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Comparative Evaluation of Photon Cross-Section
Libraries for Materials of Interest in PET
Monte Carlo Simulations

Habib Zaidi

Abstract—The many applications of Monte Carlo modeling from unscattered events based only on experimental data. As
in nuclear medicine imaging make it desirable to increase an example, Monte Carlo modeling allows a detailed investiga-
the accuracy and computational speed of Monte Carlo codes. jjnn of the spatial and energy distributions of Compton scatter,

The accuracy of Monte Carlo simulations strongly depends S e - .
on the accuracy in the probability functions and, thus, on the which is difficult to measure using present experimental tech-

cross-section libraries used for photon-transport calculations. Niques, even with very good energy resolution detectors [1].

A comparison between different photon cross-section libraries  The lack of inherent error estimates and relatively slow con-
and parameterizations implemented in Monte Carlo simulation vergence is a well-known limitation of the Monte Carlo tech-
packages developed for positron emission tomography and the i e Accurate Monte Carlo simulations rely on detailed under-

most recent Evaluated Photon Data Library (EPDL97) developed tandi d deli f radiation t t and th i
by the Lawrence Livermore National Laboratory, Livermore, CA, standing and modeling or radiauon transport and on the avail-

was performed for several human tissues and common detector ability of reliable physically consistent databases [2]. As dis-
materials for energies from 1 keV to 1 MeV. Different photon cussed and historically reviewed in some detail by Hubbell [3],
cross-section libraries and parameterizations show quite large there exist many compilations of photon cross-section data. The
variations when compared to the EPDL97 coefficients. This latter discrepancies and envelope of uncertainty of available interac-

library is the more up-to-date complete and consistent library . - . . . .
available, and was carefully designed in the form of look-up tion data have been examined from time to time, including the

tables providing efficient data storage, access, and management.effects of molecular and ionic chemical binding, particularly in
EPDL97 is already a standard in the nuclear reactor industry. Its  the vicinity of absorption edges.

use as a standard in the simulation of medical imaging systems  The Lawrence Livermore National Laboratory (LLNL),
will help to eliminate potential differences between the results Livermore, CA, houses the world’s most extensive nuclear

obtained with different codes. Together with the optimization of . - - .
the computing time performances of the Monte Carlo software and atomic cross section database, which parameterizes the

package, Eidolon, photon transport in three-dimensional (3-D) interactions of photons, electrons/positrons, neutrons, protons,
positron emission tomography could be efficiently modeled to and other heavy-charged particles. A key feature of the LLNL
develop accurate scatter models and better understand scatter database is that it is the only exhaustive interaction cross section

correction techniques. compilation available. A comparison between an up-to-date
Index Terms—Monte Carlo, Photon cross-section library, source of cross-section data developed by LLNL in collabora-
Photon transport, positron emission tomography (PET). tion with the National Institute of Standards and Technology

(NIST), the Evaluated Photon Data Library (EPDL97) [4] with
other more familiar photon interaction databases, XCOM [5]
o _ and PHOTX [6], and parameterizations implemented in Monte
T HE Monte Carlo method is widely used for solving probe gy packages, GEANT [7] and PETSIM [8] in the interval
lems involving statistical processes. In particular, it is €Myom 1 to 1000 keV was performed for some human tissues and
ployed in the modeling of nuclear medical imaging systeMgetector materials of interest in positron emission tomography
due to the stochastic nature of radiation emission and transpesiET) imaging.
and of detection processes. The method is very useful for COMAlthough XCOM, PHOTX, and EPDL97 are treated in this
plex problems that cannot be modeled analytically or when gxaper as independent databases, it is recognized that they are
perimental measurements may be impractical. Also, simulatigdhre or less closely related. In particular, XCOM and PHOTX
yields “perfect knowledge” of photon histories. In comparisoRyere hoth produced at NIST and EPDL97 as a result of a long
there is no definitive way to distinguish small-angle-scatterggh fruitful collaboration between LLNL and NIST. However,
significant differences between the different libraries were re-

. . _ orted for low energies [4] and the cross-section data are sensi-
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Il. M ODELING PHOTON TRANSPORT INMONTE CARLO CODES in the direction of the scattered photon since the momentum

change is transferred to the whole atom. The random number

Many general-purpose Monte Carlo programs have beendgmnosition and rejection technique is used to sample the mo-
use in the field of nl-JcIearllmaglng an.d mterna}I dosimetry, Withentum of the scattered photon and the scattering angle ac-
many of them available in the public domain [2], [10]. Th&qding to the form-factor distributions. Coherent scatter distri-
EGS4 code [11] represents actually the state of the art of Eions are sharply forward-peaked and vary considerably with
diation transport simulation in medical radiation physics, SiNC&,mic number and energy [18]. The pathlength of the inter-
it is very flexible weII—documgr}ted and gxtensively Fested. T@cting photon is randomly generated according to the exponen-
GEANT package [7] was originally designed for high-energyy aitenuation based on the interaction length. The total cross

physics experiments, but has found applications also outside §ig1ion at the energy of the interacting photon determines the
domain in the areas of medical and biological sciences, radiatiiﬂ'?er-action length of the exponential distribution.

protection and_ astronautics. Many_ otht_'-zr simulation packagesn 3-p PET scanner is simulated as a number of detection
developed mainly for nuclear medical imaging research hayggs each ring consisting of a number of scintillator crys-
been described in the literature. This includes codes designeg{ie. The detection block, typical of current generation PET,
model projection data for simulated SPECT [12]-[14], PET [9kcanners is simulated by grouping crystals in matrices. Photon
[15] or both imaging modalities [16]. Some of these codes affstory is tracked within a crystal, across crystals within a
based on existing simulation packages mentioned above (EGfick and across blocks. Crystals are considered as adjacent
MCNP, GEANT). A survey of Monte Carlo programs comin the transaxial plane and in the axial direction. Two external
monly used in nuclear medical imaging and their key featurefields are simulated as tungsten rings located at the two axial
can be found in [2], [10]. Those Monte Carlo software packageslges of the tomograph, partly shielding radiation coming
are excellent research tools, and many of them could be fre@ym outside the scanner FOV. In the detector blocks, at each
obtained. interaction vertex, the local energy deposition is recorded.
The Eidolon Monte Carlo software used in this investigaTracking is stopped either by a photoelectric absorption,
tion was developed to simulate cylindrical 3-D positron tomascape of the photon from the block volume, or by a Compton
graphs. The original code was written in Objective-C and rustattering leaving less than 5 keV to the recoil photon. The
under the NextStep object-oriented development environmeémergies of all interaction vertices are summed to yield the
[9]. The current version of the package can be ported to mdetal absorbed energy in the scintillation detector. This total
of the current hardware platforms and operating systems as&8€rgy is assumed to be converted to scintillation light using a
as the platform supports the GNU C compiler (gcc) availabfedussian random smearing to account for the combined energy
from the Free Software Foundation. Boston, MA, which comégsolution, AE/E, of the scintillator and its photomultipliers.
with an Objective-C compiler and a runtime library in versiond& £/ is assumed to be proportional toyiE. The position
2.7.1 or newer. This environment was used to develop a paralté{fing step then calculates the mean detection coordinates
implementation oEidolonwhere the random seeds are apprd-X, Y; Z) of each incident photon. This is done by computing
priately defined and distributed to different processors such 3¢ centroid of all interaction vertices, each weighted by the
each processor simulates independent particles histories. THgUO Of its individual energy to the total energy. The mean

a linear speed-up factor with the number of processors has beedY” coordinates of each photon are smeared to account
achieved [17]. for spatial resolution degradation due to positron range effect,

gpnihilation photon accolinearity and position miscoding in the

For radiation transport problems, the computational model i
portp P Stector block.

cludes geometry and material specifications. Object modeli
is fundamental to perform photon transport efficiently using the

Monte Carlo method. It consists of a description of the geometry [ll. PHOTON CROSSSECTION LIBRARIES AND

and material characteristics for the object. The material charac- PARAMETRIZATIONS

teristics of interest are density and energy-dependent cross S€&he Storm and Israel photon cross-section data [19] have
tions. Different steps are followed when tracing the photon e, ysed extensively in medical physics. This is a 1970 compi-
both the phantom and the detector volume. Annihilation ph@siion of data for elements 1—-100 and energies 1 keV—100 MeV,
tons are generated within the phantom in or out of the scannegi contains mass attenuation coefficients, mass energy-transfer
field-of-view. Both annihilation photons are then tracked indgsefficients, and mass-energy absorption coefficients, presented
pendently until a photoelectric interaction occurs in the detectpy ynits of barns/atom. The medical physics community makes
volume or they escape from the geometrical acceptance of fgensive use of these coefficients in different applications in-
imaging system. The relative ratios of the cross sections for phguding Monte Carlo modeling. Table | lists Monte Carlo codes
toelectric effect, incoherent and coherent scattering to the tofgled to simulate nuclear medicine imaging systems together
cross section are used to choose randomly which process ocquth the corresponding photon cross-section libraries. In the
at each interaction vertex. The Klein—Nishina expression for tteCNP Monte Carlo code [20], the photon interaction tables for
differential cross section per electron for an incoherent interag-= 84, 85, 87, 88, 89, 91, and 93 are based on the compilation
tion is used to sample the energy and polar angle of the incohef-Storm and Israel from 1 keV to 15 MeV. For all other ele-
ently scattered photon taking into account the incoherent scatents fromZ = 1 throughZ = 94 the photon interaction tables
tering factor. The coherent scattering results only in a changee based on data from Evaluated Nuclear Data Files (ENDF)
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TABLE | HZO
COMMON MONTE CARLO SOFTWARE PACKAGES 100
USED FOR SIMULATING NUCLEAR MEDICAL IMAGING < F g
SYSTEMS AND CORRESPONDINGPHOTON CROSS ¥ I Photoelectric Incoherent
SECTION LIBRARIES AND PARAMETERIZATIONS g g0 M 7
g L _
g F -
Monte Carlo code Photon cross section library % r ]
EGS4[11] Storm & Israel [19] g 60 [ ]
PHOTX [6] A ]
[
ITS including TIGER CYLTRAN and  XCOM [5] a0l ]
ACCEPT [24] b I 7
MCNP [20] Storm & Israel [19] s 2 r 7
ENDF [21] gL E ]
= L Lo T 4
EPDLS9 [22] =1 _~ Coherent 1
. . 0 T, « 3 311 R S A
GEANT [7] GEANT’s parametric model [7] 1 10 100 1000
SIMSET [16] PETSIM's Parametric model [8] Energy [keV]
EPDL94 [38], since 1997 [18] 100 BGO
SIMIND [12] XCOM 3] < i Photoelectric ]
SIMSPECT [13]} Storm & Israel [19] ~ L N
ENDF [21] g%r 3
EPDLS9 [22] g &
MCMATV [14] NBS [39] and polynomial fitting § 60 —
PETSIM [15] PETSIM's Parametric model [8] s i 1
Triumph’s simulator [40] GEANT’s parametric model [7] *g 40 r 7
EIDOLON [9,17] GEANT’s parametric model [7] o« L Incoherent ” -
EPDL97 [4] since 1999 [37] s | : )
€20 [
= ;
o I A 3
; | - ,~ Coherent |
[21], [41] from 1 keV to 100 MeV. Data above 15 MeV for L . /f"“r"; A
the Storm and Israel data and above 100 MeV for the ENDF 01 T e T e Tooo

10 100
data come from adaptation of the Livermore Evaluated Photon Energy [keV]
Data Library (EPDL89) [22] and go up to 100 GeV. The orig- _ _
inal EGS4 system [11] also uses compilation by Storm and f89: 1- Coml‘g’ge”tﬁ of phoﬁ"” Sjos sections for Waff'g)"a.”d bismuth f
rael for the photoelectric and pair production cross sections. F%éé“ﬁi,?ﬁ‘ciéf ) showing the relative contribution and dominance region o
cently, cross-section data for this code, based on the PHOTX li-
brary [23] was created by Sakamoto [6]. ITS [24] |n.clqdes CTOFS terms of the linear attenuation coefficieptgcm=1), which
sections for bound electrons, the effect of which is ignored EQ ependent on the material’s densjtyg/cm?):
the default EGS4 package. For the photon energy range over 9 P 9 '
keV to 50 MeV, of most interest to medical physicists, partic-

ular attention is called to a recently assembled electronic data-
base, including values of energy absorpt.iqn coefficients., deveI—Many approximations are made in Monte Carlo simulation
oped by Boone and Chavez [25]. In addition to interaction ¢ ckages to either simplify the computational model or improve
efficients, other useful data such as the density, atomic weigfie speed of operation. It is common to neglect coherent scat-
K, Ly, Ly, L3, M, and N edges, and numerous characteristigaring in PET Monte Carlo simulation of photon transport be-
emission energies are output from the program, depending 0f.gse of its low contribution to the total cross section at 511
single input variable. keV. In order to justify some of the approximations made in
For the energies of interestin nuclear medical imaging (belqyonte Carlo codes, the relative importance of the various pro-
1 MeV), when a photon passes through matter, any of the thig&ses involved in the energy range below 1 MeV were consid-
interaction processes (photoelectric, incoherent scattering, gfed for some compounds and mixtures of interest in nuclear
herent scattering) may occur. Every cross section depends onifiiicine imaging. Fig. 1 illustrates the relative strengths of the
incident particle energy and material composition and on the iphoton interactions versus energy for wates () and bismuth
teraction it undergoes. These partial cross sections are sumgeganate (BGO), respectively. For water, a moderatelyZow-
to form the total cross section; the ratio of the partial cross sanaterial, we denote two distinct regions of single interaction
tion to the total cross section gives the probability for a particuldominance: a photoelectric domain below 20 keV and an inco-
interaction to occur. The probability of a photon with a given erirerent scattering domain above 20 keV. The coherent scattering
ergy £ to undergo photoelectric absorption or scattering whemntribution to the total cross section is less than 1% for ener-
crossing a layer of materigdd can be expressed quantitativelygies above 250 keV. However, this contribution is in the order

H = //Lphoto + Hincoh + Heoh. (1)
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of 7% for high-Z materials like BGO. Therefore, efforts shouldB. PHOTX

be made to treat the coherent scattering process adequately fghe pHOTX database from the National Bureau of Standards
detector materials. _ o (now NIST), USA, include interaction cross sections and atten-
The most recent EPDL97 attenuation coefficients wWe{gyion coefficients for 100 elements covering the energy range
compared for some human tissues (water, cortical bone, brgiRey/,_100 GeV [23]. The interactions considered are coherent
tissue, inflated lung and air) and detector materials (Nal(TQq jncoherent scatterings, photoelectric absorption, and pair
BGO, BaF2, LSO:Ce and LUAP:Ce) of interest in PET imaging,oqyction. A separate table gives the photoeffect cross section
to earlier libraries (PHOTX, XCOM) and parameterizationg, oach electron shell. A linear interpolation routine was written
implemented in Monte Carlo simulation packages (GEANY, cqicylate the individual component coefficients between tab-
PETS_IM) over the energy interval from 1 to 1000 keV. Apyjated values in order to obtain a continuous set of cross sections
propriate conversions between barns and nvere nl1ade for spanning energies from 1 to 1000 keV. It should be noted that
each element. The macroscopic cross sectioem ) for a  51h xcOM and PHOTX compilations were produced at NIST
compound or a mixture is given by and are closely related. These databases should in principle be
w; identical, with only the packaging and interpolation procedures
7= pNa zz: Xigi 2) for intermediate energies being different.

where N, is Avogadro’s number (6.0221367% 10** C. EPDL97

atoms/mol), p the density of the materialZ;, A;, W;, and  The EPDLO7 library produced by LLNL in collaboration with
o; are the atomic number, the atomic mass, the fraction RYST [4] includes photon interaction data for all elements with
weight, and the atomic cross section of title component of atomic number betweer = 1 and 100 in the energy range over
the medium, respectively. Human tissue composition data areyv to 100 GeV, including photoionization, photoexcitation,
taken from ICRU 44 report [26]. coherent and incoherent scatterings, and pair and triplet produc-
For libraries where the mass attenuation coeffici€n$); tion cross sections. Data files were truncated to match the needs
are directly available for individual elements, the linear attenwgs the diagnostic imaging community, spanning energies from
ation coefficients for mixtures and compounds are obtained ackeV/ to 1 MeV [25]. The EPDL97 data include the effects of

cording to form factors and anomalous scattering factors in the incoherent
B 3 coefficients, with the electron binding energies therefore con-
w=r Z wilp/ p)i- ®) tributing a noticeable influence on the shape of the incoherent

! coefficients.

A. XCOM D. GEANT

The compilation of XCOM [5] released on floppy disks for The main applications of the GEANT simulation package de-
personal computers is available from The National Institute 9&loped at CERN [7] are the transport of particles through an
Standards and Technology (NIST), U.S., through its Office efkperimental setup for the simulation of detector responses and
Standard Reference Data. It generates cross sections and agerticle trajectories with their graphical representations. Atten-
uation coefficients for all elements, compounds and mixtures @stion coefficients are parameterized through different routines
needed over a wide range of energies. The interpolation proggthin the software package.
dures used for these tables are slightly different from those used) Photoelectric AbsorptionLet £ be the incident gamma
by Berger and Hubbell [5]. A cubic Hermite interpolant for thenergy, andv = E/mc?. The photoelectric total cross section
individual subshell cross sections rather than a cubic spline fgér atom has been parameterized as
the total photoeffect cross section was used, which results in 5
occasional small differences in the vicinity &f- and /V-shell o(Z,0) = Z;F(Z, o). 4)
edges of highZ elements. To obtai../p); values at every o

absorption edge for all constituent elements, interpolation wagge parameter§ and result from a fit, and#'(Z, «) is defined
performed separately for the cross sections indicated in (1), §y (5) at the bottom of the page.

cluding the photoeffect cross sections for the individual atomighe pinding energy in the inner shel is parameterized as
subshells. This program was used to calculate the attenuation

coefficients for the selected compounds presented in this paper. E(Z)=Z%(a; + b Z + ;2% + d; Z®) (6)

P /Z + paxc /o + par + paZ + psx o+ porc Z2 + pric Za+
2 3 2 2 3 E > Ex
Psx” + po Z° + prox Lo + pur Z/a” + praxa
F(Z,a) = < pip1/Z + pari /o + para Er < EX FEg )

P1r2/Z 4+ pora/o+ paro Ery < E< Ep,
DM 10keV< E < Epp
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i = K, Ly, Lo, and the constants;, b;, ¢;, andd; are tabu- tion results for the same geometry will be different. To isolate
lated inside dedicated functions. The fit was made over 301 dthia effect of the photon cross-section library from other soft-
points chosen betweeh< Z < 100 and 10 keV< E < 50 ware implementation aspects, tR@olon simulation package
MeV. [9] was used and the cross-section library changed each time to
2) Incoherent ScatteringAn empirical cross-section generate projection data. Evaluation of the effect of the photon
formula is used, which reproduces rather well the Comptamnoss-section libraries on actual simulation of PET tomographs
scattering data down to 10 keV was performed by generating data sets for a uniformly filled
cylinder and a line source centered in a water-filled 20 cm right
) circular cylinder to calculate scatter fractions. The Monte Carlo
— p(2) log(1 +2a), n Py(Z) + P3(Z)a + Pu(Z)a calculations were carried out in ten batches of 10 000 000 his-
o 1+ aa + ba? + ca® tories and the mean and standard deviation of the ten generated
(7) data sets evaluated. It is worth to point out that there are alter-
_ 9 , native methods that are more computationally efficient. If no
\évlhf ;Ieaft);(ggir;si h(g;;;] %Eivj eg;(Z Z) ' <Tr11§0f|;r\:\&ai0mkaec\i/e<oger variance_ reduction i§ used, varignce gstimqtes can be obtained
< 100 GeV. =7 = = from Po!sson statistics. Othermse, this estimate can be .made
= ) . . . from tallies of squares of the weights as well as of the weights
3) Coherent Scattering:/An empirical cross-section formula h lves. However. such anproximations will underestimate
is used to produce the Rayleigh scattering data themselves. £ " bp .
the precision in the estimates of the differences between the re-
o(Z,E) = aE® + bE? + cE +d. (8) sults of two runs when the runs are correlated [2]. Simulations
were also carried out for the 3-D Hoffman brain phantom [28]
For each element, the fit was obtained over 27 experimengantained in a cylindrical homogeneous water phantom (20 cm
values of the total coherent cross section. The values of the cagibmeter, 17.5 cm height) with apparent relative concentrations
ficients are stored in a statement within the considered routinsf.4, 1 and 0 for gray matter, white matter and the ventricles, re-
spectively, simulating the activity distributions found in normal
E. PETSIM human brain for cerebral blood flow and metabolism studies
PETSIM has been developed to model the source distributioarrently employed in PET. Phantom data sets were generated
and tissue attenuation characteristics, as well as septa andfdethe ECAT 953B PET scanner operated in 3-D mode (16 rings
tectors used in PET [15]. In this code, the incoherent scatteriafy384 detectors each with a ring radius of 38 cm) with 23% en-
linear attenuation coefficients are calculated by multiplying thergy resolution and 4-mm intrinsic spatial resolution [29].
electron density of the material by the total Compton scatteringThe scatter fraction is of great importance for quantitative es-

cross sections, that is [27]: timation of the scattering contribution. It is defined as the ratio
,(l4+a/2(1+a) In(l+2a) between the number of scattered photons and the total nl_meer of
Tincoh = Pe27T5 = 11 20) — " photons (scattered and unscattered). The Monte Carlo history of

each coincidence event was used to evaluate the scatter fraction.
+ In(1 + 2a) _ 1+3a } 9) This was achieved by counting the detected coincidences for

2a (1+2a)? which at least one photon has scattered in the phantom. For the

wherer, is the classical electron radius andthe electron den- €xperimentally measured data, the scatter fraction is estimated

tionship: the simulated data, the scatter fraction evaluated using the coin-

cidence events’ Monte Carlo history agrees with that from the
pe = plN, Z A
. 7
T

(10) exponential fit within an absolute uncertainty of 3%. Quantita-

tive evaluation of the difference between results of Monte Carlo
A linear log-log fitting was performed using the XCOM data
base on each side of the absorption edge to compute the 4

simulated scatter fractions was performed using statistical anal-
ysis. A two-sample problem in the case of matched and cor-
refated samples was used [30]. The student’s t-test values and
We corresponding significance levels associated to the student’s
nAnalysis (one-tailed test, five degrees of freedom), were calcu-
lated for the different photon cross-section libraries as compared
to EPDL97. If the calculated t-value is greater than the critical
t-value, the null hypothesis of no statistically significant differ-

e ence (in case of a 95% confidence interval) is rejected. Itis worth
A similar approach was undertaken to compute relevant paragy,oint out that failure to prove statistically significant differ-

eters for some materials studied in this work and not availallfices js not sufficient to confirm that the results are statistically
in [8]. identical.
Fig. 7 illustrates scatter profiles for a uniform cylindrical
phantom for LLD settings of 380 keV and 450 keV. Raising
Due to different implementations of the software packages lowering the LLD setting changes the shape of the scatter
described in Section Il, it is expected that the output of simulgrofile. Nevertheless, the FWHM of the scatter response

tion coefficient, which is assumed to have the following for
[8]:

— B,
T:{AE , E > E (1)

AE~B:  E < Ej.

IV. PHANTOM SIMULATIONS
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Fig. 2. Total and partial linear attenuation coefficients versus photon energy for waté) @dmputed using different photon cross-section libraries and
parameterizations plotted on a log scale. The different processes: (a) photoelectric absorption, (b) incoherent scattering and (c) cehiegeodistdititing to
(d) the total linear attenuation coefficient (bottom right) are shown. The coefficients appear to be qualitatively similar in this display format.
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<o

function is still significant even when the LLD is very high. Thedifference between the resulting projections generated using
LLD setting affects the accuracy of a correction method basdiferent libraries(p < 0.025).

on estimating the scatter profile from the scatter ‘tails.” For Comparisons between the profiles through a simulated 2-D
example, LLD settings of 380 keV place the energy threshofdojection of the 3-D brain phantom estimated using different
at the lower-energy tail of the photopeak for BGO detectdibraries before and after applying scatter correction are illus-
blocks with 23% energy resolution. A 511 keV photon catrated in Fig. 8(a) and (b). There is a clear overestimation in the
undergo Compton scatter with an angle as large &sa@d activity level due to contribution from scattered events and the
still possess 450 keV of energy. XCOM and PETSIM slightigistribution is not uniform.

underestimate scatter components for both LLD settings asScatter and attenuation corrections were applied to the pro-
compared to EPDL97. It has been shown that using differgettion data prior to reconstruction. The convolution-subtrac-
libraries can lead to differences in the scatter distributions tién method was used for scatter correction [31]. In this
approximately+8%. It is worth to point out that lowering the method, the scatter distribution is estimated by iteratively
LLD setting leads to more appreciable differences betweennvolving the acquired projections with a mono-exponen-
the scatter profiles generated using EPDL97 and the otlid scatter kernel(srf). The scatter estimatép,) is then
libraries. Table IV summarizes the statistical comparis@ubtracted from the measured ddtg) after scaling by an
between scatter profiles of the uniform cylinder generatexppropriate scatter fractiof/'). The observed data are used
using the different libraries as compared to EPDL97. Thess a first approximation to the unscattered distributipn)
results further confirm the existence of a statistically significaisind the process is repeated iteratively with each step using
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Fig. 3. Comparisons (percent differences) between the different libraries and the EPDL97 database for,@gterhel coefficients shown are: (a) total, (b)
photoelectric, (c) incoherent, and (d) coherent. The comparisons were calculated at energies given to the keV resolution between 1 and 1060 X€0dr bo
and PHOTX, between 10 and 1000 keV for GEANT, and between 15 and 511 keV for PETSIM.

the previous estimate of the scatter-free distribution as indotward projecting the 3-D density map estimated with a con-

to the scatter estimation: stant linear attenuation coefficient of 0.096 tin Generated
data sets were reconstructed using the reprojection algorithm
P =p, — SFEIY @ srf) (12) [33] with a maximum ring index difference of eleven.

where the *’ indicates that the parameter is an estimate of the
scatter and: is the iteration number. The scatter fraction used
was 0.30 and the number of iterations was four. In this work, aTo illustrate roughly the differences between the cross-sec-
simple parameterization of the scatter response function is peon libraries, linear attenuation coefficients for water are plotted

formed by fitting simulated response functions to a line sourde Fig. 2 as a function of energy, along with the individual con-

in a uniform water-filled cylindrical phantom with mono-expo-ributions from photoelectric absorption, incoherent scatter and
nential kernels [32]. Attenuation correction files were created lepherent scatter. EPDL97 data points are given with 1 keV steps.

V. RESULTS
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Fig. 4. Comparisons (percent differences) between the different libraries and the EPDL97 database for sodium iodide (Nal(Tl)). The coefficiemes &)
total, (b) photoelectric, (c) incoherent, and (d) coherent. The comparisons were calculated at energies given to the keV resolution betweerké\Afat both
XCOM and PHOTX, between 10 and 1000 keV for GEANT, and between 15 and 511 keV for PETSIM.

The corresponding coefficients in different libraries appear to terge as 20%. For PHOTX, the strong variations and oscilla-
qualitatively similar in this display format. tions visible in the plots as high frequency quasiperiodic noise
In order to investigate differences between the EPDL97 datre thought to be due to the discrete nature of the source data
base and the other libraries and parameterizations, percamd the crude interpolation used between the known coeffi-
differences between the individual coefficients are shown a@ients which was chosen mainly to mimic the standard method
Figs. 3 and 4 for water and Nal(TI), respectively. The percensed by most Monte Carlo developers. The parametric model
difference was calculated 480 x (u. — prrpLo7)/pEPDLO7,  USed in PETSIM has an apparent problem in modeling the in-
where . is the coefficient being compared apgiprpro; are coherent coefficients for low energi¢s:100 keV). This can
the EPDL97 coefficients. The comparisons shown in Figs.t# explained by the fact that XCOM uses a combination of the
and 4 are continuous and were calculated at 1 keV intervédkein—Nishina formula and nonrelativistic Hartree—Fock inco-
between 1 and 1000 keV for both XCOM and PHOTX, beherent scattering functions (which is about equal to 1 above
tween 10 and 1000 keV for GEANT, and between 15 and 51D0 keV) to calculate the incoherent scattering, whereas only
keV for PETSIM. It can be seen that the differences can be the Klein—Nishina relationship is used in PETSIM [8]. The dis-
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TABLE I
GLOBAL ESTIMATES OF RELATIVE PERCENTDIFFERENCESBETWEEN PHOTX AND XCOM LIBRARIES AND EPDL97 GEFFICIENTS MEAN RELATIVE ERRORS
WITH STANDARD DEVIATIONS OVER THE ENERGY RANGE 25070 511 keV ARE SHOWN

XCOM PHOTX GEANT PETSIM
Total Photoelectric  Incoherent ~ Coherent Total Photoelectric  Incoherent ~ Coherent Total Photoelectric  Incoherent  Coherent Total Photoelectric  Incoherent
Water 024£017 1.74+078 024018 040029 |028+022 767729 026+020 374£320]030x013 961682 031£013 085044 |01120.08 512+3.79 029+0.11

Bone (Cort) | 021£0.16 140+058 020+0.15 029+0.17 [0.59+£029 753728 050019 40+£3.08 1032016 3.10+1.57 033+£0.16 1.65+080|042+0.17 421315 050£0.14
Lung (Infl) | 023+0.18 1722074 023018 042+029 {063+£022 709737 061+£020 407+3.09|039+020 837593 039+£020 086+048|025+008 471275 014+0.11

Brain tissue {0.23+0.17 428+0.69 024018 075+036 (064022 773758 061020 3.87+£322(039£020 8.18=581 040x020 086+049|073=x0.08 491334 034011

Air 029+021 158068 029+£021 033+024]060+038 783766 073£031 415+£322[1033+£024 9.73+£690 033+024 124£097 0242016 487+£343 034022
Nal(Tly 044+039 144070 012007 1.58£0.79 [2.83+£3.07 637611 032012 485+2.06|098+068 1.73+£1.58 051+033 236+133|5412046 229+199 196057
BGO 0.73£045 130+056 011008 225+132(3.52+£346 501458 022011 383£1.50|1.01£072 196+£1.02 160046 503+268|192x078 1.76£131 1394072
BaF2 042£035 133+06]1 012006 156=0.89(292+3.15 632603 032+0.12 478+194]095£071 1.75£1.5]1 051+£032 332£177|503+035 228%173 220055

LSO:Ce 050032 091+044 013008 198+116]5.14£392 7.68+585 154013 550190 |1.33£078 138096 181047 509+245]|340£036 183£142 746+061

LuAP:Ce 043£029 083042 009+0.06 1.98+1.16(4.96+3.85 769+589 144012 545+1.89 130076 138096 174:045 506+243)1924£1.02 183+£137 566£050

crepancy is even greater for high atomic number materials sirafesimulated data), and the statistical noise from photoelectron
the electrons can no longer be considered free. However, thmplification in the photomultiplier tubes. A similar effect was
should not affect the accuracy of photon transport simulatioreported by Michelket al. [34], where they found that scatter
within the phantoms since the low energy cutoff is generalfyactions are overestimated (underestimated) below (above) 300
higher than 200 keV. But, it might have implications in multikeV. Another argument is that the processing required to ana-
spectral imaging where acquisitions in lower energy windowsgze the experimental data affects the accuracy of the technique.
are simulated and used for example in scatter correction baséareover, the uncertainties associated with the LLD setting for
on a multienergy window setting. the measured data, which most likely is lower than the assumed
The average positive difference between the GEANT amche [35] cannot be easily quantified. Above 500 keV, the sim-
the EPDL97 coefficients for water are 0.3%, 9.61%, 0.31%ated sensitivity is so low that estimation of scatter fraction
and 0.85%, for the total, photoelectric, incoherent and coheraaiues could not be relevant. The ratios of scatter fractions es-
attenuation coefficients, respectively. Larger differences can timated using the different cross-section libraries to those esti-
seen near thd( or L edges for some of the compounds. Anated using the EPDL97 library are shown in Fig. 6. There is
good agreement is observed between EPDL97 and XCOM fittle difference between estimated scatter fractions. The effect
all compounds except the low energies region for the coherarfitthe cross-section library can hardly be observed when cal-
attenuation coefficients. With some exceptions, most of tlelating this quantity, which involves only the resulting num-
data points fall within thex3% region. The mean relativebers of unscattered and scattered events. However, it can be
errors for water linear attenuation coefficients in the energeen that PETSIM slightly underestimates the scatter fraction
range over 250 to 511 keV between XCOM and EPDL9ds compared to other libraries. The statistical comparison be-
are (1.74+ 0.78)%, (0.24+ 0.18)%, (0.40+ 0.29)% and tween scatter fractions estimated using the different libraries
(0.24+ 0.17)% for photoelectric effect, incoherent scatteringags compared to those obtained using EPDL97 is presented in
coherent scattering and total linear attenuation coefficienf&ble Ill. According to student’s t-test, there is a statistically sig-
respectively. They are (5.12 3.79)%, (0.29+ 0.11)% and nificant difference between the scatter fractions estimated using
(0.11+ 0.08)% between PETSIM and EPDL97 for photoeledsPDL97 and the other librarigp < 0.05), except PHOTX
tric effect, incoherent scattering and total linear attenuatigp >> 0.20).
coefficients, respectively. While the overall average difference An example of reconstructed images is shown in Fig. 9 in a
was small, there was a larger differen¢e50%) between comparison of the images of the 3-D brain phantom corrected
cross sections for some compounds. The overall percent ddr scatter using the convolution-subtraction method. About 53
ferences are summarized in Table Il for the different materiatsillion events were collected for each of the computational
investigated. models. Profiles through the images are also shown. Results
Fig. 5 shows comparisons between measured [29] and sinuging this approach for scatter correction in cerebral 3-D
lated [9] scatter fractions estimated using the EPDL97 phot®ET scans (homogeneous attenuating region) have proven
cross-section library as a function of the lower level discrinte be accurate [31]. Although the data presented here were
inator (LLD). Discrepancies observed in quantification of thisbtained from low count studies, there is a clear and statisti-
parameter could be explained by the sharp energy threshaédly significant differencgp < 0.025) in both projection
model used in our code, which do not consider the nonprdata and resulting profiles on reconstructed images when
portionality of the scintillation response of block detectors (thasing different libraries for generating data sets. For the later
experimentally observed variations in crystal energy respons#gse, evaluation was performed on reconstructed scattered
within a single block is not taken into account in the analysi@ojections corresponding to events known to be scattered from



ZAIDI: COMPARATIVE EVALUATION OF PHOTON CROSS-SECTION LIBRARIES 2731

70

attests to its usefulness as a research tool in different areas of
3 nuclear medicine imaging including detector modeling and
- systems design, image reconstruction and scatter correction
technigues, internal dosimetry and pharmacokinetic modeling
[2]. Monte Carlo simulation is a gold standard for the simulation
50 N . of PET data and is an indispensable tool to develop and evaluate
\"\E] scatter models [9], [32]. The recent interest in the development
>\~Q\‘\< of high-resolution PET scanners and multiple-processor parallel
8 > processing systems has created new opportunities for Monte
Carlo simulation in PET imaging [2], [10]. This motivates the
guestion: what is the ultimate accuracy that can be achieved
e measured gsing_ the Monte Carlo method? The accuracy_of simulf'itions
<o} --- simulated is limited by several factors such as accuracy in modeling of
20 annihilation photon noncollinearity, positron range, the photon
transport model and associated physical databases used, and
the obvious complexity in modeling the human body. Because
T the overall accuracy is a combination of all these components,
150 200 250 300 350 400 when designing a Monte Carlo package that simulates a PET
Energy (keV) imaging system, it is quite important to understand the effect
Fig. 5. Comparison between measured and simulated scatter fractions (uQﬁg?aCh component.
the EPDL97 photon cross-section library) in the ECAT 953B PET scanner as aA detailed investigation of the error committed for scanner
function of the lower level energy discriminator. input parameters on the accuracy of the simulated data, partic-
ularly the energy and spatial resolution of the tomograph was
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1.005 o not helpful in drawing a general conclusion regarding the sen-
i B sitivity to a particular parameter. That is, in the absence of an
i C}___B(___f y. \ / /'.§> accurate model of the variations of the crystal energy response
L L s XN within a single block [36], changing the energy resolution pa-

1= R ANt i< RaR:E rameter alone revealed small variations of the scatter fraction
s similarly to the results reported here when changing the photon
L cross-section library. Determination of the sources of system-
- _A atic errors is not an easy task.

0.995 F LA | Data on the scattering and absorption of photons are funda-
\ . mental for all Monte Carlo calculations since the accuracy of

- \ . the simulation depends on the accuracy in the probability func-

i Al Y/ tions, i.e. the cross-section data. An aspect that deserves atten-
— - UEANT/ETULY T tion is the fact that there exist differences between the physical

| ----©--- XCOM/EPDLY7 cross-section data used in available Monte Carlo codes. This
= ¢ - - PHOTX/LPDLY? is of special importance when comparing results from different
0.985 Lot ‘,f*,',jf’f“'fsllf‘dl"”f’]?f‘?', bl codes. The use of different cross-section data and approxima-
150 200 250 300 1350 400 tions will usually yield different results and the accuracy of the

Energy (keV) results is generally hard to quantify. It is assumed that the pro-

gram, which best simulates the true physics and geometry will
Fig. 6. Ratios between scatter fractions estimated using the different pho i ; i
cross-section libraries and those estimated using the EPDL97 library for l@eq./e the best answer. Given the reSU|t.s present.ed in this paper,
ECAT 953B PET scanner as a function of the lower level energy discriminatdk. IS €xpected that photon transport in nonuniformly attenu-
Error bars are shown on the plots. ating medium will exhibit noticeable differences when using

different cross-section libraries. Therefore, the reported errors
ould have a significant effect on most, if not all realistic sim-
tions of nuclear medicine applications. In the first version
the Eidolon public domain simulation package [9], interac-

Ratio

0.99

the Monte Carlo particle histories to avoid dependence o
particular scatter correction technique (data not shown). TH

might strongly influence the parameters derived for modeli . . P
the scatter response function and the conclusions drawn W|? i cross sections and scattering distributions were computed

evaluating scatter correction techniques using Monte Cal gm parameterizafions implemented in the GEA.NT simula-
simulated source distributions [32]. tion package [7]. It has been demonstrated in this work that

different photon cross-section libraries show quite large vari-
ations as compared to the most recent EPDL97 nuclear data
files. Both XCOM and PHOTX use form-factor corrections for

Monte Carlo modeling has contributed to a better undeircoherent cross sections, but do not use anomalous scattering
standing of the physics of photon transport in medical physidactors, so their low energy coherent cross sections is orders
The large number of applications of the Monte Carlo methaaf magnitude too large. GEANT [7Eidolon[9], and SIMSET

VI. DIscussiON ANDCONCLUSION
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Fig. 7. Comparison between simulated scatter profiles of a 20 cm diameter uniformly water-filled right circular cylinder generated usingetiteptiften
cross-section libraries: (a) 380 keV LLD and (b) 450 keV LLD. Scatter profiles are summed over all angles and error bars shown on the plots.

[16] are public domain packages. The first version of SIMSEpaper, there is no significant difference between EPDL94 and
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TABLE 1l

SUMMARY OF STATISTICAL COMPARISON BETWEEN SIMULATED SCATTER FRACTIONS ESTIMATED USING THE EPDL97 LIBRARY AND OTHER PHOTON
CROSSSECTION LIBRARIES. THE STUDENT' S t-VALUES AND ASSOCIATED STATISTICAL DIFFERENCEARE SHOWN. THE CRITICAL t-VALUE (t..; = 2.015) B
RELATED TO A PROBABILITY OF 0.05FOR THENULL HYPOTHESIS TOOCCUR (“THE TwO DISTRIBUTIONS ARE NOT THE SAME”)

Photon cross section library Student's t-value Probability
GEANT 3.0686 <0.05
XCOM 3.0094 <0.05
PHOTX 1.3522 >>0.20
PETSIM 3.9616 <0.025
LLD=380 keV
2.4x104 1] 2.4x10* 7T
x10 . O EDLY x ; %3@ 5T EPDLY
2.2x10* Té% o XCOM | 29x10° Hoedh o pETSIM
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bin bin
(b)

used PETSIM’s parametric model then it was modified lat&PDL97.

on to incorporate more recent data from LLNL (EPDL94) [18]. Inthe lastfew years, the LLNL photon and electron data bases
Hence, the results obtained with PETSIM can be extrapolateave been greatly improved in terms of the detail included as
to the first version of SIMSET and those obtained with EPDL9%ell as the accuracy of the data. At the same time, there has been
to the current version since for the energies of interest in tlas enormous increase in available inexpensive computer power.
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TABLE IV
SUMMARY OF STATISTICAL COMPARISON BETWEEN PROJECTIONDATA OF THE UNIFORM CYLINDRICAL PHANTOM SIMULATED USING THE EPDL97 LIBRARY
AND OTHER PHOTON CROSSSECTION LIBRARIES FOR ANLLD SETTING OF 380 keV. THE STUDENT'S t-VALUES AND ASSOCIATED
STATISTICAL DIFFERENCEARE SHOWN. THE CRITICAL t-VALUE (tepit = 1.645)IS RELATED TO A PROBABILITY OF 0.05FOR THE NULL
HYPOTHESIS TOOCCUR (“THE Two DISTRIBUTIONS ARE NOT THE SAME”)

Photon cross section library

Student's t-value Probability
GEANT 32.481 <0.025
XCOM 2.465 <0.025
PHOTX 22.907 <0.025
PETSIM 29.511 <0.025
4 4
1.2x10 =T EPDLY 1.2x10 T & EPDLYT
o | XCOM l o | PETSIM
104 %I‘ ; T 104 il i.._ "
Trelrriey Teaddse0
¥ e : &1 8x10° o DY "
8x10 T +-7 I X LT A
o +11 i 8 I %
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Fig. 8.

(a) Integral profile through a 2-D projection (single angular view) of a simulated Hoffman brain phantom generated using the differembphetection

libraries. (b) Same as (a) for EPDL97 and XCOM before (left) and after (right) applying scatter correction to the sum of the ten batch realizatime<afrldo
simulations. Error bars are shown on the plots.

The combination of improved photon and electron database®ational and international standard [25]. EPDL97 is already
and increased availability of inexpensive computer power a-standard in the nuclear reactor industry, since its adoption by
lows us today to calculate results in greater detail, with greatéie Cross Section Evaluation Working Group (CSEWG) for use
accuracy, using accurate methods such as Monte Carlo madith ENDF/B-VI. In the author’s opinion, it would be desir-
eling. The cross-section values produced by the LLNL in cokble that EPDL97 is adopted as an International standard not
laboration with NIST are thought to be the most up-to-date abeécause it is perfect, but rather because it could serve as a stan-
accurate coefficients available, and the LLNL database is naard against which everyone can test, and based on user feed-
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Fig.9. Reconstructed images of the 3-D Hoffman brain phantom and horizontal profiles for scatter corrected data sets generated with diffierergtphetbion
libraries: (a) The 3-D reference image, (b) EPDL97, (c) GEANT, (d) XCOM, (e) PHOTX, (f) PETSIM.

back the authors of this library would then maintain EPDL9Evaluated Atomic Data Library (EADL), which are needed to
up-to-date to reflect the latest measurements and calculatices@nplete the picture of photon transport and energy deposition.
Therefore, we highly recommend that EPDL97 cross-sectidiose libraries are the only complete and consistent set of data
data serve as a standard and supersede earlier cross-sectidibiaries available to treat the complete coupled photon-electron
braries used in Monte Carlo codes to simulate medical imagitrgnsport problem. These libraries include details that were not
systems. This will help to eliminate potential differences bgsreviously available, or not considered when performing calcu-
tween the results obtained with different codes. The results ptations using traditional photon interaction data.
sented in this paper have shown that the effect of using different
photon cross-section libraries is noticeable on both generated
projection data and reconstructed images (Figs. 6—9). The peaks
are not of equal heights and the valleys not of equal deep inThe author gratefully thanks the anonymous reviewers for
most images especially Fig. 9(f), while Fig. 9(d) has peaks th@eir useful comments. This paper is dedicated to the memory
are more equal in height. The data sets were obtained with #femy beloved father.
same statistics and random number seeds, so the differences can
only be attributed to the cross-section libraries used to generate
them. The EPDL97 library was carefully designed in the form of
look-up tables for efficiency in data storage, access, and use byi] H. Zaidi, “Quantitative SPECT: Recent developments in detector re-
the Monte Carlo software [37]. This work presented just adirect ~ SPonse, attenuation and scatter correction technigiays. Med.vol.

. . . , 12, no. 2, pp. 101-117, 1996.
comparison of the phOtOI’I interaction data. It doesn’t addres 2] ——, “Relevance of accurate Monte Carlo modeling in nuclear medical
the companion Evaluated Electron Data Library (EEDL), and  imaging,”Med. Phys.vol. 26, no. 4, pp. 574-608, 1999.

ACKNOWLEDGMENT

REFERENCES



ZAIDI: COMPARATIVE EVALUATION OF PHOTON CROSS-SECTION LIBRARIES

(3]

(4]
(3]
(6]
¢
[0

(20]

(11]

[12]

[13]

(14]

[15]

[16]

[17]

(18]

[19]

[20]

[21]

(22]

(23]

J. H. Hubbell, “Review of photon interaction cross section data in the[24]
medical and biological contextPhys. Med. Biol.vol. 44, no. 1, pp.
1-22, 1999.

Lawrence Livermore National
UCRL-50400, Rev. 5, vol. 6, 1997. [25]
M. J. Berger and J. H. Hubbell, XCOM: Photon cross sections on a per-
sonal computer NBSIR 87-3597, , 1987.

Y. Sakamoto, “Photon cross section data PHOTX for PEGS4 code,” in[26]
Proc. Third EGS4 Users’ Meeting Japal©93, pp. 77-82.

CERN Program Library, Geneva, Switzerland, 1994.
Y. Picard, C. J. Thompson, and S. Marrett, “lmproving the precision and
accuracy of Monte Carlo simulation in positron emission tomography,”
IEEE Trans. Nucl. Scivol. 39, pp. 1111-1116, 1993.
H. Zaidi, A. H. Scheurer, and C. Morel, “An object-oriented Monte
Carlo simulator for 3-D positron tomograph&omput. Methods Pro-
grams Biomed.vol. 58, no. 2, pp. 133-145, 1999.

M. Ljungberg, S.-E. Strand, and M. A. Kinlylonte Carlo Calculations

in Nuclear Medicine: Applications in Diagnostic ImagingLondon,
U.K.: IOP, 1998.
“The EGS4 Code System SLAC-256,” Stanford Linear Accelerator[30]
Center, Stanford, CA, 1985.

M. Ljungberg and S.-E. Strand, “A Monte Carlo program for the simula- [31]
tion of scintillation camera characteristic§dmput. Methods Programs
Biomed, vol. 29, no. 4, pp. 257-272, 1989.
J. C. Yanch and A. B. Dobrzeniecki, “Monte Carlo simulation in SPECT: [32]
Complete 3-D modeling of source, collimator and tomographic data ac-
quisition,” IEEE Trans. Nucl. Scivol. 40, pp. 198-203, 1993.

M. F. Smith, C. E. Floyd, and R. J. Jaszczak, “A vectorized Monte Carlo[33]
code for modeling photon transport in SPECW&d. Phys.vol. 20, no.
4, pp. 1121-1127, 1993.
C. J. Thompson, J.-M. Cantu, and Y. Picard, “PETSIM: Monte Carlo [34]
program simulation of all sensitivity and resolution parameters of cylin-
drical positron imaging systemPhys. Med. Biol.vol. 37, no. 3, pp.
731-749, 1992.

R. L. Harrison, S. D. Vannoy, D. R. Haynor, S. B. Gillispie, M. S. Kaplan, [35]
and T. K. Lewellen, “Preliminary experience with the photon history
generator module for a public-domain simulation system for emission
tomography in,” inProc. IEEE Medical Imaging ConfSan Francisco, [36]
CA, 1994, pp. 1154-1158.

H. Zaidi, C. Labbé, and C. Morel, “Implementation of an environment
for Monte Carlo simulation of fully 3-D positron tomography on a high- [37]
performance parallel platformParallel Comput, vol. 24, no. 9-10, pp.
1523-1536, 1998.

M. S. Kaplan, R. L. Harrison, and S. D. Vannoy, “Coherent scatter im-
plementation for SIMSET,IEEE Trans. Nucl. Sci.vol. 45, no. 3, pp.
3064-3068, 1998.

E. Storm and H. I. Israel, “Photon cross sections from 1 keV to 100 MeV[39]
for elements Z =1 to Z = 100Nucl. Data Tablesvol. A7, pp. 565-681,
1970.

Los Alamos National Laboratory, Los Alamos, NM, LA-12 625-M,
1977.
J. H. Hubbell, W. J. Veigele, E. A. Briggs, R. T. Brown, D. T. Cromer, and
R. J. Howerton, “Atomic form factors, incoherent scattering functions, [41]
and photon scattering cross sectiords Phys. Chem. Repp. 471-538,

1975.

Lawrence Livermore National Laboratory, Livermore, CA, Rev. 4, Part
A:Z =110 50 and Part B: Z = 51 to 100, vol. 6, 1989.

D. K. Trubey, M. J. Berger, and J. H. Hubbell, “Photon cross sections for
ENDF/B-1V,” in Proc. American Nuclear Society Topical Meeting, Ad-
vancement Nuclear Engineering Computing Radiation Shiel@agta

Fe, NM, Apr. 9-13, 1989, p. 1989.

Laboratory, Livermore, CA,

[27]

(28]

[29]

(38]

[40]

2735

J. A. Halbleib, R. P. Kensek, G. D. Valdez, S. M. Seltzer, and M. J.
Berger, “ITS: The integrated TIGER series of electron/photon transport
codes—version 3.0,[EEE Trans. Nucl. Sci.vol. 39, pp. 1025-1030,
1992.

J. M. Boone and A. E. Chavez, “Comparison of x-ray cross sections for
diagnostic and therapeutic medical physi¢d¢d. Phys.vol. 23, no. 12,
pp. 1997-2005, 1996.

“International Commission on Radiological Units and Measurements
Report,” ICRU, Bethesda, MD, vol. 44, 1989.

O. Klein and Y. Nishina, “Uber die Streuung von Strahlung durch freie
Elektronen nach der neuen relativistischen Quantendynamik von Dirac,
Z. Phys, vol. 52, pp. 853-868, 1929.

E. J. Hoffman, P. D. Cutler, W. M. Digby, and J. C. Mazziotta, “3-D
phantom to simulate cerebral blood flow and metabolicimages for PET,”
IEEE Trans. Nucl. Scivol. 37, no. 2, pp. 616-620, 1990.

T.J. Spinks, T. Jones, D. L. Bailey, D. W. Townsend, S. Grootoonk, P. M.
Bloomfield, M.-C. Gilardi, M. E. Casey, B. Sipe, and J. Reed, “Physical
performance of a positron tomograph for brain imaging with retractable
septa,”Phys. Med. Biol.vol. 37, no. 8, pp. 1637-1655, 1992.

Statsoft, Inc.. Electronic Statistics TextbookOnline]. Available:
http://www.statsoft.com/textbook/stathome.html

D. L. Bailey and S. R. Meikle, “A convolution-subtraction scatter cor-
rection method for 3-D PET,Phys. Med. Biol.vol. 39, pp. 411-424,
1994.

H. Zaidi. Statistical reconstruction-based scatter correction: A new
method for 3-D PET. presented at Conf. Proc. World Congr. Med. Phys.
Biomed. Engi. 2000. [Online]. Available: http://dmnu-pet5.hcuge.ch/

P. E. Kinahan and J. G. Rogers, “Analytic 3-D image reconstruction
using all detected eventdEEE Trans. Nucl. Scivol. 36, pp. 964-968,
1989.

C. Michel, A. Bol, T. Spinks, D. W. Townsend, D. Bailey, S. Grootoonk,
and T. Jones, “Assessment of response function in two PET scanners
with and without interplane septalEEE Trans. Med. Imaguvol. 10,

no. 3, pp. 240-248, 1991.

L. E. Adam and C. C. Watson, “Experimental determination of the lower
energy discriminator level for a positron tomograpNyiklearmedizin

vol. 38, pp. 61-65, 1999.

D.Vozza, C. Moisan, and S. Paquet, “An improved model for energy res-
olution of multicrystal encoding detectors for PETREE Trans. Nucl.

Sci, vol. 44, pp. 179-183, 1997.

H. Zaidi, C. Labbé, and C. Morel, “Improvement of the performance and
accuracy of PET Monte Carlo simulations,” Rroc. SPIE Int. Symp.
Medical Imaging vol. 3659, J. M. Boone and J. T. Dobbins, Eds., San
Diego, CA, 1999, pp. 137-140.

Lawrence Livermore National Laboratory, Livermore, CA, UCRL-ID
117796, 1994.

J. H. Hubbell, “Photon cross sections, attenuation coefficients and en-
ergy absorption coefficients from 10 keV to 100 GeV National Bureau
of Standards (US) Report,” , 1969.

G. Tsang, C. Moisan, and J. G. Rogers, “A simulation to model position
encoding multicrystal PET detectordEEE Trans Nucl. Sci.vol. 42,

no. 6, pp. 2236-2243, 1995.

J. H. Hubbell, W. J. Veigele, E. A. Briggs, R. T. Brown, D. T. Cromer, and
R. J. Howerton, “Atomic form factors, incoherent scattering functions,
and photon scattering cross sectionk,’Phys. Chem. Refvol. 6, pp.
615-616, 1977.



