
any exciting radiopharmaceuticals are currently
being labeled with radionuclides that emit medium- to
high-energy photons either as their primary radiation
or in low abundancein addition to their primary radia
tion (1â€”7). Images of the distribution of these radio
nuclides are of inferior quality compared with those
obtained with technetium-99m (@mTc).These images
typically have decreased image contrast because of sep
tal penetration and scatter, poorer spatial resolution
because of the collimators employed, and higher noise
levels because of the lower activities administered. It
was hypothesized that since digital image restoration

techniques were able to significantly improve the qual
ity of single photon emission computed tomographic
(SPECT) images of the distribution of @mTc@labeled
agents (8â€”lI),a dramatic improvement in image qual
ity should be obtainable with digital restoration of
images of radionuclides other than @mTc.The present
study is a preliminary investigation of this hypothesis.
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Images of agents labeled with indium-i 11 (â€˜â€˜â€˜In)or
iodine-l23 (1231)contaminated with â€”.4%iodine-i24
(1241) (12) were selected to serve as examples for the

improvements in image quality that could be obtained
with medium- to high-energy photon emitters.

MATERIALS AND METHODS

Determination of Modulation Transfer Functions
In digital image restoration, an estimate of the mod

ulation transfer function (MTF) is used to characterize
and partially correct for the blurring that occurs during
acquisition. The MTFs employed with this study were
determined from line spread functions (LSFs) (13,14)
acquired with a large field-of-view, single headed,
SPED' camera.' A 40-cm-long line source of I.14-mm
inner diam polyethylene tubing filled with @7SMBq of
the selected radionuclide was imaged to obtain the
LSFs. For measurement of the LSFs in a scattering
medium, the line source was positioned 7.5 cm deep in
a 20-cm-thick stack of 40 x 40 x 2.54-cm sheets of
Plexiglas. This depth was selected to be approximately
that of the â€œeffectiveâ€•mean free path of @mTcphotons
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and was also used for â€˜â€˜â€˜Inand 1231to facilitate com
parison between radionuclides. Plexiglas was selected
as the scattering material since its mass attenuation
coefficient is approximately equal to that of tissue over
the photon energy range of interest herein, and it is
easier to handle and position a line source in Plexiglas
than in a large volume of water (13). The air gap
between the face of the collimator and the surface of
the scattering material was chosen to be 7.5 cm. This
represents, in our clinical studies, the average distance
between the collimator and patient during a standard,
circular orbit SPECT acquisition. The collimators em
ployed were either a low-energy, high resolution colli
mator (LEHR)t for 99mTc,or a medium-energy, me
dium sensitivity (MEMS)* collimator for 99mTc IIâ€˜In,

1'3@ and - I. Technetium-99m was imaged by the MEMS
collimator to determine the degradation in the MTF
caused by solely switching to this collimator. Images of
10 million counts were acquired on a computer system
in 128 x 128 pixel, word mode format with a pixel size
of 3 mm. Care was taken to align the source along the
Y-axis in the center of the field-of-view. Calculation of
the MTF proceeded as follows. The average background
count level per pixel was first subtracted from the
images, and then the squared magnitudes ofthe Fourier
transforms of eight individual rows (LSFs) near the
center ofthe field-of-view were calculated. Each of these
was the sum of the power spectrum of the line source
and power spectrum of the Poisson noise. Since it has
previously been shown that the average value of the
noise power spectrum is the total count (15), the total
count in each LSF was subtracted from the squared
Fourier transform of each row. The results were then
averaged and normalized to the zero frequency term,
and the square root ofeach term calculated to yield the
MTF.

The LSF for 1231did not fall-offto zero at the edge of
the field-of-view. Use of this truncated LSF directly,
when calculating the MTF, resulted in a â€œrippleâ€•artifact
in the MTF (16,17). Thus, the LSF was multiplied by
a Kaiser window with a form factor (beta) equal to 3.38
(18). This procedure smoothed the â€œrippleâ€•artifact
while broadening the MTF only slightly.

Count-Dependent Metz Filter
The restoration filter investigated for use with â€˜â€˜â€˜In

and 1231images was the count-dependent Metz filter
(9,11,19). The one-dimensional frequency domain
form of the Metz filter is defined as (20,21):

M(f) = MTF (f)@' .[l â€”(1 â€”MTF (f)2)XJ, (@)

where MTF is the modulation transfer function, f is the
spatial frequency, and X is a factor which controls the
extent to which the inverse filter is followed before the
Metz filter switches to noise suppression. This filter was
made count-dependent by varying the parameter X of

Eq. (1) as a function of the total image count (19). The
mathematical criterion used for optimizing this rela
tionship was the minimization ofthe normalized mean
squared error (NMSE) between the restored images,
and the original nondegraded images (termed the â€œob
jectâ€•images) that would have been acquired if blurring
and Poisson noise were not present. The object image
from which simulated acquisition images were gener
ated was that of a very high count acquisition of the
Alderson liver and spleen organ phantoms filled with
99mTc(1 1). Five simulated images at each of five differ
ent count levels were used in the optimization of the
filter for each MTF. The details of the optimization
procedure can be found elsewhere (11,19).

It has been previously shown (11,19) that a lower
NMSE and visually more pleasing images (less of a
problem with textured noise) were obtained when a
generalized exponential of the form

H(f) = exp (_fP/5) (2)

was used instead of the â€œtrueâ€•MTF in either solely the
second term of Eq. (1) (low-pass filter term), or both
the first and second terms. Here P is the exponent of
the spatial frequency and S is a constant analogous to
the variance of a Gaussian function. Use of the gener
alized exponential in just the second term of Eq. (1)
provides a filter in which the deconvolution term and
the low-pass filter term use different functions for the
MTF and hence are independent. This form ofthe filter
is used exclusively herein to prereconstruction filter the
planar acquisition images.

Comparisonof Image Quality
As measures of spatial resolution, the full width at

half maximum (FWHM) and full width at tenth maxi
mum (FWTM) of the LSF for planar images and the
point spread function (PSF) for transverse SPECT slices
were used. A 64-frame SPECT acquisition using a
MEMS collimator was made of 15 cm long â€˜â€˜â€˜Inor
line sources in the center of an elliptical Plexiglas cyl
inder. The face of this cylinder measured 22 cm by 30
cm and a hole for the line source tubing traversed its
15 cm depth. A circular rotation of the head about the
phantom was employed with an average airgap of@@-7.5
cm. For the planar images, the FWHM and FWTM
were determined at five levels in the first projection
image of the SPECT acquisition. For SPECT, these
were measured in five slices of the line source recon
structed after filtering with a ramp filter (22), a ramp
filter modified by a Shepp-Logan filter with a cutoff
frequency of 0.66 times the Nyquist frequency (22), or
with two-dimensional Metz filtering of the acquisition
images followed by reconstruction with the ramp filter.
The two-dimensional Metz filtering of the entire 64-
frame SPECT acquisition required only 18 sec when
using an array processor (J9).i The SPECT images were
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reconstructed using standard software' adapted to run
on the array processor. Attenuation correction was done
using the arithmetic-mean method (22).

To study the effects of restoration filtering upon
SPECT image contrast and noise level, five SPECT
acquisitions ofa standard SPECT phantomâ€• (64 frames
of 64 x 64 pixels each) at 150,000 counts/frame each
for@ Iâ€˜Inand 1231were used. Studies ofthese parameters
with 99mTc imaging have been previously reported
(11,19). A 1 million count/frame acquisition for each
radionuclide was also acquired. The acquisitions were
performed using a MEMS collimator, 15% symmetric
energy window(s) and an 18.5 cm radius of rotation so
that an air gap of 7.5 cm from the phantom was
maintained. The images were acquired with 1.5 mag
nification yielding a pixel size of 4 mm, and were

uniformity corrected using a SO million count cobalt

57 (57Co) flood image. The 57Co source was positioned

4 ft in front of the camera collimator to minimize the
effects ofnonuniformity in the source. The images were
reconstructed as with the line sources. Regions of inter
est (ROIs) for the spheres were determined from the
reconstruction of the single high-count acquisition per
formed for each radionuclide. For a 2-pixel-wide slice
through the spheres, the magnitude of the image con
trast was calculated for spheres of 1.59, 1.9 1, 2.54, and
3.18 cm in diam. The contrast was defined as (11,19):

Ci = [CP@ CPB]/CPB,

SPA11ALFREQUENCY(CYCLES/CM)

FIGURE 1
Plotsof systemmodulationtransferfunctions(MTF5)for
line source 15.0 cm from face of collimator and, with
exception of A, positioned 7.5 cm deep in 20.0 cm of
Plexiglas.Fromright to left MTFsare A: @â€œTcimagedin
air with low-energy,high resolution(LEHR)colimator;B:

@Tcimaged with LEHR collimator; C: @â€œâ€˜Tcimaged with
medium-energy,mediumsensitivitycollimator(MEMS);D:
111lnimagedwith MEMS collimator;and E: 1231imaged
with MEMScollimator

(3)

where CP@is the average count/pixel for the ROI se
lected for each sphere and CPB is the average count/
pixel in a background ROI. To assess the effects of
filtering on noise levels, the percent fractional standard
deviation (% FSD) for a 4 pixel wide annular ROI of
the same radius as the distribution of the spheres in a
slice through the phantom containing uniform activity

was calculated.
The statistical significance of the variation in the

FWHMs, FWTMs, image contrasts, and % FSDs be
tween filters was determined using a one-way analysis
of variance (23,24). When a significant difference was
observed between the means of the various filters at a
p value of@0.05, Sheffe's method ofcomparing paired
means for a significant difference was used to compare
each filtered result to the raw data values in the case of
planar images, or to the ramp filter values in the case
ofSPECT images (23,24).

RESULTS

Figure 1 shows a comparison of five MTFs obtained
with a large field-of-view SPECT camera. In all cases,
the line source was a total of I 5 cm from the face of
the collimator. With the exception of MTF A, that was
imaged with the source solely in air, the MTFs are for

line sources 7.5 cm deep in 20 cm of Plexiglas. In
comparing these MTFs one can gain an appreciation
for the magnitude, and spatial frequency range of im
portance, of the various causes of degradation of the
MTF. MTFs A and B demonstrate the rapid fall
at low spatial frequencies characteristic of scatter
(1 1,1 7,25,26). From Figs. 1B and IC, it can be seen
that switching from a LEHR to a MEMS collimator,
while still imaging 99mTc causes a significant difference
in the MTFs after the low spatial frequencies, but the
low-frequency scatter degradation is about the same.
Notice, however, that both â€˜â€˜â€˜Inand 1231have a much
more rapid drop at very low spatial frequencies than
was noted for 99mTc This is due, in large part, to the
added septal penetration of medium- to high-energy
photons being emitted by these radionuclides (25,27â€”
30). In the case of septal penetration by photons of
energy higher than that of the primary photons, they
are included in the camera energy window through the
process ofCompton scattering in the crystal (27).

The effects of the degradation of the system MTF
when imaging 1231or â€˜â€˜â€˜Inon restoration filters is dem
onstrated in the comparison of count-dependent Metz
filters for 99mTcand a LEHR collimator, â€˜â€˜â€˜Inand a
MEMS collimator, and 123I and a MEMS collimator
given in Fig. 2. In this figure, spatial frequency is given
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x p s

Radionudide mt b m b

. Imaging conditions were for 0.3 cm pixel size, line source 7.5
cmdeepin20cmPlexiglas,and7.5cmairgap.

m and b = Slope and intercept obtainedfor regression
relations for X and S, respectively.

* Follows regression Eq. (5), rest follow regression Eq. (4).
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FIGURE 2
Plots of system MTF (lowest curve), inverse filter (highest curve), and six Metz filters for total counts of 20,000, 50,000,
100,000,200,000,500,000,or 1,000,000(sixcurvesin between)forA: Imaging @â€˜Tcwith LEHRcollimator;B: Imaging
111Inwith MEMScollimator;and C: Imaging1231with MEMScollimator.MTFand inversefilter (MTF1) are induded in
plot to showpossiblerangeof Metzfiltersas parameterX of Eq.(1)increasesfrom I .0 to infinity

8

B

in terms ofcycles/cm. The maximum frequency shown
is 0.25 cycles/pixel for a 128 x 128 pixel acquisition
on our system (3-mm sampling bin width), and 0.5
cycles/pixel (Nyquist frequency) for a 64 x 64 pixel
acquisition. The MTF (bottom curve) and inverse filter
(MTF') are included in each plot to show the possible
range of Metz filters produced as X of Eq. (1) increases
from 1.0 to infinity. Notice how far above 1.0 the â€œIn
and 1231filters rise, even for low counts, in comparison
with those optimized for @mTc.This shows the in
creased deconvolution which occurs for â€˜â€˜â€˜Inand @23I
as opposed to 99mTc.

The filter parameters for these Metz filters are given
in Table 1. X refers to the factor which controls noise
suppression of Eq. (1), and P and S are the parameters
of the generalized exponential of Eq. (2). In the case of
the filters reported here, P is a constant for each radio
nuclide. X and S vary with the total number of counts
in the image according to regression equations obtained
by fitting simple functional forms to the values which
yielded the minimum NMSE for the 25 simulated
images for each MTF. The m's and b's listed in Table
I are the slopes and intercepts obtained for the func
tional relation which yielded the largest regression cor
relation coefficient. Generally, this was a square root

dependent relation ofthe form:

x (or5)= m.(count)â€•2+b. (4)
A direct variation with the total count of the form

X=m.count+b (5)

was observed to yield the largest value ofthe correlation
coefficient of the functional relationships tested for X
when imaging 123!.

Tables 2 and 3 give an assessment ofthe effect of the

TABLE I
ParametersObtainedfor OptimizedMetzFilterfor

DifferentRadionudidesandCollimator&

@â€œTc(LEHR)0.0524.11.300.002713.8â€˜11In
(MEMS)0.1545.31 .400.001111.3â€˜@I

(MEMS)0.000095@8.@1 .550.002118.8
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of VariousFilters
FWHMs.d.FWTMs.d.(cm)(cm)(cm)(cm)FWHMs.d.FWTMs.d.Item

(cm)(cm)(cm)(cm)

Im

Filter 3.18age

contras( (cm)

1.91 1.59 %FSDt2.54

. Average (s.d.) image contrast for five different acquisitions at

this count level for given size Plexiglas sphere.
t Average(s.d.) percent fractional standard deviation for counts

in annularregionof interestin sliceabovesphereslocatedin
region of uniform activity.

t Cutoff frequency of Shepp-Logan fiRer as multiple of Nyquist

frequencyfor 0.4cmpixelsize.
, Metz optimized for @Tcand LEHR collimator.
I Metz optimized for â€˜11In and MEMS collimator.

.. Significantly different (p < 0.05) from ramp filter.

TABLE 2
FWHMandFWTMfor 111lnAfter Application

TABLE 3
FWHMandFWTMfor 1@lAfterApplication

of VariousFilters

P@narRaw
Data2.810.127.30.7RawData3.420.109.80.7Shepp-Logan

(0.66)3.23*0.107.90.5Shepp-Logan(0.66)3.520.088.90.8Metz-@â€•Tc
(20k)t2.46*0.054@3*0.2Metz-@â€•Tc(20k)@2.890.045.10@0.09Metz-@â€•Tc
(150k)t2.26*0.054.0*0.1Metz-@Â°â€•Tc(l5@)t2.68*0.054.69@0.10Metz-@â€•Tc
(500k)t2.090.053.70.1Metz-@â€•Tc(500k)t2.62@0.074@590.12Metz-111In

(20k)@2.390.054.070.1 1Metz-1@l(20k)t2.61*0.034.46@0.07Metz-1111n
(150k)t2.090.043.56*0.07Metz@'23I(150k)t2.50@0.034.26*0.07Metz-1111n
(500k)t1 .92*0.043.27*0.08Metz-'@I(500k)t2.31*0.043@94*0.07SPECTSPECTRamp2.260.084.040.08Ramp2.740.084.870.17Shepp-Logan

(.66)2.40@0.064.28*0.07Shepp-Logan(0.66)2.86*0.075.100.14Metz-@â€•Tc
(20k)t2.38*0.024.130.03Metz-@â€•Tc(20k)t2.770.034.820.05Metz-@â€•Tc
(150k)t2.22*0.033.84*0.04Metz-@â€•Tc(15(J1,Ã§)t2.54*0.034.400.07Metz-@â€•Tc
(500k)t2.09*0.033@590.05Metz-@â€•Tc(500k)t2.45*0.044.26'0.08Metz-111ln

(20k)t2.40*0.014.020.02Metz@123t(20k)t2.650.024@45*0.04Metz-111In
(150k)t2.11*0.013.52*0.04Metz@lZ@1(l5@)t2.53*0.034.25*0.05Metz-1111n
(500k)t1 .96*0.023.30@0.02,@4@123I (500k)t2.32*0.033@94*0.06

Cutoff frequency for Shepp-Logan as multiple of Nyquist
frequencyfor0.4cmpixelsize.

t Count level input to count-dependent Metz fiRer.

*Significantdifference(p< 0.05)fromrampfilteror rawdata
value.

. Cutoft frequency for Shepp-Logan as multiple of Nyquist
frequency for 0.4 cm pixel size.

tCOUfltlevelinputto count-dependentMetzfilter.
* Significant difference (p < 0.05) from ramp filter or raw data

value.

Metz filter upon spatial resolution for â€˜â€˜â€˜Inand 1231
sources, respectively, for both planar and SPECT im
ages. The Metz filters in these tables are compared
against a Shepp-Logan filter with cutoff frequency of
0.66 times the Nyquist frequency (22) that was selected
as an example of a low-pass filter. Notice that for both
planar and SPECT images, as the total count input to
the Metz filter increases, the FWHM and FWTM de
creases and thus spatial resolution improves as one
would predict from Fig. 2. The three count levels for
which the count-dependent Metz filters were tested were
chosen to span the range of counts observed in SPED'
studies (20â€”150k), and to be equal to that ofan average
static acquisition (500k). The tables show that a de
crease in FWHM and FWTM is observed when the
Metz filter optimized for the actual radionuclide and
collimator employed in imaging is used to digitally filter
the images. Notice also that the Metz filter is more
effective at decreasing the FWTM than the FWHM.
This difference was even more apparent when viewing
the LSFs. The Metz filtered LSFs, even for low counts,
had the long tails of the LSFs which are due to scatter
and septal penetration, markedly diminished or re
moved.

A further appreciation for the improvement in
SPECT image quality with the use ofthe Metz filter for
restoring â€˜â€˜â€˜Inand 1231images can be obtained from
Tables 4 and 5. These tables list the average image
contrast for the Plexiglas spheres and the % FSD for an

area of uniform activity obtained from images of a
SPED' phantom pre-reconstructionfilteredby various
techniques. When comparing the contrasts reported in
these tables, it should be remembered that the true
object contrast is 1.0. Notice that for both radionuclides

TABLE 4
ImageContrastand FractionalStandardDeviationfor
Five150,000Counts/FrameAcquisitionsof SPECT

PhantomFilledwith 111ln

RAMP0.260.120.040.0321.4(0.03)(0.08)(0.06)(0.08)(1.4)Shepp-Logan

(0.66)

Metz-@â€•Tc0.22
(0.03)
0.48'

(0.03)0.09

(0.05)
0.26

(0.07)0.02

(0.02)
0.17

(0.07)0.01

(0.05)
0.08

(0.10)14.0@

(1.9)
11.0@

(1.2)Metz-111ln'0.63..

(0.02)0.34@(0.10)0.24@(0.11)0.13(0.11)12.3@(0.7)
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Im

Filter 3.18age

contrast (cm)

1.91 1.59 %FSDt2.54

RAMP

C

. Average (s.d.) image contrast for five different acquisitions at
this count level for given size Plexiglassphere.

t Average(s.d.) percent fractional standard deviation for counts

inanannularregionof interestin sliceabovethesphereslocated
in a regionof uniformactivity.

@ Cutofffrequencyof Shepp-Loganfilteras multipleof Nyquist
frequencyfor 0.4cm pixelsize.

, Metz optimized for @â€˜1@cand LEHR collimator.
I Metz optimized for 1231and MEMS collimator.

.. Significantly different (p < 0.05) from ramp filter.

a significant increase in image contrast of the spheres
coupled with a decrease in noise level is observed with
use of Metz filtering.

A visual comparison of the difference in image qual
ity that use ofthe Metz filter provides with 1231imaging
can be appreciated in Fig. 3 which shows reconstructed
slices through the SPED' phantom filled with 1231at
the level of the spheres. Notice that use of the Metz

D

TABLE 5
ImageContrastandFractionalStandardDeviationfor
FiveI 50,000Counts/FrameAcquisitionsof SPECT

PhantomFilledwith@

filter increases the contrast ofthe spheres while decreas
ing the noise level. Also notice that the spheres appear
larger than their actual size with Metz prefiltering,
especially in the case of image D. This is because the
spatial resolution of the imaging system even after
filtering (Table 3) is such that each sphere is blurred
into a larger area ofless than its true contrast (Table 5).
The reason why the spheres of image D appear larger
than in image C is that use of the Metz filter optimized
for 1231rather than 99mTccleaned up scatter and septal
penetration better. This can be seen by noting that the
FWHMs are about the same for the two filters (Table
3), but the tails of 123!LSFs were diminished to a much
greater extent with the use of the Metz filter optimized
for 1231as evidenced by the greater contrasts (Table 5)
and smaller FWTMs (Table 3). Thus the true degree of
blurring at the FWHM level is better appreciated in the
1231 Metz filtered image of Fig. 3D. One should also

note the appearance of the noise â€œblobsâ€•in Fig. 3.
These also appear more spread out in image D. The
presence and appearance of noise artifacts should al
ways be kept in mind whenever digital filtering is used.

The Metz filters have been applied to our clinical
SPED' studies ofâ€•â€˜In-and â€˜23I-labeledimaging agents
with dramatic results. Figure 4 illustratesthe difference
in image quality obtained when the Metz filter optim
ized for â€˜â€˜â€˜Inis used to prereconstruction filter an â€œIn
labeled monoclonal antibody SPED' study (2). It can
be seen that the use of the Metz filter allows the right
kidney to be distinguished from the liver in the first
slice on the left. It is also clear that the lesions in the
liver are best seen in the â€˜â€˜â€˜Inoptimized Metz filtered
reconstruction. These lesions were confirmed by a @mTc
liver/spleen study, and by ultrasound. Approximately
64,000 counts per acquisition frame were collected for
this study. Thus this image was processed by Metz filters
similar to those for 50,000 counts in Figs. 2A and 2B.

Figure 5 shows that use of the Metz filter optimized
for 1231can transform nearly featureless â€˜231-labeled
iodamphetamine brain SPECT images (3,4) into images
that provide clear anatomic structures. It has also been
shown that a significant improvement in image quality
of 1231brain flow SPED' images is possible with prere
construction, two-dimensional filtering using a band
pass enhancement filter (31). There were -@.-48,000
counts per acquisition frame in this study. Thus Metz
filters similar to those for 50,000 counts in Figs. 2A and
2C were used in filtering it prereconstruction.

DISCUSSION

The inferior quality of images of radionuclides that
emit medium- to high-energy photons compared with
those of 99mTclead to the hypothesis that a truly signif
icant increase in SPED' image quality could be ob

0.320.290.200.0822.1(0.04)(0.04)(0.08)(0.11)(0.8)0.290.250.160.0510.9@(0.04)(0.04)(0.07)(0.09)(0.4)0.46@0.37@0.230.127.6@'(0.06)(0.02)(0.05)(0.07)(0.6)0.66@0.50@0.310.157.8@(0.06)(0.03)(0.05)(0.08)(0.4)

Shepp-Logan(0.66)*

Metz-@â€•TcÂ°

Metz-1@l'

FIGURE 3
Reconstructed transverse slice from acquisition of SPECT
phantom filled with 1@lacquired for 150,000 counts per
frame.Phantomhas six Plexiglasspheresof 0.95, 1.27,
1.59,1.91,2.54,and 3.18 cm diemspaced60Â°apart.A:
Ramp filter. B: Shepp-Logan filter with cutoff frequency of
0.66timesthe Nyquistfrequency.C: Filteredby Metzfilter
optimizedfor @â€œTcand LEHRcollimator.D: Filteredby
Metz filter optimized for 1231and MEMS collimator
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FIGURE 4
Selected reconstructed transverse
slicesof the liverfromSPECTacqui
sition of 111l@,@j monoclonal
antibodystudy. Row A: Rampfilter.

__________ Row B: Shepp-Logan filter with
cutoff frequency 0.66 times Nyquist
frequency. Row C: Filtered by Metz
filter optimized for @â€œâ€˜Tcand LEHR
collimator.Row 0: Filteredby Metz
filter optimizedfor 111Inand MEMS
collimator. First column on left is
throughkidneysand inferiorportion
of right lobe of liver. Differentiation
betweenrenalandhepatictissueis
bestmadewith Metzfilteroptimized
for 111ln.In next three columns, de

fects corresponding to focal metas
___________ tases that did not accumulate anti

body are present in both right and
leftlobes.Notethattheirpresenceis
best appreciatedin row D, the row
restored with filter for 111ln.Their
presencewasconfirmedbyotherim

_________ agingmodalities

measurements. These results suggest that similar im
provements in image quality should be obtainable for
other radionuclides that emit medium to high energy
photons. For instance, one would expect to find im
provements with gallium-67 (67Ga)citrate SPED' im
aging oflymphoma and lung carcinoma (3). A marked
increase in the quality of images of the distribution of
â€˜311-Iabeledantibodies (1) and new â€˜31I-labeledadrenal
tumor imaging agents (6) should also occur. The im
aging of positron emitters such as rubidium-82 for

FIGURE5
Selected reconstructed transverse
slicesfromSPECTacquisitionof 123l-
labelediodamphetaminebrainstudy.
RowA: Rampfilter. Row B: Shepp
Loganfilter with cutoff frequencyof
0.66 times Nyquistfrequency.Row
C: Filteredby Metz filter optimized
for @â€˜9cand LEHRcollimator.Row
D: Filteredby Metz filter optimized
for@ andMEMScollimator.Defect
in perfusion to frontal lobe seen in
first slice on left can only be per
calvedwith Metzfiltering

tamed with digital restoration techniques optimized for
such radionuclides. The results obtained here show that
significant improvements in spatial resolution (Tables
2 and 3), image contrast (Tables 4 and 5), and noise
level (Tables 4 and 5) can be readily obtained with use
ofthe Metz filter optimized for use with â€œInand 1231.
The dramatic improvements in the appearance of the
clinical SPED' images with application of restoration
filters (Figs. 4 and 5) verify the predictions for improved
image quality made based upon the above objective
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myocardial perfusion (7) by standard gamma cameras
should also be greatly enhanced by application of res
toration filters.

The advantages of two-dimensional, prereconstruc
tion filtering of SPED' studies have previously been
discussed (9). One advantage was that the inclusion of
count information from adjacent slices into the slice of
interest helps increase the statistical certainty of data
being processed. This accounts for a significant portion
of the difference in the noise level between the images
of Figs. 3â€”5.Simply adding slices together (increasing
the slice thickness) would also accomplish a reduction
in the noise level; however, it would also result in
increasing the effective slice thickness (FWHM along
body axis for transverse slices). As can be seen in Tables
2 and 3, two-dimensional prereconstruction filtering
with restoration filters reduces the FWHM and FWTM
within the slice and by implication also along the body
axis since this is the Y-axis of the acquisition images.
Thus, the two-dimensional deblurring of restoration
filters is important because it allows one to decrease
noise levels and the effective slice thickness at the same
time.

In this study statistically significant decreases in the
FWHM and FWTM ofSPED' reconstructions ofâ€•â€˜In
and 123!line sources imaged by a MEMS collimator
(Tables 2 and 3) were obtained with application of
restoration filters when compared to the values obtained
with only ramp filtering. This contrasts with previous
results for less severely degraded images (11). When the
FWHM and FWTM ofa @mTcline source imaged with
a LEHR collimator were determined after prerecon
struction filtering with an optimized Metz filter, no
decrease in the FWHM and FWTM were observed even
at the highest count level (1 1). However, the 99mTc
values were much better to start with, as one would
expect. The greater improvement in these measures of
spatial resolution supports the initial hypothesis that
digital restoration techniques can improve images made
using medium- to high-energy photons more than im
ages recorded using low-energy photons (@mTc).

When radionuclides which emit medium- to high
energy photons are imaged, the MTF will be degraded
in two ways. First, septal penetration and scatter will
cause a severe, rapid degradation ofthe system MTF at
low frequencies. Second, the MTF will be attenuated
due to the collimators used to diminish septal penetra
tion and maintain sensitivity. These degradations of the
performance of the imaging system in the low to mid
spatial frequency range are well suited to correction by
digital image restoration techniques. However, restora
tion filters cannot effectively correct for the higher
frequency degradations because the noise dominates
the signal at the higher frequencies. Thus, the degrada
tion that occurs at these frequencies cannot be decon
volved without elevating noise levels and producing
distracting noise textures.

It has been known for some time that scatter and
septal penetration cause a sudden drop in the system
MTF at low spatial frequencies (1 7,25,26,28). This
alteration in the MTF by the inclusion of scatter and
septal penetration can be modeled by noting that the
primary, scatter, and septal penetration photons imaged
can be considered as passing through three parallel
transfer subsystems, each forming an image of the
object (32). The total LSF is then the weighted sum of
the 1SF of each of these (1 7,25), as is the total optical
transfer function (32). As long as the system is even
(symmetric) and the optical transfer function of each
component is non-negative, the total MTF will also be
the weighted sum of the sub-system MTFs. To a first
approximation the LSFs for each component can be
represented as Gaussian functions, with that of the
primary radiation being significantly sharper and taller
than those of the scattered or septal penetration radia
tion. Since the Fourier transform ofa Gaussian function
is another Gaussian function with the width of the
transform being inversely related to the width of the
spatial domain form (33), the wide spatial domain
scatter and septal penetration components become nar
row frequency domain terms sitting on top of a wide
frequency domain primary term (Figs. 1A and B). This
explains how the wide spatial domain scatter and septal
penetration LSFs become the respective narrow MTFs.
In fact, the wider they are in the spatial domain, the
narrower the resulting MTF will be.

The scaling of these components when adding them
together is explained in the following manner. The
â€œDCâ€•or zero frequency component of each of these
terms is just the integral of their respective LSFs (33).
Thus the total system MTF can be expressed as (25,26):

MTF(f) = [MTFG(f) + P-MTF,@(O

+ S.MTFs(f)]/[1 + P + 5], (5)

where MTFG is the primary radiation component MTF
(geometric), P is the penetration fraction (ratio of the
â€œDCâ€•term of the septal penetration to that of the
primary radiation), MTF@is the septal penetration com
ponent MTF, S is the scatter fraction (ratio ofthe â€œDCâ€•
term of scatter to that of the primary radiation), and
MTF@ is the scattered radiation component MTF. From
Eq. (5) it can be seen that the rapidly falling MTFs
associated with septal penetration and scatter are added
to that of the primary radiation, causing a significant
decrease in the total MTF at low spatial frequencies.
These are precisely the frequencies which can be decon
volved before restoration filters must decrease to avoid
amplifying noise dominated terms (15,19). Hence, im
provements in spatial resolution and image contrast are
obtainable with restoration filters along with noise re
duction (% FSD).

The reduction in the influence of scatter and septal
penetration through the use of digital restoration filters
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such as the Metz filter should facilitate attenuation
correction and, hence, quantitation. One-dimensional
frequency domain (34) or spatial domain (35) decon
volution of scatter has already been shown to aid atten
uation correction and quantitation for @mTc-labeled
radiopharmaceuticals. The improved image quality oh
tamed through use of optimized restoration filters
should also facilitate edge-detection or image segmen
tation. This should result in an improved ability to do
quantitation of volumes and activity; thus it is impor
tant to assess the impact on SPED' quantitation of the
Metz or other restoration filters. Since these filters adapt
to the image being filtered it is necessary to determine
if such variability in the filter employed will have an
adverse influence upon the reproducibility of quantita
tion. A study of two-dimensional, prereconstruction
filtering of SPECT images in conjunction with quanti
tation is currently underway.

The MTFs used in forming the Metz filters of this
paper were obtained from line sources 7.5-cm deep in
Plexiglas scattering material. This is approximately the
â€œeffectiveâ€•mean free path for 99mTc 140 keV photon;
however, no such claim can be made for the â€˜â€˜â€˜Inand
I23j We believe that further improvement in image

quality for these radionuclides can be obtained by first
determining the effective linear attenuation coefficient
in a scattering medium for imaging these radionuclides
(36), and then using the MTF determined from a line
source placed at the depth corresponding to the â€œeffec
tiveâ€•mean free path.

CONCLUSION

A dramatic increase in image quality was observed
with use of two-dimensional, prereconstruction Metz
filtering of SPED' images of radionuclides which emit
medium- to high-energy photons. The Metz filter was
shown to be able to deconvolve septal penetration,
scatter, and (to a lesser extent) point source blurring
while suppressing noise, in a balanced manner.

FOOTNOTES

. Picker International (Dynascan 5C/61), Highland

investigation was aided by a grant from the Whitaker Foun
dation.
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