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Abstract. The purpose of this study was to investigateof the relative influence of the different physical effects
the relative influence of scatter, attenuation, depth-deshowed that attenuation is definitely the major phenome-
pendent collimator response and finite spatial resolutiomon affecting cardiac SPET imaging accuracy, but that
upon the image characteristics in cardiac single-photofinite spatial resolution, scatter and depth-dependent col-
emission tomography (SPET). An acquisition of an andimator response also contribute significantly to the er-
thropomorphic cardiac phantom was performed togetherors in absolute and relative quantitation and to the poor
with corresponding SPET Monte Carlo simulations. Thespatial resolution.
cardiac phantom and the Monte Carlo simulations were
designed so that the effect of scatter, attenuation, deptlKey words:Quantitation — Cardiac single-photon emis-
dependent collimator response and finite spatial resolusion tomography — Monte Carlo simulation
tion could be studied individually and in combination.
The impact of each physical effect and of combination€ur J Nucl Med (1999) 26:437-446
of effects was studied in terms of absolute and relative
guantitative accuracy, spatial resolution and signal-to-
noise ratio (SNR) in the resulting images. No correctiongutroduction
for these effects were assessed. Results obtained from
Monte Carlo simulations and real acquisitions were inThe accuracy of quantitation in single-photon emission
excellent agreement. Attenuation introduced about 90%omography (SPET) is affected by many effects among
activity underestimation in a 10-mm-thick left ventricle which attenuation, scatter, depth-dependent collimator
wall while finite spatial resolution alone introduced response and finite spatial resolution (FSR) play a major
about 30% activity underestimation. Scatter had a neglirole. Studying the impact of each of these effects on the
gible impact on quantitative accuracy in the recontructedmage characteristics (e.g. image resolution, relative and
slices when attenuation was present. Neither bull’'s eyabsolute quantitation, and signal-to-noise ratio) is neces-
map homogeneity nor contrast between a hot and a cokhry to determine what improvement could be expected
region were affected by depth-dependent collimator reif we were to perform an ideal correction for a given ef-
sponse or finite spatial resolution. Bull's eye map homofect. However, these phenomena are not independent and
geneity was severely affected by attenuation but not bgach one should be considered only as a component re-
scatter. Attenuation and scatter reduced contrast byponsible for part of the SPET system inaccuracies.
about 20% each. Both attenuation and scatter increasdtherefore, it is not sufficient to determine how each phe-
the full-width at half-maximum (FWHM) characterizing nomenon taken independently affects the images. The
the spatial resolution of the imaging systemslymm  impact of each phenomenon should also be character-
each but the main effect responsible for the observed 11zed when it is combined with other phenomena affect-
mm FWHM spatial resolution was the depth-dependening the imaging process, to determine the respective role
collimator response. SNR was reduced by a factor obf each phenomenon and the improvements that could
=2.5 because of attenuation, while scattered counts irbe expected when correcting for some effects but ignor-
creased SNR by10%. In conclusion, the quantification ing the others.

Although many studies have been devoted to the in-
Correspondence td: Buvat vestigation of the qualitative and quantitative conse-
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guences of a single phenomenon such as scatter [elgonte Carlo simulation

1-4], attenuation [e.g. 5-6] or depth-dependent collima-

tor response [e.g. 7-10], or of the combination of two efThe segmented images obtained f!rom the MRI acquisition were
fects such as scatter and attenuation [11]réspective used as an input for Monte Carlo simulations. The linear attenua-
effect of each phenomenon in combination with otheré'on coefficients were assigned the narrow beam, energy-depen-

to the i h teristics h t b th h ent values for lungs, bone, LV and soft tissues [12]. The Monte
onto the Image characteristics has not been thorougniy, i, simulation software was based on SimSET [13] to which

studied. The purpose of our investigation was thereforg,,geliing of coherent scatter was added [14]. Scattered photons
to determine the respective effect of scatter, attenuatioRyere tracked until the ninth order. Two simulations were per-

depth-dependent collimator response and FSR in cardidérmed to mimic the two SPET acquisitions. Three hundred and
SPET imaging so that the relative importance of the difsixty million photons were simulated for each simulation. The
ferent corrections could be better predicted. An anthrofirst simulation was performed without any attenuating medium,
pomorphic cardiac phantom was considered because (§§ if th_e LV, |IVEI’ and other tissues ha_d the density of air, a_nd re-
all effects are a priori not negligible; (2) both image3“|t_9d in 41 m|II|on_ photons de_tected in the 20% energy er_ldow
quality and quantitation are relevant in cardiac SPET. T@"elections (no variance reduction was used). The second simula-
permit a comprehensive investigation of how the phe_|on mimicked the SPET acquisition with liver and attenuating

p he | h L. M C Imedia. For this second simulation, variance reduction was used
nomena affect the image characteristics, Monte Car ?13]. About 8 million photons were detected in the 20% energy

simulations of the cardiac phantom were used. projections. No Monte Carlo tracking of the photons was per-
formed in the LEHR collimator and only the geometrical compo-
nent of the collimator response was considered. The intrinsic en-

Materials and methods ergy response was modelled using Gaussian functions with stan-
dard deviation dependent on the energy (energy resolution set to
Phantom acquisitions 9.5% at 140 keV). For each simulation, 128 projections were sim-

ulated over a 360° circular orbit with a 20-cm radius of rotation.

An anthropomorphic Data Spectrum cardiac phantom (Data-SpecFhe Monte Carlo events were sorted depending on their energy,
trum, Chapel Hill, N.C.) was considered. The phantom consistegbosition §, y, zZ) and nature (primary or scattered). The pixel size
of an elliptical 24x32 cm cylinder, including a left ventricle (LV) was 3.8x5 mra
compartment with a 10-mm-thick wall, two lung compartments
filled with a mixture of expanded polystyrene and water, and a Te-
flon spine. A 530-ml perfusion bag was added to simulate the livData analysis
er.

The LV and liver compartments were filled with a gadolinium Evaluation criteria
solution, the lung and spine compartments were left unchanged,
and the remainder of the phantom was filled with water. TheFive criteria were considered to characterize the effects of the dif-
phantom was scanned on an MRI scanner (SIGNA 1.5T-GE) usferent phenomena: percent error between measured and true activ-
ing a 2D spin echo sequence (TR =400 ms, TE = 200 ms) and iy in regions of interest, uniformity of the bull's eye map (BEM),
256x256%124 volume was acquired (2.73%2.73x23mpxels). contrast between a hot and a cold region, spatial resolution and
The resulting images presented high signal intensity in the LV andignal-to-noise ratio (SNR).
liver compartments, intermediate signal intensity in the water-
filled LV cavity and soft tissue compartments, and low signal in-Percent error in activity Percent errors in activity were calculated
tensity in the lungs and spine. Using thresholding operations, thboth in the simulated projections and in the slices reconstructed
images were segmented into regions corresponding to the lungpm the simulated and acquired data. In the simulated projec-
LV wall, LV cavity, spine, liver and soft tissue. Each region wastions, they were computed with respect to the projections of pri-
labelled so that the result of the segmentation could be used as arary photons only in LV and liver regions, to assess the effect of
input for Monte Carlo simulations. scatter. The LV ROI was obtained by considering the projection

The phantom was then emptied. The LV compartment was repixels with only LV activity in the primary projections (28448
moved and the LV wall was filled with 7.8 Z0MBg/ml of tech- pixels in total), and the liver ROl was obtained by selecting the
netium-99m. A SPET acquisition of this compartment alone wagrojection pixels in which there was only liver activity (91539
performed on a DST camera (SMVI, Buc, France) using a low-enpixels in total).
ergy high-resolution (LEHR) collimator. Using a 20% energy win-  To calculate percent errors in activity in the reconstructed slic-
dow, 128 projections (60 s per projection) were acquired over &s, the transverse slices were reoriented into short-axis slices and
360° circular orbit with a 20-cm radius of rotation. A total of 31.7 BEMs were derived. The BEMs were divided into nine myocar-
million events were acquired. The pixel size in the projections wasglial regions (Fig. 1) and the mean activity in each region was cal-
3.8x5 mn?. culated. Using the simulated data, the percent error in estimated

The LV compartment was then repositioned in the phantomLV wall activity compared with simulated activity or activity de-
The liver was filled with 4.7 18 MBg/ml of °"T¢ and the phan- rived from the primary photon distribution only was calculated for
tom was filled with water. A SPET acquisition using the same pa-each of the nine regions by comparing the mean estimated region-
rameters as in the first SPET acquisition was performed, yieldingl value with the reference regional value. The mean percent error
a total of 2.3 million events detected in the 20% energy windowover the nine regions was deduced. The percent error in estimated
projections. In addition, for this phantom, a planar acquisition cordiver activity was measured in=1000 voxel 3D ROI drawn inside
responding to the anterior view was performed in list mode withthe liver compartment.
energy information. For this planar acquisition, the centre of the To estimate the activity concentration using the acquired data,
phantom was at 20 cm from the collimator. a cross-calibration factor (8 kcounts/pixel/MBq) was derived us-
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Table 1. Evaluation stratec -

Study Comparing: With:
1. Effect of scatter on the projections 20% window (120) projections Primary projections
2. Effect of scatter on the reconstructed 120 projections + filtered backprojection Primary projections + FBP reconstructed
slices (FBP) slices slices
3. Effect of attenuation on the projections Primary projections Projections from the air simulation
4. Effect of attenuation on the reconstructed Primary + FBP reconstructed slices Air simulation + FBP reconstructed slices
slices
5. Effect of depth-dependent collimator Air simulation + FBP reconstructed slices Reference activity in the liver
response in the liver ROI
6. Effect of FSR Air simulation + FBP reconstructed slices Air simulation + FBP reconstructed slices
in the LV ROI in the liver ROI
7. Effect of depth-dependent collimator Air simulation + FBP reconstructed slices Reference activity in the LV
response and FSR in the LV ROI
8. Effect of scatter and attenuation 120 projections + FBP reconstructed slices  Air simulation + FBP reconstructed slices
9. Effect of depth-dependent collimator 120 projections + FBP reconstructed slices Reference activity in the LV
response, FSR, attenuation and scatter in the LV ROI
1. apical ed. Given the exact thickness of the wall (10 mm) and the theoret-
2. lateral ical uptake (7.8 18 MBg/ml), the profile that would be observed
3. anterior assuming a Gaussian response function with known full-width at
Q 4. septal half-maximum (FWHM) could be calculated. An optimization
“ 5. inferior procedure [15] was used to determine the FWHM which mini-
6. inferobasal mized the mean square error between the predicted and the ob-
7. laterobasal served count profiles.
8. anterobasal
9. septobasal Signal-to-noise ratio A 3D ROI 1000 voxels) was drawn inside
Fig. 1. The nine myocardial regions dividing the BI“M the liver (total liver volume =7500 voxels for the simulation and

=6000 voxels for the acquisition) in which the activity was uni-

form. For each reconstruction from either the simulated or the ac-
ing a point source SPET acquisition in air. The numbers of countgquired data, a Kolmogorov-Smirnov test [16] was performed to
measured in the BEM or in a 3D liver RG{1000 voxels) were determine whether the voxel values in this ROI followed a Gaussi-
converted into MBg/ml using this factor. The percent errors werean distribution. When this was the case, the SNR was calculated
calculated with respect to the true activity values in the LV wallas the ratio of the mean over the standard deviation of the ROI
and liver. voxel values.

Uniformity of the bull's eye mayFor each BEM derived from the

reconstruction of the simulated or acquired data, the mean activitfvaluation strategy

values in each of the nine BEM regions were normalized so that

the highest of these nine values was 100. The mean of the nindsing the simulated data, the effects of scatter and attenuation

normalized values defined a BEM uniformity index. As activity were first studied on the projections, then the effects of scatter, at-

was uniformly distributed in the LV wall, the uniformity index tenuation, depth-dependent collimator response and FSR were

should ideally be 100. studied on the reconstructed volume, so that the propagation of
the errors from projections to reconstructed slices could be deter-

Contrast. For both the simulated and acquired data, the contrasmined. Using the reconstructed slices, each phenomenon was first

was calculated between a 3D LV regieri@00 voxels) drawn in-  studied alone. Then, the combination of some or all effects was

side the LV wall activity distribution~2000 voxels) and a 3D LV investigated, to determine how each phenomenon or combination

cavity region £1000 voxels) drawn well inside the LV cavity of of phenomena contributed to the global quantitative error. Table 1

=3000 voxels. The mean numbers of coumisand m, in these  summarizes the comparison schemes. Each time it was possible,

two regions were calculated and the contrast was defined ahe figures obtained from the actual acquisition of the phantom

(m—my)/(m;+m,). As there was no activity in the LV cavity, the were compared with those obtained from the simulations.

ideal contrast should be 1.

Spatial resolution Using the images reconstructed from the simu- Analysis of the simulated projections

lated or acquired data, each short-axis slice was normalized by

multiplying each voxel value by the ratio of the total activity in To study how scatter affected the projections, the 20% window
the true 3D LV wall distribution to that in the reconstructed 3D (120) simulated projections were compared with the primary pho-

LV distribution. This normalization removed the bias due to atten-ton projections.

uation but did not modify the spatial distribution of counts. Each  The effect of attenuation was assessed by comparing the pri-
normalized short-axis slice was then divided into eight sectors anthary photons projections with the projections obtained with the

the radial count profile corresponding to each sector was calculasame phantom in air.
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Analysis of the reconstructed slices Finite spatial resolution Even if the collimator response did not
depend on the depth, FSR would cause partial volume effect in
In the following, filtered backprojection (FBP) using a Hann filter small structures such as the LV wall. To characterize the conse-
(cut-off frequency = 0.13 mr#) was always used for tomographic quences of FSR alone, we assumed that the collimator response
reconstruction. was only a function of the distance from the source to the collima-
tor [17] and the validity of this assumption was checked. The error
Scatter. FBP reconstruction of the 120 and primary projections due to the depth-dependent collimator response in the LV was as-
were compared in the LV and liver regions. The observed differsumed to be identical to that measured in the liver, for LV and liv-
ences were due to scatter only. er ROIs drawn at the same distance from the centre of rotation.
The consequences of FSR alone were then deduced by comparing
Attenuation. The effect of attenuation only was characterized bythe errors observed when both depth-dependent collimator re-
comparing LV wall images reconstructed from the simulation insponse and partial volume effect were involved (in the LV wall)
air (data affected by depth-dependent collimator response andgith those observed when depth-dependent collimator response
FSR) with those reconstructed from the primary photons of theonly affected the measurements (in the liver)
simulation with attenuating media (data affected by attenuation,
depth-dependent collimator response and FSR) in the LV and livefFSR and depth-dependent collimator resporsehe effect of
regions. depth-dependent collimator response combined with FSR on LV
activity measurements was studied by comparing the LV wall ac-
Depth-dependent collimator responsi:The consequences of tivity measured from FBP reconstructed slices of the air projec-
depth-dependent collimator response were investigated by contions with the true LV wall activity, for both the simulated and the
paring the activity distribution in the liver ROI after FBP recon- acquired data.
struction of the air data with the true liver activity, since the only
phenomenon involved here was the depth-dependent collimatdBcatter and attenuatiornThe effect of scatter combined with at-
response. Although the LV is the clinically relevant region in car-tenuation was assessed by comparing the 120 + FBP LV recon-
diac imaging, the liver was considered because unlike the LV, it istruction with the air + FBP LV reconstruction for both simulated
not affected by partial volume effect resulting from FSR. Sinceand acquired data. Since reconstructed slices were affected identi-
only the LV compartment was acquired in air, the same comparieally by depth-dependent collimator response and FSR, the ob-
son was not performed using the acquired data. served differences were due to scatter in the 120 window and at-
tenuation in the non-uniform attenuating media.

Scatter, attenuation, FSR and depth-dependent collimator re-

100 — ' ) sponse. Using both the acquired and the simulated data, the con-
© MC simulation sequences of all combined effects were characterized by compar-

w80 + — Acquisition ing the FBP reconstruction of the 120 projections with the true ac-
8 tivity in the LV.
v
2 40+ Results

20 + Projections

0 d

Scatter The energy spectra corresponding to the ac-
quired data and to the simulated anterior projection were
compared (Fig. 2a) and showed close agreement, except

67 81 95 109 123 137 151161
Energy (keV)

a below 85 keV because the X-ray radiations resulting
0.06
0.05 7
3
5 004
=1
2 e Fig. 2a—c. aAcquired (—) and simulated
E g 0.03 (o) spectra for the anterior projection.
g 0.02 b Simulated scatter spectra for the right
a0 lateral projection (-), the anterior pro-
001 jection (+) and the left anterior oblique
h projection ¢ ). c Same a$ but with
IR — : | { ‘ 0 } ; ; " ; R spectra normalized to the same :rea
67 81 95 109 123 137 151 161 67 81 95 109 123 137 151 161
Energy (keV) Energy (keV)
b c
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from the gamma interactions with the lead of the colli-Table 2. Quantitative errors in the LV and liver ROIs obtained
mator were not simulated. The ratio of the primary to thdrom the simulated data (first row in each cell, normal characters)
total number of photons in the 20% energy window var-and, when available, from the acquired data (second row in each
ied between 53% for the right lateral projection (RLAT) ¢ell. italic character:;

0 . . s
and 62% for the left anterior oblique projection (LAO). LV ref = 380 counts  Error with  Error with  Error with

As expected, the primary spectrum was identical N iver ref = 222 counts respectto  respectto  respect to the

sh_ape for all proj_ections but varit_ed i_n area from 40 000 primary air recons-  reference
primary photons in the RLAT projection to 163000 pri- reconstruc- truction
mary photons in the LAO projection. The total scatter tion

spectra (from 63 to 161 keV) over each projection also

varied in area from 133600 scattered photons in the lefir +FBP (LV) - - —34+2
lateral and LAO projections to 405000 scattered photons _ - - —38+2
in the RLAT projection, and varied only slightly in shape Air +FBP (liver) - - -5¢1
Fig. 2b,c). The number of photons in the 120 images. . B B B
E)vegrestim?’;lted the true numger of primary photonsg bi/Pr"marer FBP (LV) - :89)13 __93ﬂ
56% (anterior view) to 75% (LAO) (meanGO%ilO%). Primary + FBP (liver) — _88+2 _89+1
The true number of primary photons was overestimated _ _ _
by 46%x14% and 47+11% in the LV and liver regions|2o + FBP (LV) 2045 —_87+2 —91+2
respectively. -89+2 -93+3
120 + FBP (liver) 2344 8812 -86x1
- - —-89+2

Attenuation. The impact of attenuation alone was as-
sessed by comparing the activity in the LV and liver
ROls for the primary photon projections with the activity
in the LV and liver ROIs for the projections resulting Table 3. BEM homogeneity, resolution, SNR and contrast in the
from the air simulation. The LV activity underestimation reconstructed images obtained from the simulated data (first row
varied from 97% in the right posterior obliqgue (RPO) in gach cell, normal chargcters) and, .Wh.en available, from the ac-
and RLAT projections to 83% in the LAO projection quired data (second row in each cell, italic charac 2rs)

(mean= 89%+5%). The liver activity underestimation
varied between 98% in the LAO projection and 76% in

Homogeneity Resolution SNR Contrast

L % mm
the RPO projection (mean 87%+8%). ) (mm)
120 + FBP 78+14 13.0:11 47 060
_ 72+13 13512 48 0.68
Reconstructed slices Primary + FBP 7914 122410 43 0.73

Scatter. The percent errors with respect to the primary,, , rsp 9643 115409 106 0.96
photon activity distribution in the LV and liver ROIs are 04+5 121+11 9.8 0.90
shown in the first column of Table 2. For the LV region,
the percent error due to scatter was smaller in the recor-

structed slices (20%+5% in 120 + FBP) than in the pro-

jections (46%14% in the 120 projectionsy {est, (Table 3), from 0.73 in the primary + FBP reconstruction
P<0.05). The same trend was observed for the liver reto 0.60 with 120 + FBP.

gion: 23%*4% in the 120 + FBP images against

47%+11% in the 120 projectionsP€0.05). Table 3 Attenuation. The quantitative error due to attenuation
shows that scatter did not affect BEM homogeneity:was assessed by comparing the LV activity in the FBP
78%+14% in the 120 + FBP image as compared withreconstruction of the primary photons (from the simula-
79%+14% in the primary BEM (NS). Scatter had little tion with attenuating media) with the FBP reconstruction
effect on spatial resolution as measured by the FWHMf the air simulation (Fig. 3). The LV activity was re-

of the imaging system point spread function: FWHMduced by 89%+3% (Table 2) as a consequence of attenu-
was 13+1 mm with 120 + FBP as compared withation only. A similar activity underestimation (88%+2%)
12+1 mm with primary + FBP slices (NS). Kolmogorov- was observed in the liver ROI. Attenuation also had a se-
Smirnov tests showed that the voxel values in the livevere effect on BEM homogeneity (Table 3), which
ROI followed a Gaussian distribution for 120 + FBP, pri- dropped from 96%+3% for the air simulation to
mary + FBP and air + FBP slices. SNR, defined by the&/9%+14% for primary + FBP BEMP&0.05). Attenua-
ratio of the mean to the standard deviation of the ROtion did not affect spatial resolution significantly:
voxel values, was slightly higher when scattered photon2+1 mm for the primary + FBP slices compared with
were included (4.7 in the 120 + FBP slices comparedll+l mm in the air + FBP slices (NS). SNR decreased
with 4.3 in the primary + FBP slices). Finally, scatter re-dramatically because of attenuation from 10.6 in the air
duced contrast between the LV cavity and the LV wall+ FBP reconstruction to 4.3 in the primary + FBP recon-
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FSR and depth-dependent collimator respor:Ehe
combined effect of partial volume effect resulting from
FSR and depth-dependent collimator response was as-
sessed by comparing the air + FBP slices with the LV
reference activity distribution (Fig. 3). Considering the
simulated data, the LV activity was underestimated by
34%+2% (Table 2). Homogeneity was 96%+3% in air +
FBP BEM as compared with 100% in the reference
BEM (Table 3). Resolution was 11+1 mm in air + FBP.

: ; _ _ _ This value can be compared with the spatial resolution
min = 0, max =43 min = 0, max = 36 measured using a point source located at a distance from
the collimator equal to that of the LV wall region used to
4 measure spatial resolution (18.4 cm), which was
11.8 mm. SNR was 10.6 and contrast was 0.96. For all
indices, very close values were obtained using the imag-
es corresponding to the actual acquisition of the LV
compartment in air (values in italics in Table 3).

Scatter and attenuatior The combined effect of scatter
and attenuation was assessed by comparing the 120 +
FBP slices with the air + FBP slices (Fig. 3). Using the
simulated data, the LV activity measured from the 120 +
Fig. 3. Short-axis images corresponding to 120 + FRR frimary ~ FBP slices was underestimated by 87%+2% compared
+ FBP @), air + FBP 8) and reference activity distributiod): with the activity measured on the air + FBP volume (Ta-
ble 2), while the corresponding underestimation was
88%+2% in the liver. BEM homogeneity (Table 3) fell
struction. Attenuation also had a deleterious effect orirom 96%+3% with air + FBP slices to 78%%14%
contrast between the LV wall and LV cavity: 0.73 for the(P<0.05) with 120 + FBP. Spatial resolution was
primary + FBP reconstruction against 0.96 for the air +L13+1 mm in the 120 + FBP slices as compared with
FBP reconstruction. 11+1 mm in the air + FBP slice$€0.05). SNR and
contrast were severely reduced because of scatter and at-
Depth-dependent collimator responska the air + FBP  tenuation (SNR = 4.7 in 120 + FBP images as compared
reconstruction of the simulated data, the liver activitywith 10.6 in the air + FBP images; contrast = 0.60 in 120
was underestimated by 5%+1% compared with the liver- FBP as compared with 0.96 in the air + FBP slices).
reference activity (Table 2). As there were no scatter, n&imilar to what was observed for the air data, in the 120
attenuation and no partial volume effect, this underesti+ FBP reconstruction of data affected by attenuation, the
mation is due to the variable resolution of the collimatorvalues of the indices measured from the slices recon-
response and/or the imperfections of the reconstructiostructed using the acquired data were very close to the
algorithm. values measured from the slices reconstructed using the
simulated data (Table 3, values in italics).
FSR. To investigate the consequences of partial volume
effect resulting from FSR, it was first verified that the Scatter, attenuation, FSR and depth-dependent collima-
effect of the collimator response was only a function oftor response When all effects were introduced (scatter,
the distance between the source and the centre of rotattenuation, depth-dependent collimator response and
tion (COR) of the gamma camera. Using the simulatedrSR), the LV activity was underestimated by 91%+2%
data, seven ROIs were drawn in different liver regions ofn the simulations (Table 2). In the liver ROl which was
the air + FBP reconstructed slices at 2.7 cm from thenot affected by partial volume effect, the activity under-
COR and 16 ROIs were drawn at a distance of 9.8 cnestimation was 86%z%1%. The BEM homogeneity
The liver activity was underestimated by 3.4% +0.1% adropped from a theoretical value of 100% to only
2.7 cm and by 4.7%+0.2% at 9.8 cm, showing that al-78%+14% because of all combined effects (Table 3).
though the error depended on the distance from th8patial resolution was 13+1 mm in the 120 + FBP slices.
COR, it was almost constant at a given distance from thBoth SNR and contrast were low (SNR = 4.7 and con-
COR. The error in the LV wall activity in seven LV ROIs trast = 0.60). Again, the values measured on the images
located at 2.7 cm from the COR was —34%+1% whileresulting from the real acquisition were very close to
the error in eight LV ROIs located at 9.8 cm wasthose obtained from the simulations (Table 3, values in
—36%+2%. It was then deduced that the underestimatioitalics). These image characteristics would typically be
of activity distribution in the LV due to partial volume what one would observe when cardiac images are recon-
effect alone was approximately 31%—32%. structed without any correction.

min = 0, max =304 mn =0, max = 380
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Discussion 10 mm and a resolution of 11 mm). This is also consis-
tent with the 28% underestimation measured by Galt et
It is well known that attenuation, scatter, depth-depenal. [9] in a cardiac phantom for a wall thickness to
dent collimator response and FSR all affect SPET imagFWHM ratio equal to 1 and with the 25% underestima-
ing. However, the relative impact of each of these effection reported by Kojima et al. [7] for a hot cylinder em-
on the different image characteristics is not yet combedded in water with a cylinder diameter equal to the
pletely understood. For investigating the respective rol&WHM. For large objects in which partial volume effect
of the different effects, Monte Carlo simulations wereis not of concern, such as the liver in our phantom, abso-
used to reproduce imaging conditions close to those erdte quantitation was quite accurate (error <5%) when
countered in clinical practice while controlling exactly there was no attenuation nor scatter. Kojima et al. [7]
all parameters and photon histories. Monte Carlo simulaalso obtained a recovery coefficient of 1 when the activi-
tions must be carefully validated before they can bdy was measured in hot cylinders with a diameter greater
trusted and used to reproduce realistic configurationghan 3 times the FWHM. This suggests that, for large
Our simulation was therefore performed using a cardiaobjects, there is no need of depth-dependent collimator
phantom with a realistic anatomical shape, for whichresponse and partial volume effect corrections but abso-
real acquisitions could be performed for comparison. Idute quantitation would be accurate with perfect attenua-
addition to other validation tests of the simulation codetion and scatter corrections. On the other hand, accurate
previously performed, the data simulated for this papeabsolute quantitation of the LV wall activity definitely
were validated by comparing the spectrum correspondequires partial volume effect and depth-dependent colli-
ing to a given simulated projection with the correspond-mator response corrections, in addition to attenuation
ing spectrum acquired on a gamma camera. Furtheand scatter corrections.
more, whenever possible, the values of indices measured Scatter also affects quantitation. In the projections,
using the simulated data were compared with those me#e influence of scatter strongly depended on the view.
sured from the corresponding acquired data. In all inWhen investigating how the quantitative error due to
stances, close agreement between simulated and acatter only propagates from the projections to the re-
quired data was found, confirming that the simulationsconstructed slices using FBP reconstruction without at-
can certainly provide realistic information regarding thetenuation correction, it was found that an activity overes-
relative influence of the different factors affecting SPETtimation of about 45% in the projections reduced to
cardiac imaging. about 20% after reconstruction. Therefore, when no at-
tenuation correction is performed, the deleterious quanti-
tative effect of scatter is greater in the projections than in
Absolute quantitation the reconstructions. This is because more scattered than
unscattered photons are attenuated as the attenuation co-
The phenomenon affecting absolute quantitation thefficient increases with decreasing energy. Consequently,
most was attenuation. Comparing simulations with andhe ratio of unscattered to scattered photons is higher in
without attenuating media, attenuation reduced the activthe reconstructed slices than in the projections. This ob-
ity by 88% in both projections and reconstructed sliceservation also explains why, when assessing a scatter
for the LV and the liver ROIs. In the projections, this er-correction method, the impact of the correction is greater
ror varied more in the liver ROI than in the LV ROI be- on the projections than on the reconstructed slices, when
cause the LV was smaller and closer to the COR of theo attenuation correction is associated with the scatter
camera than the liver. The quantitative error was similacorrection [20]. Note that this propagation of error
in the projections and in the reconstructed slices. Thaould certainly be different had the reconstruction algo-
underestimation observed in the reconstructed slices ithm included an attenuation correction. With attenua-
consistent with Almquist et al.'s results [18] for hot pointtion, the effect of scatter on absolute quantitation was
sources located in different attenuating media at equivanegligible, i.e. the quantitative error was dominated by
lent depth: an 81% underestimation was observed withttenuation (89% LV activity underestimation when con-
respect to the activity measured in air when no correcsidering the primary photons and 86% underestimation
tions were performed. when considering the 120 photons). In other words, for
The second phenomenon which greatly affected absabsolute quantitation, there is no point in correcting for
lute quantitation in the LV was partial volume effect re-scatter if attenuation is not corrected for.
sulting from FSR. For a 10-mm-thick wall (roughly cor-  In summary, for a 10-mm-thick wall where the true
responding to the end diastole thickness in a patientyalue is 100 photons given the sensitivity of the camera,
partial volume effect caused by FSR and depth-deperenly =9 photons would be detected. Among these nine
dent collimator response resulted in an activity underesphotons, there would be two scattered photons. Using
timation greater than 30%. These results are in agregerfect attenuation and scatter corrections, 66 photons
ment with those obtained by Buvat et al. [19] using awould be restored instead of 100, i.e., attenuation correc-
square wave model (30% activity underestimation due t¢ion applied on scatter-free images should result#9 a
partial volume effect alone for a wall thickness oftimes enhancement of the LV activity. The gap between
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66 and 100 shows that partial volume effect should defiebtained when studying BEM homogeneity, this con-
nitely be corrected for to restore the true LV wall activi-firms that partial volume effect and depth-dependent col-
ty. The observed activity might have to be multiplied bylimator response corrections are therefore probably not
as much as 1.5 for a 10-mm-thick wall to estimate theequired to improve relative quantitation in 360° cardiac
true underlying activity. Liver measurements showedSPET when the heart is close to the COR, as in our
that assuming partial volume effect could be perfectlyphantom. This is consistent with the result of Ye et al.
corrected for, absolute activity could be accurately estif26], who obtained an improvement of only 2% of the
mated within 5%. In other words, using partial volumebasal to apical activity ratio in a cardiac Data Spectrum
effect correction combined with scatter and attenuatiophantom when depth-dependent collimator response cor-
corrections should restore more than 95 photons. Whileection was added to attenuation correction. Attenuation
attenuation and scatter corrections are currently in thdecreased the contrast to 0.73, while attenuation and
stage of clinical evaluation [18, 21-24], partial volumescatter reduced it to 0.60. Therefore, both scatter and at-
effect correction is not yet available for cardiac SPETtenuation should be corrected for to improve contrast.
and should certainly now be considered to achieve accu- The reduction of contrast caused by attenuation is
rate LV activity quantitation [9]. consistent with the results regarding BEM homogeneity.
Attenuation reduces counts by different amounts de-
pending on the location of the regions, and therefore re-
Relative quantitation sults in a bias when calculating the ratio between two
hot regions (as measured by BEM homogeneity) or be-
Relative quantitation was studied by analysing BEMstween a hot and a cold region (as measured by contrast).
and contrast values. While BEM homogeneity characterThe reason why scatter reduced contrast without affect-
izes relative quantitation between several equally hot resng BEM homogeneity is as follows: when considering a
gions, the calculated contrast characterizes relative quanegion uniformly hot (the LV wall in our phantom), in a
titation between the hot LV wall and the cold LV cavity. given ROI1, scattered counts coming from adjacent re-
BEM homogeneity was mostly affected by attenuationgions balance counts from ROI1 which scatter and es-
With FSR and depth-dependent collimator response efape from ROI1. On the other hand, when considering a
fect only, BEM homogeneity was 96%+3%, i.e., verycold region, scattered photons come from outside but no
close to the ideal 100% homogeneity. This shows thagbhoton leaves the cold region: there is therefore no equi-
for a 360% acquisition where the LV is very close to thelibrium between incoming and escaping photons. As a
COR, a correction for the depth-dependent collimator reresult, relative quantitation between two equally hot re-
sponse should not significantly affect BEM homogene-gions is not affected by scatter, while relative quantita-
ity. Attenuation reduced homogeneity to 79%+14%. At-tion between a cold and a hot region or two hot regions
tenuation and scatter did not change homogeneity witkhontaining different amounts of activity is. These results
respect to attenuation only (78%+14%). These resultallow us to predict the effect of scatter upon BEM homo-
agree with the homogeneity computed for the BEM giv-geneity when perfusion defects are present: by reducing
en by Luo et al. [25] which was 98% in air for the contrast between cold and hot regions, scatter would
MCAT LV phantom and 82% with attenuation and scat-artefactually increase BEM homogeneity when activity
ter. Unlike attenuation, neither scatter nor FSR nois intrinsically non-uniform in the LV wall. This sug-
depth-dependent collimator response affect BEM homogests that when looking for perfusion defects in cardiac
geneity much for a uniform LV wall activity. This could imaging, both attenuation and scatter should be compen-
explain why homogeneity of tracer distribution im- sated.
proved after attenuation correction only for patients with
low likelihood of coronary artery disease [21]. It has
been shown that scatter may affect BEM homogeneitypatial resolution
[5, 21, 25] when the liver is close enough to the LV. In
our phantom, the minimum distance between a liveThe FWHM of the imaging system point spread function
point and an LV point was about 9 cm and we did notwas used to characterize spatial resolution. The FWHM
observe an effect of scatter upon BEM homogeneity. Weneasured without attenuation nor scatter (11.5 mm) was
conclude that for scatter to perturb BEM map homogeeonsistent with the FWHM characterizing the collimator
neity, liver and LV should be less than 9 cm apart. How+esponse (11.8 mm) for the corresponding LV wall-colli-
ever, a safe approach should consist in correcting fomator distance (184 mm), confirming that partial volume
both scatter and attenuation before evaluating BEM hoeffect does not affect spatial resolution. It can therefore
mogeneity to avoid artifacts [5, 21]. be expected that the correction which should improve
Unlike BEM homogeneity, contrast between a hotspatial resolution the most is the depth-dependent colli-
and a cold region was significantly affected by both atmator response correction [27-29]. Such a correction
tenuation and scatter. With FSR and depth-dependesthould contribute to fill the gap between the 11.5 mm
collimator response only, contrast was 0.96, very closeesolution observed without scatter or attenuation and
to the ideal contrast of 1. In agreement with the resultthe =5 mm corresponding to the intrinsic response of a
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gamma camera. Formiconi et al. [30] actually reported a
6-mm improvement (from 15 mm to 9 mm) when in-
cluding compensation of variable collimator response in
the iterative conjugate gradient reconstruction algorithm.
Scatter and attenuation corrections should only have a
small impact on spatial resolution improvement com-
pared with that of depth-dependent collimator response
correction (FWHM increased by 1 mm and 0.7 mm due
to scatter and attenuation respectively). The observed
6% loss of resolution due to scatter is consistent with the
results of Beck et al. [1], who found a 5% improvement
of the FWHM in line sources at a comparable depth in
water after scatter correction. The 6% loss of resolution
due to attenuation is also in agreement with the findings
of Manglos et al. [6], who reported a <5% improvement
in resolution when attenuation correction was performed
for a linear source centrally located in an elliptical torso
phantom of dimensions similar to those of our phantom.

Signal-to-noise ratio

SNR is a critical parameter for lesion detection. SNR
measurements in a liver region with Gaussian count dis-
tribution showed that the phenomenon which affects SNR
the most was attenuation. Because of the severe loss of
counts due to attenuation, SNR was dramatically reduced
from 10.6 to 4.3. By restoring counts, attenuation correc-
tion could therefore significantly increase SNR. SNR was
slightly higher in the images including scattered photons
(120 + FBP) compared with images including primary
photons only. This is because the larger the number of
counts (scatter or primary), the greater the SNR. As a re-
sult, scatter corrections which remove (as opposed to re-
locate) scattered photons should intrinsically deteriorate
SNR, as has been previously found [31, 32]. Further studs,
ies need to be performed to assess the role of variab®
collimator response correction on SNR [33]. =

ac i

Using our results, Table 4 gives indications regardings
which corrections should be performed in order of prior-S
ity depending on the image feature of interest, and alse
summarizes the performance that might be expecte(g
These recommendations have been derived from a spg-
cific cardiac imaging situation, considering a static car-2
diac phantom and assuming accurate correction methods
would be available. As a result, they should certainly no§
be considered as ground truth but should only be viewe
as an insight into what the respective role of differents
corrections is expected to be in a typical situation of carg
diac imaging. The effect of changes in patient-relateds
parameters (such as addition of breast, larger body hab&
tus, presence of perfusion defects) and heart motion wi
be considered in future work to determine how variable
the respective influence of the different phenomenad
might be. However, the italicized characters in Table 43
indicate the conclusions that are the most likely to re=r
main valid in cardiac imaging in general, whatever thea
patient-specific features. On the other hand, further bib®
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Signal-to-noise ratio

Contrast between a hot

and a cold region

Bull's eye map

homogeneity

Spatial resolution

(FWHM)

Absolute quantitation

of the LV wall activity

ATTENUATION

CORRECTION

ATTENUATION CORRECTION SCATTER CORRECTION

Priority 1 ATTENUATION CORRECTION DEPTH-DEPENDENT

COLLIMATOR RESPONSE

CORRECTION

Possible SNR increase by a

factor >2

Expectesignificantcontrast

increase(

Definitely required

If not, expectetil mm spatial
resolution. With correctior:6 mm

resolution could be expected

Priority 2 PARTIAL VOLUME EFFECT SCATTER CORRECTION

If not, activity underestimation

of

20%)

=90%

ATTENUATION CORRECTION DEPTH-DEPENDENT

SCATTER CORRECTION

COLLIMATOR RESPONSE
CORRECTION

?

(PVE) CORRECTION

Should be performed if high liveExpectedsignificantcontrast

activity and low liver-LV distancencrease(=20%)

If not, activity underestimation Little effect(<1 mm gain in

of =30% for 10-mm-thick wall

Priority 3 SCATTER CORRECTION

FWHM)

Scatter correction subtraction
methods will reduce SNR

Depth-dependent collimator
response correction

DEPTH-DEPENDENT
COLLIMATOR RESPONSE

CORRECTION

ATTENUATION CORRECTION

Repositioning methods

Small positive effect as a result

Negligible effect

Little effect(<1 mm gain in

20% activity

To avoid

of spatial resolution improvement could improve it ?

FWHM)

overestimation
Priority 4 DEPTH-DEPENDENT

PVE CORRECTION PVE CORRECTION PVE CORRECTION

PVE CORRECTION
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COLLIMATOR RESPONSE

CORRECTION

Definitely useless Definitely useless Definitely useless

Definitely useless

Not necessary, provided
heart is near COR
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