. Because of the thicker septa and the larger hole
true activities for each of the simulations discussed previously. size, the hexagonal hole pattern is clearly visible in the point
source image and PSF corresponding to the UHE collimator.
The hole pattern makes it difficult to measure the system
Comparison of HE and UHE Collimators ~ resolution with the UHE collimator in terms of FWHM, but
Experimental MeasurementSor the point source in air, Figure 3C indicates that the 2 collimators have comparable
the measured energy spectra are compared in Figure 2. Inj8go|ution. The FWHM of the HE collimator PSF of Figure
spectrum corresponding to the HE collimator, the 637- angt is 1.7 cm. As a validation of the Monte Carlo code,
722-keV photopeaks appear with much higher intensity th‘THibure 3C also includes the simulated PSFE for the UHE
would be expected on the basis of their emission intensitigg)|imator. There is good agreement between measurement
This is because the higher energy emissions have a highgy simulation with the main difference being the absence of
probability of penetrating the collimator. As Figure 2 showsyple pattern artifacts in the simulated PSF. This is because
this contribution from HE penetration is greatly reduced ifhe collimator response is spatially averaged in the simulation.
the spectrum corresponding to the UHE collimator because,:igure 4 compares the same reconstructed slice and
of the thicker septa. The tail beyond the 364-keV photope@kresponding line profiles for 1 of the patients imaged with
is caused by the 637- and 722-keV photons that scatter in {i&h collimators. The images are normalized such that they
collimator or detector or penetrate the collimator and al§pyye the same maximum intensity and the profiles such that
undergo scatter in the detector. Comparison of the 2 enefgy have the same total counts. The reconstructed resolu-
spectra shows that the UHE collimator greatly reduces thgn (FwHM) in the transaxial and axial directions is 2.1 and
fraction of such events that would be included in thg g cm for the HE collimator and 2.3 and 1.9 cm for the UHE
photopeak window at 364 keV. As a validation of the Montgg|limator. The area imaged was the abdomen, and Figure 4
Carlo code, Figure 2 also includes the simulated energlows some activity in the inferior tip of the liver and uptake
spectrum for the UHE collimator. Good agreement is showp g large tumor surrounding the aorta. Patient images
between measurement and simulation. obtained with the UHE collimator show a clear improve-
The measured planar point source images and the COfigsnt in contrast associated with reduction in penetration.
sponding line profiles are compared in Figure 3. The imagggcause of the relatively large object size and poor recon-
have been normalized such that they have the same mayjycted resolution, hole pattern artifacts are not evident in
mum intensity and the profiles such that they have the Sa’i‘}?ical patient images.
total counts. As Figure 3 indicates, the camera-wide tails of \jonte Carlo SimulationThe geometric, penetration, and
the 4 PSF can be sharply reduced by using the UHEcatter components of the photopeak events for the point
collimator. In the images, the fraction of counts in &gyrce in air are compared in Table 1. Use of the UHE
small-diameter (5.76 cm), circular region of interest (RORo|limator increases the geometric component from 27% to
centered on the peak compared with the counts in the tofglo,  Reduction of penetration is especially significant
because this component has the same energy distribution as
the geometric component and compensation by energy
spectra—based methods is not possible for these events.
Considering all events, the simulated sensitivities for the
point source measurement were 64.6 and 15.1 cps/MBq for
the HE and UHE collimators, respectively. According to
Table 1, a large fraction of the total events includes scatter
100004 events that will be subtracted by the compensation method
or unwanted penetration events. When only the desired
geometric events are compared, the sensitivity with the UHE
collimator is only a factor of 1.6 lower than that with the HE
collimator. This loss of sensitivity is not of concern in high
count rate situations such as imaging af@f RIT where
typically 1.9-3.7 GBq of activity is infused for therapy.

RESULTS

1scoo4 Rk c=- HE measured
——— UHE measured
--------------- UHE simulated

Relative Intensity

SPECT Quantification with UHE Collimator

Effect of Backgroundlhe sphere VOI counts at different
values of the uniform background level are tabulated in
Table 2. The values in parentheses are percentage differ-
ences from counts corresponding to the B case. The VOI
FIGURE 2. 13| point source energy spectrum for 2 collimators. ~ counts as a function of the background level are plotted in

0 200 400 600 800
Energy (keV)
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FIGURE 3. 131 point source planar image measured with HE collimator (A) and UHE collimator (B). (C) Profiles from (A) and (B) and
simulated profile for UHE collimator.

Figure 5 both with and without scatter compensation in theence in our scatter and attenuation correction. In all cases,
reconstruction. As Figure 5 indicates, the VOI countthe VOI counts corresponding to the off-axis spheres were
increase linearly with background, but the dependencesightly higher than the counts corresponding to the central
small when TEW scatter compensation is used. Going frosphere, perhaps because of improved resolution for objects
b = 0 to 1/3, the VOI counts increase by 11.7% withoutloser to the phantom edge. ¥l patient SPECT dosimetry
scatter compensation and by only 1.8% with scatter compearaiculations, we have observed that axillary tumors close to
sation. For smaller tumors, the VOI counts increase mutie periphery of the body typically have a lower radiation
more significantly with background. Ideally, the spherdose than do tumors in other regions of the body such as the
counts should be independent of background, but this is rafidomen (20). The present results indicate that this is not an
achieved because of imperfect scatter correction or activaytifact of the quantification procedure associated with
spillover associated with septal penetration and finite spatdifferences in tumor location.
resolution of the system. Table 2 also gives the VOI counts The sphere VOI counts at 3 different values of the ROR
for the center sphere with off-axis spheres forming are compared in Table 3. The values in parentheses are
nonuniform background. Because of activity spillover frorpercentage differences from the counts corresponding to the
the nearby hot spheres, the center sphere counts are over&IiR of 26 cm, which is the middle of the examined range.
mated but only slightly€3.2%). VOI counts decrease with increase in ROR because as the
Effect of Tumor Location and RORhe VOI counts distance from source to detector increases the image will be
corresponding to the 3 sphere locations are comparedniore smeared and more counts will be excluded from the
Table 3. The values in parentheses are percentage diffé®l. This is especially significant when a tight VOI
ences from the central sphere counts. These results show ttmatesponding to the physical object size is used. By plotting
there is very little dependence<B%) of VOI counts on counts versus the ROR, the relationship between the 2 was
source location within the phantom, which gives us confieund to be linearr@ = 1).
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Tumor Liver

ative Intensity
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/ Tumor
:,r" £0.005 |
( | / 0.0025
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RtE LfK RtK fE ok
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FIGURE 4. Reconstructed slice in abdominal region of patientimaged with HE collimator (A) and UHE collimator (B) after 1311 RIT. Rt
K = right kidney; Lf K = left kidney. (C) Profiles from (A) and (B).
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TABLE 1
Monte Carlo Comparison of Geometric, Penetration, and 750
Scatter Component of Events Within Photopeak Window for o With TEW scatter correction
Point Source in Air X No scatter correction ,.w/
Geometric Penetration Scatter 7004
Collimator (%) (%) (%)
HE 27.3 43.3 29.4 @ 650
UHE 72.4 17.3 10.3 g
S
Effect of Tumor SizeéThe VOI counts corresponding to g’ 600+
the 4 sphere sizes are compared in Table 4. The valueg in
parentheses are percentage differences from the counts
corresponding to the 3.63-cm-radius sphere. The VOI counts 550—[?______9_,_9/5—’—
decrease significantly with decrease in object size becausg of
limitations imposed by resolution. The dependence of VQI
counts on sphere size varies with the background level. The 500 o s 3 "

underestimation of counts for the smaller spheres is mgst b
severe at = 0. As background increases, the loss of counts
is somewhat compensated by activity spillover from thelGURE 5. Tumor VOI counts as function of b with and without
background, which has a larger effect on the smaller spher&&tter correction for 3.63-cm-radius sphere.

Calibration Factor and Absolute Tumor Activit@n the
basis of the simulation of the calibration experiment, thgensitivity. In a previous study on quantitati?dl scintigra-
calibration factor was determined to be 9.14 cps/MBdhy, Specht et al. (14) recommended the following priorities
Using this constant calibration factor, the tumor VOI count®r collimator selection listed in order of importance—
corresponding to each of the previous simulations (28 cagimely, septal penetration, sensitivity, and resolution. In a
in all) were converted to activity. The percentage differend€view article on collimator design for SPECT, not specific
between this SPECT estimated activity and the true simi@r **4, Moore et al. £8) suggested that improvement in
lated activity for each tumor is given in Table 5. Note that thignage quality be given a greater weight than the loss in
case with an activity error of 0% corresponds to theensitivity.
calibration experiment. Results show that when the sphereCalibration procedures different from those described in
size and ROR are the same as those used in the calibratibis study have been used by previous investigator$®for
activity estimates are very accurate3.6% error) over the SPECT quantification. Recently, Smith et &) feported on
range of b values. Sphere activity estimates were algpantom measurements with pinhole SPECT to determine
reasonable (<6.5%) when the ROR was changed to covery distributions in brain tumors in the range 20-100 mL.
typical range used in patient imaging. The error in activityhe calibration factor was determined using an empiric
estimates is greatest when the tumor size is less than theeshold and a reference point source in air. Tumor counts
sphere size used in the calibration. Activity is underestivere determined by applying a 10% threshold within a

mated by up to 47% for the smallest tumor simulated. loose, manually drawn ROI. Their method was designed for
estimating tumor uptake after intratumoral administration of
DISCUSSION activity where background uptake is very low. Israel et al.

The reduction in34 penetration that was observed with(9) also reported good correlation between measured and

the UHE collimator comes at the expense of some loss tiiyle concentration fot*l SPECT quantification of tumor
phantoms in the range 25-127 mL. Volumes and concentra-

TABLE 2 tions were calculated by applying an empirically determined
Tumor VOI Counts for 3.63-cm-Radius Sphere at Different  threshold within an ROI. Accurate activity estimates were
Values of b for Uniform aqd Nongniform Background Activity 5150 obtained by Green et a)(for an34 source regardless
Distributions of background activity.
The tumor quantification procedure investigated in this
study is suitable for intravenously administer&d RIT
where tumor-to-background contrast is low. Because of the

VOI counts*
Background b=0 b=1/8 b=1/5 b=1/3

Uniform 541.2(0) 547.2(1.0) 5485(1.3) 551.2(1.8)  high background, target volumes were defined by physical
Nonuniform 1 555.7 (2.7) size and not by establishing a threshold. Instead of using a
Nonuniform 2 558.3 (3.2)

reference point source, the system calibration factor was

- determined using a sphere centered in an elliptic phantom.
*Values in parentheses are percentage differences from counts  The definition of the VOI, scatter correction, attenuation

corresponding tob = 0 case. correction, and reconstruction for both the calibration data
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TABLE 3
Tumor VOI Counts for 3.63-cm-Radius Sphere at Different Locations and Different RORs

Tumor ROR VOI counts*

location (cm) b=0 b=1/8 b=1/5 b=1/3
Center 26 541.2 (0) 547.2 (0) 548.5 (0) 551.4 (0)
Off-axis 1 26 550.4 (1.7) 560.1 (2.4) 562.8 (2.6) 568 (3)
Off-axis 2 26 542.1 (0.2) 553.9 (1.2) 558.3 (1.8) 566.5 (2.7)
Center 26 541.2 (0)
Center 22 568.2 (5)
Center 30 512.6 (—5.3)

*Values in parentheses are percentage differences from central sphere counts.

and the tumor data were carried out in the same mannaffect our quantification accuracy because of the availability
Note that the quantification results of Table 5 were obtained patient-specific attenuation maps. The effect of non-
using a constant calibration factor without applying correaiform scattering media is also not expected to be signifi-
tion factors to account for variation in tumor size, backeant because pixel-by-pixel scatter compensation is carried
ground level, or ROR. To achieve accurate quantificatiaut by the TEW method. However, in the future, both
with this methodology when tumor size is significantlynonuniform attenuation and scatter will be assessed further
different from the calibration sphere, recovery coefficientsy simulating realistic imaging situations using a digitized
must be applied. In our clinical SPECT quantificatiomnthropomorphic phantom (33).1#tl SPECT imaging after
procedure, recovery coefficients are used when quantifying
objects that arec200 mL 9). Previously, Hoffman et al.
(30) and Kessler et al3(Q) investigated the effect of object
size on quantitative imaging with positron emission CT.
They also reported considerable degradation in activity

TABLE 5
Tumor Activity Quantification

recovery when imaging objects with limited size. Hoffman Tumor radius A ROR - Activity error®
et al. introduced recovery coefficients to correct the apparenr__ ™ (cm) _ Location (%)
isotope concentration to the true isotope concentration for 3.63 0 26 Center -13
objects that fall into the size range2 X FWHM. 3.63 1/8 26 Center —-0.2
In a future Monte Carlo study, the effect of tumor shape, 363 15 26 Center +0.0
nonuniform scattering, and attenuating media and statistical 363 3 26 Center 05
NURITOFES ng, g : al 363 0 22 Center +36
noise will be investigated. Of these factors not considered in 363 0 30  Center ~65
this work, tumor shape is expected to have the most 3.63 0 26  Off-axis 1 +0.3
significant effect, especially when analyzing small tumors.  3.63 0 26 Off-axis 2 -12
Mazziotta et al. 82) showed previously that in positron 363 1/8 26 Off-axis 1 +2.1
ission CT brain imaging, quantitative measurement inac- 363 18 26 Off-axis 2 10
emission | aging, 9 ; ; 3.63 1/5 26 Off-axis 1 +2.6
curacies in small objects are a function of object shape. 343 15 26  Off-axis 2 +1.8
Assuming no error in the CT-SPECT fusion procedure, 3.63 1/3 26 Off-axis 1 +3.6
nonuniform attenuation is not expected to significantly 3.63 13 26 Off-axis 2 +3.3
3.63 Nonuniform1l 26  Center +1.3
3.63 Nonuniform 2 26  Center +1.8
TABLE 4 2.88 0 26 Center —15.2
Tumor VOI Counts at Different Values of b for Different 2.88 18 26 Center -7
Tumor Sizes 2.88 1/5 26  Center -9.8
2.88 1/3 26 Center -6.6
2.29 0 26 Center —-23.0
Tumor
radius VOl counts* 2.29 18 26 Center ~14.6
(cm) b=0 b=1/8 b=1/5 b=1/3 2.29 1/5 26 Center —-12.7
2.29 1/3 26  Center -6.7
3.63 541.2 (0) 547.2 (0) 548.5 (0) 551.4 (0) 1.68 0 26  Center —46.7
2.88 465.1(—14.1) 484.3 (—11.5) 494.5(-9.8) 512.1(—7.1) 1.68 1/8 26  Center -37.3
229 422.4(-22) 468.2 (—14.4) 478.6 (—12.7) 511.8 (-7.2) 1.68 1/5 26  Center -31.8
1.68 292.2 (—46) 343.8 (—37.2) 373.9 (—31.8) 423.9 (—23) 1.68 1/3 26  Center -22.7

*Values in parentheses are percentage differences from counts
corresponding to 3.63-cm-radius sphere.

*Error is percentage difference between SPECT estimated value

and true simulated value.
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RIT, the count rate is sufficiently high that statistical noise ig" Smith MF, Gilland DR, Coleman RE, Jaszczak RJ. Quantitative imaging of I-131
distributions in brain tumors with pinhole SPECT: a phantom stddyucl Med.

not expected to greatly affect quantification accuracy either. | goc. .06 oes

8. Dewaraja YK, Li J, Koral KF. Quantitative 1-131 SPECT with triple energy
window Compton scatter correctioliEEE Trans Nucl Scil998;45:3109-3114.
CONCLUSION 9. Israel O, losilevsky G, Front D, et al. SPECT quantitation of iodine-131
concentration in phantoms and human tumarslucl Med.1990;31:1945-1949.
The reduction in penetration associated with the use of the Macey DJ, Grant EJ, Bayouth JE, et al. Improved conjugate view quantitation of

UHE collimator is especially significant i®Y RIT where 1-131 by subtraction of scatter and septal penetration events with a triple energy

L . . . L window methodMed Phys1995;22:1637-1643.
aC“V'ty splllover IS a major limitation to accurate tumc'rll. Pollard KR, Bice AN, Eary JF, Durack LD, Lewellen TK. A method of imaging

guantification. The reduction in penetration came at the therapeutic doses of iodine-131 with a clinical gamma camériucl Med.
expense of some loss in sensitivity, but this is not a concepp 223377775

) ) i _ ) Zasadny KR, Gates VL, Francis |, Fisher S, Kaminski MS, Wahl RL. Normal
In pOSt'therapy RIT Imaging. With the UHE collimator organ and tumor dosimetry of I-131-anti-B1 (anti CD-20) radioimmunotherapy at

typica| patient images show an improvement in contrast and non-marrow ablative doses [abstradtNucl Med.1997;38(suppl):230P.

. : . : . Early JF, Appelbaum FL, Durack L, Brown P. Preliminary validation of the
no effects of hole pattern visualization. On the basis of tHé opposing view method for quantitative gamma camera imagiied Phys.

results of this study we are considering using the UHE 1989;16:382-387.
collimator for SPECT imaging of future NHL patientsl“- Specht HD, Brown PH, Hanada JM, Miley AA. Importance of collimator selection

d . RIT at linic. Th tificati d for quantitative 1-131 scintigraphiducl Med Commuril991;12:645-654.
undergoing at our clinic. € quantirication proce UI’%_ Bice AN, Durack LD, Pollard KR, Eary JF. Assessment of I-131 scattering and

evaluated for the UHE collimator used a VOI corresponding septal penetration in clinical gamma camera high energy parallel hole collimators

to physical size and a constant calibration factor. When [@ostract]J Nucl Med:1991;32(suppl):1058P. ,
. Pollard KR, Lewellen TK, Kaplan MS, et al. Energy-based scatter corrections for

. . 1
tumor size was the same as the sphere size used for t?1%<:intillation camera images of iodine-131Nucl Med.1996;37:2030-2037.
calibration, quantification error was:6.5% when other 17. Smith MF, Jaszczak RJ. A rotating parallel hole collimator for high resolution

parameters were varied over typical values found in patient imaging of medium energy radionucliddEEE Trans Nucl Sci1998;45:2102—
2112.

imaging. However, when tumor size was reduced, accuragy pewaraja YK, Ljiungberg M, Koral KF. Characterization of scatter and penetration

was significantly worse and recovery coefficients are need%d ULsing Mgﬂﬁ Claflo Sémﬂftionén L—lsl i;ﬂagiag":‘ﬂucLM;d2000:411123—130-

. - . . Lange D, Noel , Klose E, Haberkorn U. Methods to correct camera system
to Improve quantlflcatlon' sengitivity for r():’cj)llimated and penetrating radiation [abstradt]Nucl Med.y
1999;40(suppl):286P.

20. Koral KF, Dewaraja Y, Li J, et al. Initial results for hybrid SPECT-conjugate-view
tumor dosimetry in 131-lI-anti-B1-antibody therapy of previously untreated
lymphoma patients] Nucl Med.2000;41:1579-1586.
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