
ow-energy collimators have been found to be un
suitable for planar organ imaging with â€˜23I(p,2n)be
cause of the presence of radionuclide contaminants,
e.g., iodine-l24 and iodine-126 that emit photons of
energy greater than 200 keY. On the other hand, the
same collimators have been found to yield satisfactory
images of small, shallow organs, such as the thyroid
with â€˜23I(p,5n)(1,2). A figure of merit approach to the
same imaging problem, however, concluded that the
medium-energy collimator provided a better detected
signal for â€˜23I(p,Sn)(3). For single photon emission
computed tomography (SPECT) of the brain with io
dine-l23 (1231)a high-resolution, low-energy collimator
was considered to be marginally superior to a medium
energy collimator (4).

Iodine-l23 emits a small proportion of photons with
energy exceeding 400 keV; relative to the 159 keV
photons, 2.4% are emitted between 440 and 625 keV,
0. 15% between 625 and 784 keY. The relative influence
ofthese photons is amplified by the increased transpar
ency ofthe low-energy collimators to photons of greater
energy. This septal penetration leads to a significant
increase in the apparent sensitivity of the low-energy,
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collimator-gamma camera combination and disturbs
images of large volume sources in the body. The dis
tance and volume of the source and the thickness of
tissue around it can also modify sensitivity. Large vol
ume sources and large amounts of surrounding tissue
increase the proportion of scatter due to high-energy
photons and the attenuation of the 159 keY photons.
The result is an increase in the number of high-energy
photons that are scattered and accepted by the photo
peak window with a corresponding decrease in the
proportion of primary, full-energy photons detected in
the photopeak window.

The objective of this study was to compare the im
aging performance oftwo low-energy collimators and a
300-keY, medium-energy collimator designed for gal
lium-67 (67Ga) and to choose the optimum collimator
for planar and SPECT imaging of â€˜23I(p,5n)-labeled
antibodies in patients. The performance of each colli
mator was characterized by comparing gamma-ray
spectra, planar and SPECT resolution, and sensitivity
for small and large volume sources of â€˜23I(p,5n).

MATERIALS AND METhODS

The three collimators compared in this report were
standard, commercially available accessories for a large
field-of-view, single detector gamma camera (0.25-in.-
thick NaI crystal) designed for SPECT. Some of the
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Theplanarandsinglephotonemissioncomputedtomography(SPECT)imagingperlormance
of two low-energyandonemedium-energycollimatorshasbeencomparedfor 1@I(p,5n).
Septalpenetrationin the low-energycollimatorsaffectedthe planaruniformityandsensitivity
andmadethe usualuniformitycorrectionmethodsinappropriate.SPECTuniformityand
resolutionwerealsodistortedby theseartifactsinducedin the planarimagesobtainedwith
the low-energycollimators.TheplanarandSPECTimagesof a SPECTphantomcontradicted
the spatialresolutionmeasurementsmadewith a linesourcein air.Themedium-energy
collimatoris recommendedfor imaging1231(p,5n)-labeledantibodiesin patients,particularly
whenquantitationisrequired.
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EffectiveEnergy

(keV)No. holesHole
length
(mm)Septal

thickness
(mm)hole

diameter
(mm)LEAP

(low energy, allpurpose)14054,60023.60.181.409LEHRP
(low energy, high resolution)1408170023.60.151.066300

keV (medium energy)3005,20049.51 .323.541

TABLE 1
Physical Characteristics of Collimators Evaluated in this Study (5)

pertinent physical characteristics of these collimators
are given in Table 1 (5). The gamma camera was
interfaced to a nuclear medicine computer systemt for
data acquisition. A 20% energy window on the 159 keV
photopeak was used for all the imaging in this report.
All planar and SPECT images were acquired using
either a 64 x 64, 96 x 96 (Zoom 1.5 of 64 x 64), or
128 x 128 matrix. (The 96 x 96 matrix was used for
SPECT resolution measurements because the 128 ma
trix could only acquire in byte mode.)

For SPECT imaging, all the projection data were
acquired in the step and shoot mode with either 64 or
128 views over 360Â°rotation. All the transverse section
images were reconstructed with an array processor
based computer systems using a filtered backprojection
algorithm and a correction for the predetermined error
in the axis of rotation. A Butterworth filter with a cutoff

of0.85, the Nyquist frequency, and an order of2O was
used for the 64 x 64 matrix images: these values were
0.65 and 14 for the 96 x 96 matrix and 0.45 and 7 for
the 128 x 128 matrix. The reconstructed transverse
section images were 6 mm, 4.5 mm, or 3 mm in
thickness for the 64 x 64, 96 x 96, or 128 x 128 matrix,
respectively.

A first-order postprocessing attenuation compensa
tion method was available for correction of the trans
verse section images reconstructed in this report (6). A
linear attenuation coefficient (LAC) value ofO. 12 cm'
was used for attenuation correction if applied. The
boundary ofthe section images could be readily defined
for attenuation compensation since the SPECT phan
torn filled with radioactivity was of known diameter.
No camera field uniformity correction was applied since
section images ofthe SPECT phantom filled with tech
netium-99m indicated no significant artifacts.

Gamma-ray spectra of the photons detected by the
camera for â€˜23I(p,Sn)in the SPECT phantom and a 10-
ml spherical source were recorded with the computer
system by routing the Z signals from the camera in
spectrum analysis mode to the X input ofthe processor
analog to digital convertor.

Line sources of â€˜231(p,Sn)used for measurements of
the planar and SPECT resolution in air were made with
3-cm-long microbore capillary glass tubes of 1 mm
internal diameter. For planar measurements the line
source was supported in air parallel to the X or Y axis

of the camera and at various distances from the colli
mator. For SPECT resolution the line source was placed
at the center of rotation, and SPECT images acquired
at various radii of rotation over 360Â°.All the spatial
resolution measurements were made by fitting a Gaus
sian to the count profiles of the live source imaged in
planar and transverse section images.

The SPECT phantomt with solid rods oflucite 4.8 to
12.7 mm diameter was filled with a solution of 6 mCi
â€˜231(p,5n).Planar images ofthe lucite rods in the phan
torn were acquired with 106 counts by placing the rod
end ofthe SPECT phantom directly on each collimator.
Planar images of the SPECT phantom with 106 counts
were also acquired with the long axis of the phantom
20 cm from each collimator and aligned parallel to the
collimator surface. A disk of lead 4 cm diameter and 3
mm thick (â€œ@-ten half value layers for the 159-keY
photons) was placed directly on the collimator surface
to cover a 12.6 cm2 area of the uniform region of the
SPECT phantom.

The SPECT resolution and uniformity for each col
limator was assessed qualitatively by examining the
transverse section images of the lucite rods and the
uniform area of the SPECT phantom filled with
â€˜231(p,Sn).Identical acquisition parameters were used
for each collimator with a radius of rotation of 20 cm.
No attenuation compensation was used because a count
profile across the diameter of the section images ob
tamed with the low-energy collimators did not display
the anticipated reduced central count density.

The planar sensitivity of each camera-collimator
combination for â€˜231(p,Sn)was determined for both a
10-ml volume source and the SPECT phantom source.
The source to camera distance was 10 cm for each
measurement. The gamma-ray spectra recorded for
both sources with each camera collimator combination
was analyzed by defining the â€œfull-energyâ€•peak events
as the counts above a background line drawn by linear
interpolation (Fig. 1). The counts in the area above this
interpolation line were assumed to be 159 keY â€œpeakâ€•
events while those in the area below the line were
considered as background for sensitivity measurements.
The background counts are contributed by a variety of
photon interactions with the camera crystal and colli
mator due to septal penetration from high-energy pho
tons and Compton scatter. Defined in this manner the
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Apparent (159-keTABLE
2

V peak+ background)andCorrected(159-keVpeak)Sensitivitiesof ThreeCol
andLargeVolumeSourceof 1231(p,5n)at 10 cm in Airlimators

forSmallSensitivity

cpsMCi'Collimator

type1
0-mI sphere SPECT cylindrical phantom

Apparent Corrected Peak/total ApparentCOrreCtedPeak/totalLEAP

LEHRP
300 keV8.56

3.40 0.42 2.36 0.897
5.68 1.76 0.31 1.60 0.496
2.69 1.88 0.70 0.98 0.5000.38

0.31
0.51

10193 E

RESULTS

The gamma-ray spectra recorded with the three col
limators for the SPECT phantom filled with'23I(p,Sn)
are shown in Fig. 1. The spectrum obtained with the
300-keY collimator had the most symmetric photopeak
and the best peak to background ratio, and it also
demonstrated the lowest apparent and corrected sensi
tivity (Table 2).

The planar full width at half maximum (FWHM)
values measured for â€˜231(p,Sn)in air using a 64 x 64
matrix and a 128 x 128 matrix for source to collimator
distances ofO to 30 cm are shown in Fig. 2. A significant
improvement in the planar spatial resolution was mdi
cated for images recorded with a 128 x 128 matrix for
all three collimators. The degradation in spatial reso
lution with increasing source to detector distance was
most marked for the 300-keY collimator which has the
poorest overall spatial resolution. The SPECT FWHM
values for each collimator measured with the line source
of â€˜23I(p,5n)and varying radii of rotation are shown in
Fig. 3. Note, however, that the planar and SPECT
FWHM values measured with a pixel size comparable
to the spatial resolution are in error due to the low
sampling frequency. In spite of this limitation, these
results confirm the improvement to be gained in spatial
resolution of SPECT images from the use of a larger
matrix and a smaller radius of rotation. The 300-keY
collimator displays the poorest SPECT FWHM values.

Planar images of the lucite rods in the SPECT phan
tom filled with â€˜23I(p,5n)are shown for each collimator
in Fig. 4. The central area of the planar image of the
cold rods in the SPECT phantom obtained with the
low-energy collimators indicated a progressive increase
in counts, and the clarity of visualization of the cold
rods improved with distance from the center to the edge
ofthe phantom. These results contradicted the superior
spatial resolution obtained with the low-energy colli
mators and a line source in air.

As indicated by the count profiles through images
obtained with the low-energy collimators, the lead disk
failed to reduce to background levels the recorded
counts from the uniform area of the SPECT phantom
(Fig. 5). Note also the shape and size of the tails at the
edge of the phantom. For the 300-keY collimator,
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FIGURE 1
Gamma-ray spectra recorded for 123l(p,5n)first in SPECT
phantom using (A) LEAP, (B) LEHRP, (C) 300-keV colli
mator;secondin 10-mIsourceusing(C)LEAP,(D)LEHRP,
and (E) 300-keV collimator. Peak and background areas
for photopeak of each spectrum were defined by linear

interpolation of counts in channel numbers equivalent to
127 and 181 keV limits of 20% energy window on 159-
keV peak. Spectra from 300 keV had less background
noise throughout energy range

159-keV peak and background events recorded were
used to find the â€œcorrectedâ€•sensitivity values given in
Table 2. The apparent sensitivity in Table 2 was found
by the addition of peak and background events in the
159-keY peak defined with a symmetric 20% window.
The peak to total ratio was defined as the peak to total
counts in this 20%-energy window.
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however, the lead disk almost reduced the counts in the
same area to background.

Transverse section images of the lucite rods in the
SPECT phantom are shown in Fig. 6 for the three
collimators. These indicate that the transverse section
images obtained with the low-energy collimators stud
ied in this report were seriously degraded by artifacts at
the center of the field-of-view and the introduction of a
rind of counts outside the direct area of the phantom.
These artifacts probably result from septal penetration
rather than center of rotation artifacts and are more
likely the result of shifting uniformity artifacts intro
duced in the projection data images. A large proportion
of the septal penetration events recorded with the low
energy collimators in the projection data images appear
to be reduced to counts outside the phantom and lead
to nonstationary artifacts at the center of the section
image. Section images ofthe uniform area ofthe SPECT
phantom are also similarly degraded as depicted in Fig.
7. The section images ofthe lucite rods and the uniform
area of the SPECT phantom obtained with the 300-
keY collimator were not degraded by artifacts, and
depicted the usual progressive depression ofcounts with
distance from section boundary due to photon alien
uation which could be corrected with a linear attenua
tion coefficient (LAC) value of 0. 12 cm' . Also shown
in Fig. 6 is a transverse section image of the lucite rods
in the SPECT phantom obtained with 99mTc and the
LEHRP collimator. This illustrates the performance of
the SPECT system in the absence of septal penetration.

DISCUSSION

The present studies indicate that planar and SPECT
imaging of large volume sources of â€˜231(p,5n)with low
energy collimators is complicated by septal penetration.
In clinical studies septal penetration from sources out
of the direct field-of-view can be even more compli
cated. One example is â€˜23I-labelediodoamphetamine
brain imaging where over 90% ofthe administered dose
is in the lungs. Although the proportion of photons

. ,@3 . .
above 200 keY dunng I decay is small, the distortion
of planar and SPECT images is significant and even
more pronounced in the presence of radionuclide con
taminants induced by alternative 1231production meth
ods. Other problems related to the presence of these

high-energy photons are the differences observed in
uptake values measured with â€˜231(p,2n)and iodine-l 31
(â€˜@â€˜I),and the need for corrected calibration factors
when 1231is assayed in various containers using an
ionization chamber ( 7,8). Satisfactory planar images
and reasonable agreement with â€˜@â€˜Ithyroid uptake val
ues have been reported for â€˜231(p,5n)even though septal
penetration is increased by 13 to 20% when a 140-keY
collimator is used for imaging a source emitting 1S9-
keY photons (9).

The influence of septal penetration of low-energy
collimators is seen principally as an isotropic but non
stationary distortion of planar image uniformity and
the assignment of events outside the location of the
source on the planar image. For any region of the
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tons that are scattered in the tissue surrounding the
source or the detector. Second, high-energy photons

,p penetrate the collimator septa and can interact with the

,,, same region ofthe detector at angles other than normal

to the collimator direction. Third, high-energy photons
penetrate the septa, produce Pb x-rays, bremsstrahlung
and secondary electrons in the collimator material in
close proximity to the detector, and are detected with
high efficiency resulting in summation effects. We no
ticed that the â€˜23I(p,5n)gamma-ray spectra recorded
with the low-energy collimators contained a significant
Pb K shell x-ray peak at @80keY in contrast to the
medium-energy collimator spectrum (Fig. 1). Note that
the gamma camera crystal thickness will affect the
Compton escape probability and change the recorded
gamma-ray spectra.

When septal penetration is present with a large uni
form flood source of â€˜23I(p,5n)that completely covers
the camera field of view, every region of the camera
crystal will receive a similar contribution of the three
types of incident photons, so that a form of incident
photon equilibrium will exist reflected by a uniform
number of events detected in each area of the field-of
view. The resultant integral and differential uniformity
values will, therefore, be similar to those obtained with
a flood source of99mTc However, ifthe uniform source
is imaged with only part ofthe field-of-view covered by
the source, the incident photon equilibrium in every
part of the crystal will be disturbed and observedas a
significant deterioration in perceived uniformity. This
makes it difficult to envisage how one could apply the
usual uniformity correction method to planar images
obtained with a low-energy collimator for â€˜23I(p,5n),
particularly when the radionuclide distribution in an
organ may only cover a small proportion of the total
field-of-view of a gamma camera.

Planar and SPECT measurements of resolution in
air suggested superior imaging performance of the low
energy collimators but was contradicted by the observed
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FIGURE 3
Measured SPECT FWHM values for 1@l(p,5n)line source
in air at various radii of rotation (ROR) for each of three

collimators using 64 x 64 (300 keV-O--O; LEAP-E@--L@;
LEHRP-D--D) or 96 x 96 (300 keVâ€¢ â€¢;LEAP-Aâ€”A;
LEHAPU â€¢)matrix. Conclusionswere analogousto
those for Fig. 2. Degradation of resolution with increasing
radius of rotation was most marked for 300-keV collimator

gamma camera crystal the number of photons contrib
uting to the image consists of three types of events.
First, primary 159-keY photons pass directly through
the collimator holes together with higher energy pho

FIGURE 4
Planarimagesof luciterodsinSPECTphantomfilledwith123l(p,5n)recordedfor 10Â°countswitheachof threecollimators
(A) LEAP, (B) LEHRP, and (C) 300 keV. 300-keV collimatorprovidedsuperiorresolutionof rods, particularlyin center
of phantombecauseof lessinterferenceby septalpenetration
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actenstics ofcollimators, conditions ofexpenments and
purity of 1231

Distortions in the planar images led on reconstruc
tion to serious artifacts in the transverse section images.
In section images ofthe SPECT phantom obtained with
the low-energy collimators, the reduced count density
outside of the phantom area, the presence of a more
peripheral rind of increased count density and little
reduction in counts in the central area of the section
image were problems directly related to the distorted
planar image uniformity artifacts. The resultant dis
torted section images make attenuation compensation
inappropriate. The artifacts seen in the section images
probably arise from the assumptions implicit in the
reconstruction algorithm that all photons detected in
any region of the camera image were incident normal
to the camera face, i.e., they passed through the colli
mator holes. The observed transverse section count
distribution does not correspond to projections of a
physically realizable phantom. This is particularly no
ticeable for background areas outside the boundary of
the phantom. Septal penetration events will, therefore,
be incorrectly positioned in the reconstructed transverse
section images.

In any radionuclide investigation where 1231uptake
in an organ or site in the body is required, the sensitivity
of the gamma camera-collimator combination will ap
pear to be elevated due to septal penetration. The
apparent planar sensitivity for each collimator for a
small lO-ml volume source and the large SPECT phan
tom are given in Table 2. The apparent sensitivity
values for the low-energy collimators appear elevated
when compared to sensitivity measurements with
99mTc Corrected 1231sensitivity values were calculated

for each collimator by estimating the peak to total count
ratio of the photopeak counts recorded in the relevant
gamma-ray spectrum. The corrected sensitivity values
appear depressed compared with @mTcpartly because
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FIGURE 5
Planarimagesand count profilesof SPECTphantomfilledwith 123l(p,5n)recordedfor 106countswith eachof three
collimators(A) LEAP,(B) LEHRP,and (C) 300 keV. Lead disk was placedbetweencollimatorand uniformareaof
phantom.Count profilesindicatecontributionof eventsarisingfrom septal penetrationunder lead disk and outside
directimageof phantom

planar and transverse section images of the SPECT
phantom. These observations confirm and extend those
of Bolmsjo (3). Discrepancies between our results and
those reported by others (2,4,9,10) are more apparent
than real and are influenced by differing physical char

A

C

B â€¢â€˜

D

FIGURE 6
Transversesection imagesof lucite rods (diameter4.8,
6.4, 7.9, 9.5, 11.1, 12.7 mm) in SPECT phantom filled with
123l(p,5n).(A) LEAPâ€”4.9x 106 counts, (B) LEHRPâ€”3.2
x 106counts, and (C) 300 keVâ€”1.9 x 106counts. Radius
of rotationof 20 cm was used and each slice is 6.8 cm
thick. Peripheralnng artifacts and distortion of counts were
serious problems noticed with low-energy collimators. Also
shownfor comparisonin (D) is transversesectionimage
of luciterods in phantomobtainedwith @â€œTcand LEHRP
collimator.Radiusof rotationis 15 cmandsectioncontains
1.5x l08counts
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FIGURE 7
Transverse section images of uniform area of SPECT phantom filled with 123l(p,5n),obtained with each of three
collimators (A) LEAP, (B) LEHRP, and (C) 300 keV. In addition to peripheral and central artifacts, septal penetration in
low-energy collimators almost obliterated effect of attenuation in these uncorrected images. In contrast, attenuation
effect was present in image obtained with 300-keV collimator, and was confirmed by count profile

the simple linear interpolation method used underesti
mates the full-energy peak area. Measurements of 23J
uptake with planar images using low-energy collimators
are likely to overestimate uptake if the radionuclide is
widely distributed in the body, or underestimate if the

uptake is highly localized.
Our conclusion from the present studies is that both

planar and SPECT imaging of relatively large volume
sources of â€˜231(p,Sn)using low-energy collimators is
degraded by septal penetration to an extent that is not
predicted by measurements of the FWHM. This differs
from the conclusion reached from a comparison of the
performance oflow- and medium-energy collimator for
tomographic imaging of â€˜231(p,2n)contaminated with
1241 (10). The medium-energy collimator was found

from the present results to be the preferred collimator
for planar and SPECT imaging of â€˜23I(p,5n)-labeled
antibodies in patients where quantitation of uptake in
small and large volume sources is of interest (11). In
clinical imaging with iodinated antibodies it can be
difficult to obtain planar images with@ 106 counts for
a large organ such as the liver or l0@counts for a small
tumor. At first glance the increased sensitivity of the
low-energy collimators might appear more appropriate.
However, statistical considerations indicate that even
for the small lesion with l0@counts the 300-keY colli
mator image has a standard deviation of 4.3% com
pared with 4.4% for LEAP and 7.6% for LEHRP. In
addition, the contrast for detection of the lesion is
highest for the 300-keY collimator.

FOOTNOTES

. Searle-Siemans Medical Systems, Inc., Iselin, NJ. (Sie

mens 7500 Orbiter gamma camera).
t ADAC DPS system I.

t ADAC DPS 3300 system.

* Data Spectrum Corporation Phantom (5000).
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