
One method of estimating the attenuation distribution
in the patient is transmission computed tomography
(TCF). Typically, transmission data is acquired in a sepa
rate study using either a gamma camera and flood source
(2), or conventional x-ray CT equipment (4). However,
this extra acquisition is undesirable in a clinical setting
and may result in misregistration of the two data sets due
to patient movement between the studies.

Two methods for simultaneously acquiring the emission
and transmission data in @mTcSPECT have been pro
posed: the use of dual isotopes (5) and a scanning line
source (6). In the dual-isotope technique, a transmission
source isotope is used that emits a lower energy photon
than the emission source, but for 2Oli@SPECT, there are
no suitable isotopes emitting gammas with energies lower
than the 75 keY 201Tlphotons. In the scanned line source
technique, a high intensity @â€˜Â°Tcline source is scanned
across the field of view during the emission acquisition. A
strip of the detector area directly opposite the line source
is acquired into the transmission image; the remainder of
the detector area is collected into the emission image. The
synchronized movement of the line source and the acqui
sition strip eliminates contamination ofthe emission data,
but this technique requires significant equipment modifi
cations.

In this paper, we present a technique for simultaneously
acquiring 201'fl emission and transmission data using a
99mTc transmission source. The advantages of this tech
nique are that 99mTcis inexpensive, readily available, has
good imaging properties and, most importantly, no major
equipment modifications are necessary. However, this
combination of isotopes does result in cross-contamina
tion between the emission and transmission projection
data and data processing techniques have been developed
to compensate for this cross-talk. These techniques were
applied to experimental phantom and patient data in order
to demonstrate their effectiveness.

Transmissioncomputed tomography(TCT) data provides
useful complementary information to single-photon emission
computed tomography (SPECT) reconstructions, especially
for cardiacstudies.In particular,TCTdatahasbeenusedto
correct for nonuniform attenuation in the chest. Typically the
transmissiondataareacquiredin a separateacquisition,but
simultaneousacquisitionis preferableboth to savetimeand
to avoid difficulties involved with registration. In this work, we
presenta techniquefor simultaneouslyacquiring@Â°1TISPECT
and TCT data using a @Tcsheet source that requires only
minor equipment modifications. The use of these isotopes
resultsin cross-contaminationof the emissionand transmis
sion data. We present a practical technique to compensate
for this contamination using postacquisition image process
ing. This techniquewas evaluatedby performingphantom
andpatientstudies.The resultingimagescomparewellwith
data obtained from separate emission and transmission
studies.
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hoton attenuation is the most important factor de
grading the quantitative accuracy ofSPECT images. It also
results in a degradation of image quality through the
introduction of image artifacts and distortions. In cardiac
SPECT the effects of photon attenuation are especially
complex due to the nonuniform attenuation distribution
in the thorax. Conventional attenuation compensation
techniques assume a uniform attenuation distribution and
thus do not apply. Accurate attenuation compensation in
cardiac SPECT requires measurement of the attenuation
distribution and the use of iterative reconstruction tech
niques (1â€”3).
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By using Equations 3 and 4, we can compensate for the cross
contamination ifwe know the emission and transmission correc
tions factors, fEand fT, respectively. The determination of these
factors and the validity ofthe approximations in Equations 1and
2 are discussed below.

Data Acquisition
To determine the correction factors and evaluate the tech

nique, both phantom and patient studies were performed. Data
were acquired using a GE 400 AC/T SPECT system (General
Electric Medical Systems, Milwaukee, WI). The transmission data
wereacquiredusinga floodphantom (sheetsource)filledwith a
solution containing 99mTc.The flood source was attached to the
gantry on the opposite side of the patient and fitted with a
collimator (3). This source collimator reduces the number of
scattered 99mTcphotons and the patient dose.

With this SPECT system, only two images can be acquired
simultaneously and each image can come from one energy win
dow. As a result, the 167 keV TI photons were ignored and the
emission and transmission data were acquired from 75 Â±11 keV
and 140 Â±14 keY energy windows, respectively.

Projectiondata wereacquiredinto a 64 x 64 matrixwith 0.62
cm pixels and were uniformity corrected during data acquisition.
For SPECTstudies,the data wereacquiredat 64 viewsover 180Â°
from 45Â°left posterior oblique (LPO) to 45Â°right anterior oblique
(RAO). The collimator used was specially designed for TI studies

(7) with a 20% higher sensitivity and a 10% lower spatial reso
lution than a GE low-energy, general-purpose (LEGP) collimator.

Phantom Studies
Three phantoms were used to evaluate the simultaneous ac

quisition technique. A chest phantom, composed ofa cylindrical
phantom with elliptical cross section, a cardiac insert (Data
Spectrum Model 2230, Data Spectrum Corp., Chapel Hill, NC)
and lung inserts (3), was used to simulate the activity and
attenuation distribution in a patient. A uniform water-filled

cylindrical phantom with a circular cross section (Data Spectrum
SPECT Phantom with inserts removed) and a sheet phantom
consisting of four to forty 6-mm thick Lucite sheets were used to
evaluate the dependence of the emission correction factor on
phantom size and shape.

For the chest phantom both simultaneouslyand separately
Eq. 1 acquired transmission and emission data were collected. In all

cases, projection data were acquired with an acquisition time of
40 sec per view using the data acquisition parameters described
in the previous section. The chest phantom was filled with water
(no activity), the transmission source filled with 30 mCi of@mTc,
and transmission data were acquired. Next, the body of the
phantom and the outer chamber of the cardiac insert were filled
witha total of 1mCi of20tTl.The ratio ofthe activityconcentra
tion in the body of the phantom to that in the outer chamber of
the cardiac insert was 1 : 6.8 to simulate 201@fluptake. A set of
simultaneously acquired emission-transmission data was col
lected. The transmission source was then removed and a separate
setofemissiondatawereacquiredusingthe hot phantom.Finally,
a 15-mm static image ofthe flood source was acquired for use in
transmission data preprocessing.

For the uniform circular phantom, a transmissionstudy was
acquired for 40 sec per view using the cold phantom (no activity)
and the floodsourcefilledwith 20 mCi of@mTc.

For the sheet phantom, static transmission images were ac
Eq 4 quired usingthe floodsourcefilledwith 30 mCi of @mTcand an

acquisition time of 120 sec.

Eq.3

and

â€”Tm fTEmT@-
I â€” IEIT
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MATERIALS AND METhODS

Cross-Contamination of Transmission and
Emission Data

When 201T1decays, it emits 68-83 keV Hg x-rays as well as
135 and 167 keV gamma rays. The photons in the low energy
peak comprise approximately 88% of the emitted photons and
provide the majority of the emission data. Since the 140 keV
photon from the 99mTchas a higher energy than the Hg x-rays
and overlaps the 20Tl gamma peaks, there will be some cross
contamination of the emission and transmission data, as men
tioned above.

One mechanism for contamination of the emission data by
99mTc photons is scatter inside the patient. Since the backscauer

ing edge for a 140 keV photon is 90 keY, only 99mTcphotons
scattered through angles close to 180Â°have energies low enough
to be detectedin the 64-86keVwindow.Asa resultofthe source
collimation, singly scattered 99mTcreaching the camera will have
undergone scatteringwith anglesless than 90Â°.Thus only multiply
scatteredtransmissionsourcephotonswillcontributeto the emis
siondata.

The emissiondata are also contaminatedas a result of inter
actions with the source and camera collimators.Both scattered
and unscattered @â€œTcphotons interact with the collimators,
resultingin the productionofPb x-rayswithenergiesin the range
72-88keV.Thesex-rayswillbedetectedin theemissionenergy
window and cause contamination of the 201'flemission data.

Contamination of the transmission data is from the 135 and
167 keV 2ot.flphotons. Due to finite energy resolution of the
detector, a fraction of both unscattered 135 keV photons and
scattered 135 and 167 keV photons are detected in the transmis
sion energywindow.

Method for Cross-Contamination Compensation
A techniqueforcompensatingforthe cross-contaminationhas

been developed. The total number ofphotons detected in the 64-
86 keV emission energy window, Em, is the sum of: (1) the true
emission data, E; (2) multiply scattered 99mTc photons; and (3)
Pb x-rayphotonsexcitedby the 99mTcphotons.Asa firstapprox
imation, we assume that the contamination caused by (2) and (3)
is proportional to T, the true transmission data, thus:

Em E + fET,

where fE @5the emission correction factor.
Similarly, the total counts measured in the transmission energy

window, Tm, is equal to the sum of counts from: (1) the true

transmission data, T; (2) scattered 135 and 167 keV @Â°â€˜T1photons;

and (3) unscattered 135and 167keV @Â°â€˜Tlphotons. We assume
that the contamination of the emission window is proportional
to the true emissiondata, E:

Tm'T+fTE, Eq.2

where fT is the transmission correction factor.

With these approximations,it is possibleto derivean expres
sion for the cross-contamination compensated emission and
transmission data, E@and T@,respectively:

E@=@- fETm
1 â€”fEfT



Patient Study
A protocolsimilarto that usedfor the chestphantom wasalso

used to collect patient data. The patient was injected with 2.0
mCi of 2o'@flApproximatelythree hours later, simultaneous
emission and transmission projection data were acquired using
the 99mTctransmission source filled with an activity of 20 mCi
and the energy windows and acquisition parameters described
previously. Data were acquired for 23 sec per view. During data
acquisition, the patient was allowed to keep her arms at her side
in order to reduce the discomfort resulting from the additional
study. Next, the transmission source was removed and separate
emission data were acquired, again for 23 sec per view. Since the
emission-only data were used diagnostically, the patient was asked
to keep her hands over her head in order to avoid the loss of
image quality caused by attenuation in the arms. In the emission
only study, the 135 and 167 keV Tl photons were added to low
energy photons to form the emission image, resulting in a signif
icant increase (@25%)in the count rate. Due to these two differ
ences, the separately acquired emission data is less noisy than the
emission data from the simultaneous study. Finally, a 15-mm
static image of the flood source was acquired after the patient
data acquisition.

Correction Factor Determination
The emissionand transmissioncorrection factors, fEand fT.

were determined using data obtained in separate emission or
transmission only studies. For example, with the transmission
source only present, the photons counted in the emission window
are due solely to the contamination by the transmission source.

From the emissionsourceonly experiment,the emissioncor
rection factor was estimated as the ratio of the counts in the
emission window divided by counts in the transmission window.
This method gives smaller error values in the correction factor
than doesthe fittingmethod usedfor the transmissioncorrection
factor.

The transmission correction factor was studied in experiments
using only the emission source. The transmission correction
factor was determined by plotting the counts in the transmission
window on the y-axis versus the counts in emission window for
each pixel. The correction factor was determined from this plot
by fitting a line with y-intercept equal to zero using a weighted
least squarestechnique.The weightedfittingtechniquewasused
because there was a small number of counts in the transmission
window.

Image Reconstruction and Processing
In addition to the cross-contamination of the emission and

transmission data, other problems arising in reconstructing both
separately and simultaneously acquired emission and transmis
sion data are noise amplification caused by the subtraction based
compensation scheme, truncation of the patient projection data,
and the effects of nonuniform attenuation. In this work these
problems were addressed by the use of the following image
processing techniques and reconstruction algorithms.

The subtraction step used in the compensation scheme causes
an increase in image noise. As a result, the compensation scheme
can give rise to zero or negative pixel values. For the emission
data, negative values were truncated to zero prior to reconstruc
tion.

It isespeciallyimportanttohandlethezeroandnegativepixels
properlyfor the transmissionprojectiondata, becausetransmis
sion data are preprocessed by dividing the counts in each pixel

by the corresponding incident intensity and taking the natural
logarithm.Â°To avoid zero or negative pixels, we noted that the
number oftransmitted photons is small,correspondingto a large
value of line integral of the attenuation coefficientthrough the
object. For this reason, pixels in the preprocessed transmission
projectiondata correspondingto valueslessthan or equal to zero
in the raw data were replaced by the average of the 30 largest

pixelvaluesin the preprocessedimagefrom the same projection
view.

Both the filtered backprojection (FB) and the iterative maxi
mum-likelihood expectation-maximization (ML-EM) (8,9) re
construction algorithms were used. The FE algorithm was used
to reconstructthe phantom transmissiondata and emissiondata
without attenuation compensation.For the patient, the 40 cm
diametercircularfieldof viewresultedin truncated projections.
To better handle the truncated data, the ML-EMalgorithmwas
used for both emission and transmission reconstructions. Reduc
tion in truncation artifacts was accomplishedwith ML-EM by
not settingprojectiondata outsidethe sensitiveareaofthe camera
to zero.

Nonuniform attenuation compensation for both phantom and
patient data was accomplished using ML-EM algorithm com
bined with a projector-backprojectorthat modeled nonuniform
attenuation (1). Sincethe transmissiondata were acquiredwith
140 keY photons and the emission data with 75 keV photons,

the measured attenuation map was scaled by the ratio of the
attenuation coefficient of water at 75 keV divided by that at 140
keY. In addition, any negative values in the attenuation map
data, resulting from either the use of the FB reconstruction
algorithm or post-reconstruction ifitering, were truncated to zero.

A three-dimensional Butterworth filter was applied to the
reconstructed images to reduce image noise. An order of 8 and a
cutoff frequency of 0.24 pixer' for the phantom data and 0.22
pixel@ for the patient data were used.

RESULTSANDDISCUSSION

Emission Correction Factor
The emission correction factor, fE,was determined from

the transmission source only experiments. Data from the
chest, circular, and sheet phantoms were selected in order
to show the object dependence of fE.The chest phantom
has different projection data from each view and simulates
human anatomy. The circular phantom has a smaller total
volume than the chest phantom and the projection data
are the same for each view. The sheet phantom permits
studying the correction factor as a function of thickness.

The values offE are plotted as a function ofview number
for the circular and elliptical phantoms in Figure 1A. This
graph illustrates the small variation ofthe emission correc
tion factor. as a function of object and imaging geometry.
The relative difference between the minimum and maxi
mum value for the elliptical phantom is 0.88%. The rela
tive difference between the average value for the ellipse
and the circle is 0.90%. There is a small relative difference
between the values for the phantoms and the value with
no phantom: 2. 1% for the circular phantom and 3.0% for
the elliptical phantom.

Even though the variation in the compensation factor
between the different phantom shapes is small, Figure 1A
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FIGURE 1. (A)Plotof theemissioncorrectionfactor, fE,versus
view number. The factors are plOtted for the cylindilcal phantoms

with circularand ellipticalcross sectionsas well as for the flood
sourcealone(nophantom).(B)Plotof the transmissioncorrection
factor, f1,versusview number.Thefactors were computedusing
patient data, the full phantomdata, and the phantomdata from
a stripcontainingthe cardiac insert.

suggests that the emission correction factor depends on
the size and thickness of the phantom. To study this
dependence, we measured the emission correction factor
as a function of object thickness using the sheet phantom.
The results are shown in Figure 2. In this figure the object
thickness has been converted to water equivalent thickness
by multiplying by the ratio of the observed linear atten
uation coefficient for the Lucite sheets, 0.162 cm@, divided
by that for water at 140 keY, 0.153 cm@. As Figure 2
shows, the value of the emission correction factor is large
for small object thicknesses, decreases, reaches a mini
mum, and then increases.

This behavior can be understood in terms ofthe physical
mechanisms causing the contamination. For thin objects,
the number of multiply scattered photons is small and the
contamination is dominated by Pb x-rays. As the thickness
of the absorber is increased, the number of Pb x-ray
photons produced by interaction with the transmission
source collimator relative to the number of primary 140
keV photons decreasesas a resultofthe higherattenuation
coefficient in the object for the lower energy x-rays. This
results in a decrease in the relative contamination and thus
a decrease in fE.However, as the thickness ofthe absorber
increases further, the number of multiply scattered pho

FIGURE2. Plotof the emissioncorrectionfactor,fE,as a
functionof the water-equivalentthicknessof the Lucite absorber
between the camera and the transmission source. The solid line
represents a fitwitha second order polynomial.

tons increases relative to the number of primary photons,
resultinginanincreaseinfE.

The solid curve in Figure 2 represents a second order
polynomial fit to the data. Over the thickness range from
0 to 25 cm, this provides a very good estimate ofthe value
offEgivenby:

fE 0.335 â€” 8.27 x l0-3.t + 2.90 x l04.t2, Eq. 5

where t is the water-equivalent thickness in centimeters.
The calibration curve was found to vary by several

percent over the course of several months. However, the
factors determined by using Equation 5 can be used by
multiplying them by the ratio ofthe value offE determined
each day using a flood source with no absorber divided by
the value obtained using Equation 5 at zero depth.

The dependence of fEOn object thickness for the sheet
phantom can be used to estimate the value of fE for a
complex phantom. Let â€˜F?and T be the transmission data
from the ith pixel with and without the object, respectively,
and @tbe the attenuation coefficient of water for 140 keV
photons. Then the water-equivalent thickness ofthe object
in the ith pixel, t, is given by:

t1=-@ln@. Eq.6

To apply Equation 6, we must have an estimate of the
true transmission data for the pixel, T. Provided we know
fT and fE, we can estimate T using Equation 4. However,

fE enters this equation only through the term l/(1-fEfT). As

we will see below, the transmission correction factor is
small, on the order of 0.07. Thus, an error in estimated fE
will have only a small effect. As a result, for the purpose
of estimating T for use in Equation 6, we can estimate fE
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using Equation 5 and an estimate of the average thickness
of the patient.

Since the values ofT1 used in Equation 6 were estimated
using noisy data, the emission correction factors obtained
with Equation 5 will also be noisy. To reduce this noise,
the correction factors should be low pass filtered. To avoid
introducing negative values, a frequency domain Gaus
sian-shaped filter was used. In this work, the filter had an
equivalent spatial full width at halfmaximum ofone pixel.

The effectiveness of Equations 5 and 6 in estimating the
contamination in the emission image was verified using
the chest phantom. In Figure 3, the contamination esti
mated from these equations using the measured transmis
sion and emission data is compared to the measured
contamination. The figure shows a horizontal profile
through the measured and estimated contamination im
ages for the left lateral projection. The estimated contam
ination is within the error bars ofthe measured projection
data for most points, especially in the area of the proffle
coincident with the phantom. Similar agreement was ob
served for other projection views.

Transmission Correction Factor
The transmission correction factor, fT, was determined

by acquiring data in both the emission and transmission
windows using only an emission source for both the chest
phantom and a patient. The object dependence of the
transmission correction factor was assessed by comparing
the value computed in two regions in the chest phantom:
(1) the entire image (global) and (2) a strip 10 pixels wide
containing the heart (local). The resulting transmission
correction factors are plotted as a function ofview number
in Figure lB.

Global values of fTwere determined for the patient and

FIGURE3. Plotcomparingthemeasuredandestimatedcon
tamination in the emission energy window. The estimate was
calculatedusingEquations5 and6. Theplotis of theprojection
data from the left lateral view of the chest phantom (view number
16) from a slice passing approximately though the center of the
phantom.

phantom using data from all views. The relative difference
between these values was 5.8% with respect to the mean.
From Figure 4, we see that there is also a large variation
in the transmission correction factor for the same object
viewed from different angles. The differences relative to
the mean between the minimum and maximum values
were 12% and 20% for the phantom and patient, respec
tively. As can be seen from Figure 1B, there is relatively
little difference in the value of fT for the entire phantom
and the region over the heart. The relative difference
between the average value ofthe factor determined globally
and over the heart was 1.8% with respect to the mean.

These results demonstrate that the transmission correc
tion factor is much more object and geometry dependent
than the emission correction factor. To avoid measuring
this factor for each patient and view, thereby performing
the equivalent ofa separate acquisition, we will use a single
average correction factor to compensate all the data. A
reasonable estimate of this average factor can be obtained
by averaging the factors determined from the left lateral
and anterior views (view numbers 16 and 48, respectively).
For example, the values for the transmission correction
factor determined by averaging the correction factors from
these two views for the patient, entire phantom, and

A

B

C

I 2 3
FIGURE4. Transaxialimagesreconstructedfrom various
chestphantomprojectiondatasets.(RowA) Emissionimages
reconstructedwithout attenuationcompensationusingFB. (Row
B)Transmissionimages reconstructed using FBalgorithm.(Row
C) Emissionimages reconstructed using ML-EMand the atten
uationmapsfrom the correspondingimagesof row B to perform
nonuniformattenuation compensation.(Column2) Emissionim
ages reconstructed withoutattenuationcompensationusing FB.
Imagesreconstructedfromsimultaneouslyacquireddatawithout
cross-contaminationcompensation(exceptRowC, wherethe
image was reconstructed using cross-contaminationcompen
satedemissiondata and the attenuationmapreconstructedfrom
uncompensated data.) (Column3) Images reconstructed from
simultaneouslyacquireddatafollowingcross-contaminationcom
pensation.
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phantom in the cardiac area differ by 0.7%, 0.8% and
1.8%, respectively, relative to the average value from all

views. We will investigate below the use of this single
estimated correction factor to compensate for the cross
contamination of simultaneously acquired emission and
transmission images.

Cross-ContaminationCompensation
In the previous two sections, data were presented to

show that estimating the transmission and emission cor
rection factors for each patient is possible with reasonable
accuracy. A single average value of the transmission cor
rection factor can be estimated from a lateral and anterior
image acquired without the transmission source. The emis
sion correction factor can be determined from the water
equivalent thickness of the object in each pixel. These
thicknesses can be determined from the simultaneous
transmission data and the flood image. These results sug
gest the following protocol for compensating for cross
contamination in the simultaneously acquired data:

1. Estimate of the transmission correction factor, fT, as
the average ofthe factors from left lateral and anterior
views acquired without the transmission source.

2. Generate an initial estimate ofthe transmission data

using Equation 4, the value of fT from Step 1, and a
preliminary estimate of fE based on Equation 5 and

adepthof10cm.
3. Computethe finalemissioncorrectionfactor,fE,for

each pixel using the initial estimate of the transmis
sion data calculated in Step 2 and Equations 5 and
6.

4. Scale the emission correction factor images obtained

in Step 3 by the ratio of fE observed for the flood
phantom for the current patient divided by the value
from Equation 5 evaluated at zero thickness.

5. Filter the correction factor images from Step 4 using
a Gaussian filter.

6. Generate the cross-contamination compensated
emission and transmission data using Equations 3
and 4, the value of fTobtained in Step 1, and trans
mission correction factor images (fE) obtained in
Step5.

Evaluation of Compensation Technique:
Phantom Study

We have evaluated the effectiveness of the above com
pensation technique using chest phantom transmission
and emission data sets that were acquired simultaneously
and separately. The simultaneously acquired data was
processed as described above. The resulting cross-contam
ination compensated projection data were constructed
using the FB algorithm. The resulting images demonstrate
the effectiveness ofthe compensation scheme for the emis
sion and transmission data individually. To show the
combined effect of the contamination compensation pro
cedure, the emission data were also reconstructed using 50

iterations ofthe ML-EM algorithm including nonuniform
attenuation compensation using an attenuation map re
constructed from the transmission data.

The resulting images, shown in Figure 4, demonstrate
the effectiveness of the compensation technique in reduc
ing cross-contamination ofthe emission and transmission
data. From this figure, we see that the emission, transmis
sion, and attenuation compensated emission images (Rows
A, B and C, respectively) reconstructed from the simulta
neously acquired data without cross-contamination com
pensation (Column 2) have significant artifacts and mac

curacies as compared to those reconstructed from the
separately acquired data (Column 1). However, the images
reconstructed from simultaneously acquired data with
cross-contamination compensation (Column 3) appear
qualitatively similar to the those reconstructed from sep
arately acquired data.

To amplify the differences, Figure 5 shows images re
sulting from subtracting the simultaneously acquired data
without (Row A) and with (Row B) cross-contamination
compensation from images reconstructed from separately
acquired data. The intensity to gray-scale mapping was
different for each image in Figure 5, so comparisons of the
absolute size of the errors in different images are not
possible. In the images reconstructed from data without
cross-contamination compensation, we observe: a large
ring artifact in the emission image (Fig. 5 Al); reduced
values of the attenuation coefficient in the transmission
image (Fig. 5 A2); and significantly reduced intensity in
the region of the myocardium in the attenuation compen

A

B

FIGURE5. Differenceimagesresultingfromsubtractingthe
transaxialimagesshowninFigure4. (RowA)Separatelyacquired
minussimultaneouslyacquired,uncompensatedimages.(Row
B)Separatelyacquiredminussimultaneouslyacquired,compen
sated images. (Column 1) Emission images reconstructed without
attenuationcompensationusingFB. (Column2) Transmission
images reconstructed using FB. (Column 3) Emission images
reconstructed using ML-EM with nonuniformattenuation com
pensation.(For the imagein Column3, Row A, the cross
contaminationcompensatedemissiondatawerereconstructed
using the attenuation map reconstructed from the uncompen
satedtransmissiondata.)Eachimageisdisplayedwiththemini
mum pixel value in the image mapped to black and the maximum
mapped to white.

1 2 3
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transmission correction factor for each view and a trans
mission correction factor determined in the strip contain
ing the heart. No significant difference was observed when
using these factors compared to using the single global
transmission correction factor. As a result, we conclude
that the use ofa single global transmission correction factor
is an acceptable approximation.

Evaluation of Compensation Technique: Patient Study
The compensation technique was also applied to patient

data. The compensated emission and transmission projec
tion data were calculated from the measured data using
the procedure described above. The resulting projection
data were reconstructed using the ML-EM algorithm with
truncation compensation and with and without attenua
tion compensation. As a result of patient motion between
the studies, a direct quantitative comparison of the emis
sion images is not possible. No separate transmission-only
study was performed, due to time and patient discomfort
limits.

Figure 7 shows that the emission image reconstructed
from the compensated data (Fig. 7b) is noisier but other
wise of comparable quality to the separately acquired
emission image (Fig. 7a). The transmission image recon
structed from the compensated data (Fig. 7d) looks good
qualitatively. The emission image reconstructed using the
attenuation map and the simultaneously acquired emis
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FIGURE 6. Plotsshowinghorizontalprofilesthrough the cen
ter of the heart from the imagesin Figure4. The plots compare
images reconstructed from separately acquired data (solid line)
and simultaneouslyacquireddata with (smalldash)and WithOUt
(largedash)cross-contaminationcompensation.The images
used for each profile come from the corresponding rows of
Figure4.

sated emission image (Fig. 5 A3). For the images recon
structed from the simultaneously acquired cross-contami

nation compensated data, there is little systematic error,
as illustrated by the images in Figure 5, Row B.

The profiles in Figure 6 show that there is good quan
titative agreement, for both emission (Fig. 6b) and trans
mission (Fig. 6b) images, between images reconstructed
from separately acquired data and cross-contamination
compensated simultaneously acquired data. The proffles
in Figure 6c demonstrate that attenuation compensated
emission images reconstructed from the cross-contamina
tion compensated simultaneously acquired emission and
transmission data are in good quantitative agreement with
images reconstructed from separately acquired data. These
results demonstrate the effectiveness of the cross-contam
ination compensation procedure.

The simultaneously acquired transmission data were
also cross-contamination compensated using a different

FIGURE 7. Transaxialimagesofa patientreconstructedusing
ML-EMindudingtruncationcompensation from separately and
simultaneouslyacquiredprojectiondata. The imagesshownare:
(a)emissionimagereconstructed fromseparatelyacquireddata;
(b)emissionand(c)transmissionimagereconstructedfromsi
multaneouslyacquireddatawith cross-contaminationcompen
sation; and (d) emission image reconstructed with nonuniform
attenuation compensationfrom simultaneouslyacquired cross
contaminationcompensateddata usingthe attenuationmapin(c).
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sion data is shown in Figure 7c. Again, the image quality
is good and is better than that of the image reconstructed
without attenuation compensation (Fig. 7b).

CONCLUSIONS

Attenuation maps measured using transmission com
puted tomography techniques are useful for nonuniform
attenuation compensation in SPECT imaging. To avoid
the additional time required for another acquisition and
difficulties involved in registering the data, it is desirable
to acquire the emission and transmission data simultane
ously. In this work, we have described a technique requir
ing minor equipment modifications and using readily
available isotopes for simultaneously measuring emission
and transmission data in 201T1SPECT. This technique is
based on the use of a 99mTctransmission source combined
with postacquisition image processing to compensate for
the cross-contamination between the transmission and
emission projection data.

The compensation technique requires the determination
of two correction factors. The transmission correction
factor, which is more object-dependent, can be determined
from two additional static emission images of the patient
acquired at left lateral and anterior positions. It is calcu
lated by performing a weighted fit of a line through the
origin to a plot of the counts in the transmission versus
emission energy windows. The emission correction factor
can be determined using the simultaneously acquired data
and a calibration curve that gives the value of the factors
as a function ofabsorber thickness. This calibratfon should
be performed once for each imaging system.

When the technique was applied to a chest phantom,
there was excellent quantitative agreement between trans
axial images reconstructed from the compensated and

separately acquired data. Though no direct quantitative

comparison could be made in the patient study performed,
there was qualitative agreement between the images recon
structed from simultaneous and separate acquisition data.

This technique provides a simple and effective method
for determining attenuation maps. These attenuation
maps, combined with algorithms that compensate for non
uniform attenuation, result in improved quantitative in
formation from 201'flcardiac SPECT.
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