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Attenuation correction for a combined 3D PET/CT scanner

P. E. Kinahan, D. W. Townsend, T. Beyer, and D. Sashin
Department of Radiology, University of Pittsburgh, 200 Lothrop Street, Pittsburgh, PA 15213

In this work we demonstratine proof of principle of CT-based attenuation correction of 3D
Positron Emission Tomography (PEdata byusing scans of bone and soft tissemuivalent
phantoms and scans of humans. Thisthod of attenuation correction is intended use in a
single scannethat combines volume-imagin¢BD) PET with X-ray Computed Tomography (CT)
for the purpose ofproviding accurately registerethatomical localization adtructures seen in the
PET image. The goal of this work is determine if we can perform attenuation correction of the
PET emissiordatausing accurately aligned CT attenuation information. \lecuss possible
methods of calculating the PET attenuation mdglatkeV based on CT transmission information
acquired from 40 keV through 140 keV. Data were acquired on separate CT and PET scanners and
werealignedusing standar@mnageregistration procedures. Resudi®e presented on three of the
attenuation calculation methods: segmentatioscaling, and our proposed hybrid
segmentation/scaling method. Thesultsare comparedvith those usinghe standard 3D PET
attenuation correction method as a getlahdard. We demonstratee efficacy ofour proposed
hybrid methodfor converting the CT attenuation mapm aneffective CT photon energy of 70
keV to the PETphoton energy of 51keV. We conclude thatsing CTinformation is a feasible
way to obtain attenuation correction factors for 3D PET.
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. INTRODUCTION

While still in an early phase, the role of PET imagingmtology research anghtient care is
clearly growingl. The increased uptake dBf]fluorodeoxyglucose, or FDG, by neoplasms can
significantly influence patient managememnid predictsurvival probability,particularly for breast,
lung, and colorectal cancets

In regions such athe thorax andibdomen, the demonstration of increab&G uptake is
limited in valuewithout anunambiguoudocalization of tracer uptake to a specific structure, for
example, aumor seen on a corresponding @iage. Post-hoc PET-CTalignment, however, is
difficult due to shifting of the position of organshich canoccur without patient motioand may

even depend upon the relative curvature of the patient beds of the separate scanners.

To address thigproblem, asingle tomographwith the unique capability of acquiring both
functional (PET) andanatomical(CT) images is being built as a collaboratibatween the
University of Pittsburgh andSiemens/CTI, andunded in part bythe National Cancer Institute.
The purpose of the project is to construct a scanner for oncohagyng that provides accurately
aligned functional and anatomical images.

The PET/CT scannetesign is based on a third-generation rotating fan-bearsc@iner, the
Siemens Somatom AR.SP. The AR.SP can operate in a rapid helical scanning mode and has an in-
plane resolution of better thanmim. The PET component msed orthe rotatingECAT ART!
(Advanced Rotating Tomograph) scanner manufactured by Siemens/CTIARThscanner has a
spatial resolution of 6 mm in all directions, and for the NEMA-PET phantom (described below) has
a scatter-subtracted sensitivity of approximateg0 kcps/pCi/ml 3.  Unlike mostcommercial
scannerghe ART scanner operatesithout retractableshielding rings, orsepta,and is thus a
volume, or3D, imagingsystemwith a16.2 cmaxial field-of-view. The 3D imaging of the ART
scanner also results insaatter fraction (scatter/total) 86% ascompared to approximately 12%
for PET scanners imaging in 2D mode with the septa extended into the field of view. The increased
scatter fraction, however, is adequately removed from the image by a model-based scatter correction
procedure?.

1 CTI PET Systems Inc. 810 Innovation Drive, Knoxville, TN 37932-2571
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For the combined PET/CT scanner, ttreo bismuth germanatéBGO) PET detectorarrays
from the ART scannemill be mounted on the rotatingupport ofthe AR.SP CTsystem, as is
conceptually illustrated in figure 1. Datall be acquired during continuous rotation thie gantry
and read out through amptical slip-ring system. The PET and CTdatawill not be acquired
simultaneouslyhowever,and thetwo imaging functionswill operate independently. The PET
detector array will collect emission data in 3D mode over a 16.2 cmfigkibbf-view, whereas CT
volumescorresponding tdhe PETfield-of-view will be obtained by an appropriate patient bed
motion during a separate spiral scan.

The effect ofphoton attenuation in PET imaging is usually directly measured in coincident
transmission modwith 68Gef8Ga sources of 51keV annihilationphotons. It is undesirable to
acquire the transmission data in 3D mode, as the typc@0 MBqactivity of rod sources results
in excessive dead-time of the near-side detector. To reduce dead-timefeff@é&3 scannerthat
operate in 3D mode onlguch aghe ART, low activity transmission rod sourceseused. This

use of low activity sources significantly increases statistical noise &ffects

An alternativeapproachthat is possiblewith the PET/CT scanner is thase of CT-based
attenuation correction and this pamsaluates the efficacy afuch an approachThe potential
advantages of using CT transmission scans for attenuation correction are:

» CT transmission scartBat are acquired after the injection of fBET tracerwill not suffer
from contamination by 511 keV photons emitted from the PET tracer, due to the much higher
flux of the CT photons. Post-injection transmission segasdesirable ilinical settings as
they increase patient comfort and scanner throughput.

» The CT datawill have much lower statisticahoise then a standard PET transmissoan,
thus reducingstatistical noise in the final attenuation-corrected PEdmission image,
especiallyfor whole-body PET imaging. Ilmaddition, theshortertimes requiredfor the
collection of the CTtransmissiondata meansonger timesfor the acquisition of the PET
emission scan, thus lowering statistical noise even further for a constanttotal
(emission+transmission) scan duration.

2 An alternative method of transmission imaging develdpe@D-only PET scanners hagen to
use al3’Cs point source of single 662 keV gamma-ray photons
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It will no longer be necessary to includee standard PET transmission sources, thus
eliminating thecost both of including these components amel periodic replacement of
decayed radioactive transmission sources.

Another potential advantage of a PET/€3anner is the incorporation of Gata directly into
the imagereconstruction process. Thisan bedone with a maximum aposteriori image
reconstruction algorithr, although the topic ibeyondthe scope ofthe work reported here. In
this work we do notddress issues difreath-holding during CT scans, thre use of contrast
agents. Investigation of thesesueswill have to awaitoperationalstudies fromthe PET/CT

scanner.

For all the methods describéére, the CT attenuation imageused as a basis festimating
the PET attenuatioimage, replacing theusual attenuation imageeconstructed from a PET
transmission scan. This is illustrated in figuremdjch also showsghe differencedetween the
standard PET attenuation correction methba@sd theCT-based methods described here. Since
the attenuation coefficienig(x, E), are energy-dependent, coefficients measured at CT energies
must beconverted to the appropriat@lues at511 keV if they are to beused tocorrect PET
emission data. Oncel(x,E) at the correct energy mbtained, the attenuation correction factor
(ACF) for an individual sinogram element is calculated by numerically integrating
exp(f 1(x, E)dx) along the line-of-response corresponding to the emission sinogram element.

PET uses mono-energetic 511 keV annihilation photons, whereas thesitag in CTemits
photonswith a broad energy spectrum from 4@V to 140 keV 8. This presentéwo potential
difficulties with scaling CT attenuation factors for use with PET data. The first problem is the large
difference in photon energies between PET @mdwhile the second ighe difference between the
monochromatic and wide-band energy spectra. For energies below the pair-production threshold of
1022 keV, attenuation is a combination of both Compton scattering and photoelectric absorption. At
511 keV the contribution of photoelectri@bsorption is essentiallgegligible for all biological
materials. In the CT energy range, however, the dominant effect in bone is photcsbscirpation.

This is indicated in Table I, whicHists massattenuation coefficient for somematerials of
interest.

A method that solves both tie problems of scaling CT attenuation factéws usewith PET
data is to acquire the CT image at two different energiesusathese data to extract tivedividual

photoelectric and Compton contributions of the attenu&iofrhe different contributions can then
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be scaled separately in energy and combined to form a mono-energetic attemagtian any
energybelow 1022keV. This approachwas used to form amono-energetic attenuation map at
140 keV by Hasegawa et al. for a prototype SPECT/CT detector Hbok potential disadvantage
of the dual-energy CT method is that it may contribute additional patient radiaen As shown
below, howeversimpler methodgrovide acceptable results, so we mat consider this method
further.

II. METHODS

For all studies, the PETdata wereacquiredwith a Siemens/CTIECAT 951R/31 PET
tomograph, whichhasretractable septand canthus operate in 2D or 3D mode. THeCAT
951R/31 scanner has ~6 mm transaseablution,3.4 mmaxial slicespacing and a 10.8 caxial
field of view. The PET imageserereconstructeavith the 3DRP algorithm 11 implemented on a
BC-1 processér The axialFOV was divided into 31 slices, ea8¥ mmthick. CT scanswere
acquired with a General Electric 9800 seriess€annerwith 1 mmtransaxial resolution andith
plane spacing and thickness set tmf. The conventional C3canswereacquiredwith standard

torso imaging parameters of 120 kVp, 140 mA, and with 2 s scan time per slice.
A. CT-Based Attenuation Correction Methods

We evaluated three methods to obtain 511 keV attenuation correction factors from a CT scan:

Scaling. The scaling approach estimates the attenuatimyge ats11 keV by multiplying the
CT image by the ratio of attenuation coefficientswafter at CTand PET energies. A single
‘effective’energy is chosen to represéme CT spectrum, typically in the range of 50 to K&V.
LaCroix et al.12 performed simulation studies tovestigatedifferent techniquegor scaling the
attenuation coefficients from CT energiesl#0 keV for SPECT. They found that while linear
scaling leads to proper attenuation coefficients when the major contributjofx,tB) comes from
Compton interactions, it is,however, apoor approximation when photoelectricontributions
dominate, as they do at lower @hergies. Therror isespecially larggor materials withhigher
atomic Z values, such as bone, which contains a relatively large percentad@uoh,and so has a
significantly higher photoelectric fraction tharater in therange of CT energiesTable | shows
measured/aluesfor the massattenuation coefficient at both &2V and 511keV. Note the 3%

3 Byars Consulting Inc. PO Box 6292, Oak Ridge, TN 37831
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difference between the values for soft tissue and bobglateV, comparedwith a 13% difference

at CT photon energies.

Segmentation. This methodforms the attenuation image &tll keV by segmenting the
reconstructed CTmage into differentissue types.The CT image value®r eachtissue type are
then replacedvith the appropriate attenuation coefficientsbatl keV. Typical choicedor tissue
types are soft tissue, boneand lung. A significanproblem, however, isthat some soft tissue
regionswill have continuously-varying densitiehat maynot be accurately represented by a
discrete set of segmentediues,suchas,for example, thdungs, where thelensity varies by as
much as 30943,

Hybrid: Segmentation and Scaling. The hybrid methodthat we proposed is based on a
combination of the scaling and segmentatinathods. The attenuation image &1 keV is
estimated by first using a threshold to separate oubdhe component dhe CTimage,and then
using separate scaling factors fbe bone and non-bone component. Waveshown14 that the
scaling, segmentatioand hybrid methods perforwell for 2D and 3D CT-basedttenuation
corrected reconstructions of PET data for the NEMA-PET phantSnwhich iscomposed ofir,
water, and Teflon cylinders. This method has also been applied for CT-based attenuation correction
of SPECTdatafrom tandemSPECT-CT scannersb. This approach relies ahe ratio of the
attenuation coefficient at any twahoton energies beirifpe same, which isue for mostmaterials
except bone. The ratios of theassattenuation coefficient at 70 keV to that at 511 Kek/'some
important substances are given in talhle Note that the ratiadiffers for elementssuch ascalcium
and phosphoroughat have ahigh percentage abundance bone. Figure 3 showthe mass
attenuation coefficienfor air, water,muscle and bone as a function of photon energy. The
similarities of the value$or air, waterand musclandicate that they scal®ughly with electron
density, due to the dominance of Compton scatterkfqy. energies in the CTtange, however the
valuefor bone is higher due to larger photoelectric fraction caused by the highadterials, in

particular the ~14% calcium contéht
B. Phantom Studies

These studiewsereperformed forthe hybrid methodwith the NEMA-PET phantom(20 cm
diameterand height)where thestandard Teflon andvater-filled cylinders were replacedwith

4 Data Spectrum Inc. PO Box 16115, Chapel Hill, NC USA 27516-6115
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cylinders (5 cm diameter) composed of cortical and spongiosadopmelent plasticas shown in
figure 4. Theboneequivalentplasticsmatch within 1% thghoton absorption characteristics of

spongiosa and cortical bone over the energy range of 10 keV to 108 eV
For each phantom study, three scans of the phantom were performed,
(1) a 15 min 2D PET transmission scan with8-ddunts collected,

(2) a 15 min 3D PET emission scaith ~20 MBq inthe main cylindeland ~1@ events col-

lected,
(3) a CT scan of the same section of the phantom.

For the 3D PETemissionscan,both upper- and lower-energgmogramswere collected and
scatter correction was performedth the dual-energywindow methodl8 prior to attenuation cor-
rection. Note that the PET transmission scan was chosen to be 15 min since increasing the duration
of transmission scans beyond t%n does notchange thenoise ofthe attenuation corrected
emissionimages. The PETransmission scamwas processed usinthe standard procedure for
Siemens/CTI scannefswhere theACFs are calculated abg[(smoothed blank scan)/(smoothed

transmission scan)] and the blank scan is a transmission scan performed without the patient.

The CT image was visually aligned to the PET attenuation imadiesbyising amanual image
registration procedure, and themth the automated imagegistration (AIR) algorithml9 as a
consistency check. The alignment of the phantom images was judgeddoubste within a few
millimetersfor both ofthese methodsDuring the image alignment, the Gtanwas re-sampled

into the same spatial dimensions as the PET data.

Effective CT energy. Phantom studiesvere performed to both testhe validity of
approximating the energy spectrum of @Hiotonswith a single effectiveenergy and taletermine
the effective energy that results in the lepsintitative inaccuracy. The CT attenuation image was
transformed to 51keV using a singleeffective energy representing the true spectrum of CT
energies and using ratios of 1.90 for soft tissues and 2.26 for Adweeffective CTenergy used
in the calculation of the ACFs was varied from 50 keV to 90 keV in 10 keV steps.

The reconstructed emission images were analyzed by placing 4 cm diameter reigiates’ of
interest(ROIs) over eachnsert andover thebackground foreach transaxial image plaher the
central axial 7 cm of the field afew. From the ROI valuesfor each plane, a meand standard

5 Radiology Support Devices Inc. 1904 E. Dominguez St. Long Beach, CA USA 90810
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deviation were calculated for each material and compared to values from images reconstingted
the standard PET transmission ACF$he effectiveenergy washosen to behat for which the
ROI values best matched those from ithagereconstructed usintpe standard PET transmission
ACFs.

Comparison of Attenuation Correction Methods. From the results of thabove procedure,
an effective energy of 7keV waschosen for botlthe scaling method and thgbrid method. To
test the different methods, phantestadiessimilar tothose describedbove wergperformedwith
the modifiedNEMA-PET phantomThe ACFswere calculated byjorward projection through the
attenuation image obtainém the PETtransmission scan arttie CT imageusing the scaling,

segmentation, and hybrid methods.

For the scaling method a global attenuation coefficient ratid.®0 was usedwhile for the
hybrid method a ratio of 1.90 was used for soft tissues and a ratio ofva@s2ed for bone. The
segmentation procedure whased on selecting a threshold 100 asthe mid-pointbetween
histogram peaks fowvaterand spongios&one, ashown in figure 5. The CT image values for
each tissue type were replaced with reference attenuation coefficients at 511 keV

The reconstructegmission imagesvere again analyzedising the ROI procedure described
above,andvaluesfrom the CT-based attenuation corrected imagese compared to those from
reconstructed images corrected with the standard PET transmission scan.

C. Human Studies

To illustrate some ofhe issuesassociatedvith CT-based attenuation correctiovith patient
data, the scaling, segmentaticand hybrid methodaeretestedwith clinical data. The dataere
acquired with the same PET tomograph and CT scanners used in the psiacies: Inthe PET
scan, a liver tumor study, the patient first had a 15 minrd@smission scan amdas then injected
with 100 MBq of [8F]fluorodeoxyglucose.After a 45 min uptake period, a 10 min &nission
scan was acquired. The CT scan without contrast agent covered the same axial region.

For the segmentation method, the CT image was histogrammed with the results shown in figure
7. Based on the histogram, a threshold at a CT value of 1300 was choseassighedsalues for
the regionswerebased on referenaglues9. The imageeconstruction procedure was similar to
that describedabovefor the phantom studiesyith the exception that the dataere corrected for
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scatter using the convolution-subtraction metRBdsince the humaamissiondata were collected
with a single energy window.

I1l. RESULTS

A. Phantom Studies

Effective CT energy. The measureémissionimage ROI valuesreconstructedvith ACFs
generated by the hybrid method for the different effective energiagvarein TablelV, where the
emission image ROI values generated usingstaedard PET ACFs is algvenfor comparison.

The ROI valuesfrom the CT-based attenuation correction method most closely approached the
PET-based values at an effective energy of 70 keV. Differences in ROI valueswedir@owever,

and not sensitive to the choice of effective energy in the range ké\b@ 90 keV. Based on the
results shown imable 1ll, 70 keV waghosen ashe effectiveenergythat producedthe smallest
overall differences from the standard PET values.

Comparison of Methods. The unsmoothed reconstructed emission PET imagsasg the
ACFs obtained by the different methods are shown in figure 6. The reconstctititg for each
of the inserts should be zero. Ndiat theactivity in the cortical bone-equivalentsert is greatly
over-estimated when the correctitactors are obtainettom CT by the simple scaling method.
This is also shown quantitatively in Table IV. This artifactiue to the over-estimation of the true
attenuationfor the LORs passing through thisegion of thephantom, whichleads to over-
compensating for the effect of attenuation in the corresponding emission sinogram elements.

B. Human Studies

Errors inaligning the CT and PET attenuation imagese considerably more likelyith the
human data than with the phantom dafaut of 5differentclinical CT-PET attenuatiommagesets
studied, none were correctly aligned by the automatic AIR progmadhcareful manual adjustment

was required. The error of this manual alignment was estimated to be approximately 3 mm.

Figure 7 shows the histogram of the CT image. When compared to the phantom studies (figure
5), the CT image valudsavegreater variations in attenuation coefficiefds any given material.
For examplethere is a much broadspread ofattenuation coefficientfor cortical bone in the
human data than in the phantom dafehis is due tathe increased heterogeneity in biological
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materials as compared to the geometrically simple phankonthe segmentation methoasults
did not change significantly with the threshold set anywhere in the range of 1200-1400.

Figures 8(a) and 8(b) show sections throdigh reconstructed PET and Qfansmission
images of the liver after manual alignment. The results of comparing the standard PETwitlethod
the threeCT-based attenuation correction methads illustrated irfigures 8(c-f). Notethat in
figure 8(b) a hypodense region is visible in the CT imi&gé isnot present in the PEdttenuation
image. This variationleads to a correspondirigw uptake region in the reconstructed emission
images that used CT-based attenuation correction (figures 8(d-f)). This is discussed detail

in the next section.

To compare the statistical noise in the reconstructions, a 5 cm didd@itevas placed over a
uniform region ofthe liver. The meaand pixel standardeviation arepresented imable V. The
CT-based methodare similar tothose obtainedwvith the PET-basedattenuation correction,
although the standard deviations of the CT-based results are slightly reduced.

IV. DISCUSSION AND CONCLUSIONS

For both the scaling and hybrid methods, the optimal choice of an effective energy is close to 70
keV, asindicated by Tabldll. This value was thenused forall subsequent analyses. This
conclusion is based on usirtbe PET-derived attenuation correctioesults asthe reference
standard. This is justified amir goal is not toimprove on thePET-based results, but rather to
show that equivalent results can be obtained with CT-based methods.

With the scalingmethod, the corticabone attenuatiowalues arenot correctlyscaled, as is
clearly shown in figure 6 and Table IV. This may not be a significant problem in practice due to the
low amount of corticabone present in mosnages, ashown bythe histogram in figure 7. The
segmentation method producte mostaccurateresults ofthe CT-based methods. Areas of the
body where tissue density gradually changesr a few centimeterbowever,such as irthe lungs
13 may result in artifacts as segmentation methods enfegiens of uniform density. An
alternative segmentation method develofiedPET attenuation images by Xu et &l hasproven
to be robusteven inareas of gradually changing tissue density. This method combines tissue
classification and measure@lues, however, so ¢annot beused directly to adjust attenuation
coefficients. We prefer thieybrid method as shows goodjuantitative agreement with tHRET-

10
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based result§Table V) andalso avoids potentiaproblemswith the scaling and segmentation
methods listed above.

The humarstudies showittle difference between thecaling and hybrid method3able V),
probably as there is only a 2% to G8artical bone component ithe abdominal images. An
additional confounding factor is that the PET and CT scans were acquired sep#natelyossibly
causing shifting of internabrgansbetween scans, an effect than can be exacerbatduhviryg
patient beds with different shapes. In our example, hypodense regions were visible inniagE€T
(figure 8(b)) that were not visible in the PET attenuation image (figure 8(a)). This was likely due to
either the lower resolution of the PET transmission scan or shifting of integaais and changes
in accumulation of colon andbwel gases. The hypodense regiongad to the appearance of low
uptake regions in the emission images reconstruettbdCT-based attenuation correcti(figures
8(b-d)). These differences emphasize the importance of acquiring transmission and emission scans
that are inherently aligned. Tlaequisitions should alsseparated by ditle time aspossible to
avoid the problem changing internal structurgshich can becausedby, for example, the
accumulation of colon obowel gases. The overall similarity of theemissionimages,however,

demonstrate the feasibility of CT-based attenuation correction with human data.

The quantitative valuefor the liver ROI show that all attenuation correction methodgve
similar results, although the statisticabise inthe CT-based methods is slightlpwer than the
standard PET metha@able V). This is mostikely due to thelower statisticalnoise inthe CT
attenuation image. We expect a more significahtantagefor whole-body PETscanswhere
statistical noise from the transmission scan is more problehfatic

Issues that have not been examined here are the effect of using iodine-based CTagentsast
determining what is the minimum CT photon flux needed for attenuation correction of traRET
or issues related to respiratory motion during PET and CBcans.Investigation of thesessues

will await operational studies from the PET/CT scanner.

The primary purpose of the PET/CT scanner ipravide automati@andaccurate alignment of
functional andanatomical images. CT-based attenuation correctidms additional potential
advantages of post-injection transmission scanning, lower statistica from transmissioscans,
and eliminating the need for orbiting transmisssmoirces. Thisvork demonstrates the feasibility
of CT-based attenuation correctibor 3D PET data, and in particular theuse of the hybrid
segmentation/scaling method. It is noteworthy that difficulty in properly registering the

11
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separately acquired PET and CT images of the abdomen in patients is a clear indication of the major

advantage offered by a combined PET/CT scanner.
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TABLES

Table I. Massattenuation coefficients (linear attenuation coefficient / density) #igcmData are
from Hubbell9.

Materia 80 keV 500 keV Ratio of totals
I

photoelec. Compton total photoelec. Compton total 80keV:500keV
Air 0.006 0.161 0.167| €©.001  0.087 0.087 1.92
Water  0.006 0.178 0.184 &001  0.097 0.097 1.90
Muscle 0.006 0.176 0.182 &001  0.096 0.096 1.90
Bone 0.034 0.175 0.209 &001  0.093 0.093 2.26
Teflon  --- 0.168 | --- 0.087 1.93

Table Il. Ratios of attenuation coefficient at 70 keV to that at 511. Calculated from Hubbell

Material Ratio 70 keV : 511 keV
nitrogen 1.83

carbon 1.80

oxygen 1.86

air 1.85

water 1.84

calcium 4.02
phosphorous 3.70

bone 2.26
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Table lll. ROI values(kBg/ml) from reconstructed emission scans ugidifterent effective CT
energies for attenuation correction factors calculated by the hybrid segmentation/scaling method.

Energy (keV)  Background Air Cortical equiv.
PET 1.26 + 0.08 0.16 +0.07 0.11 +0.01
50 1.22 +0.08 0.05 +0.07 <0
60 1.25+0.08 0.02 +0.07 <0
70 1.26 £0.08 0.12+0.07 0.08+0.10
80 1.29 + 0.08 <0 0.16 £ 0.10
90 1.30 £ 0.08 <0 0.24 £ 0.10

Table IV. ROI valuesfrom reconstructed transmission and emission scanghordifferent
attenuation correction methods. PET = PET attenuation image. CT-Scl = Scaled CT image. CT-
Seg = Segmented CT image. CT-Hyb = Hybrid segmented/scal@tidgé. The effectivenergy

used for the scaling and hybrid methodss 70 keV. Expected linear attenuation coefficients are
from Hubble9, while expected emission values are based on cross-calibration with a well-counter.

Method BackgroundAir Cortical Spongiosa
(water) equiv. equiv.
Linear attenuation values (¢
Expected 0.096 0.0001 0.173 0.112
PET 0.098 0.008 0.169 0.113
CT-Scl 0.097 0.007 0.224 0.126
CT-Seg 0.096 0.0001 0.173 0.112
CT-Hyb 0.097 0.007 0.164 0.105
Emission values (kBg/ml)
Expected 126 £0.13 O 0 0
PET 1.26 +0.08 0.16 £0.07 0.10+0.01 0.05+0.08
CT-Scl 1.35+0.08 -0.08+0.08 1.18+0.11 0.19 +0.08
CT-Seg 1.21+0.07 0.0 +0.07 0.10+0.01 -0.02+0.07
CT-Hyb 1.26 + 0.08 0.12+0.07 0.08+0.01 -0.26 +0.08
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Table V. Mean and standard deviation for a 5 cm diameter ROI placed over the liver in figure 8.

Method mean + std. dev.
(kBg/ml)

PET 3.7+0.6

CT-scaled 3.5+£0.3

CT-segmented 3.6 £0.3

CT-hybrid 3.4+0.3
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FIGURE CAPTIONS

Figure 1. lllustration of the PET/CT scanner operational principles. The continuous rotation of the
detectors allows collection of full projection datets forthe PET and CBubsystems. With no
septa, the PET detector arrays are operated in 3D (high-sensmeaig,and are mounted forward

of the CTsystem onthe same rotatingupport. Data will be acquired and read out during
continuous rotation through optical slip-rings.

Figure 2. Data processing flow chart for aenuation correction andhagereconstruction. The
data and procedures involving the CT data (dashed box) are those proposed in this paper.

Figure 3. Massattenuation coefficientor materials of interest as a function gioton energy.
Data are from Hubbe¥.

Figure 4. Schematic of the NEMA-PET phantom with cylindrical inserts.

Figure 5. Histogram of the NEMA-PET CT image. The different materials are identified. The CT
values are (Hounsfield units + 1024).

Figure 6. Emission images (ramp-filtered) of tHEMA-PET phantomwith attenuation correction
using: (a) the PET transmission scan, (b) the CT scan with the scaling method, (c) thewithscan
segmentation method, and (d) the CT scan with the hybrid method.

Figure 7. Histogram of the patient CT image shown in figure 7(b). Theall€s ar§dHounsfield
units + 1024).

Figure 8. Aligned attenuation and emission images of the abdomen of a patient with a hepatocellular
carcinoma. Attenuation images: (a) PET @o[dCT. Emissionmageswith attenuation correction

done using: (c) standard PET method, (d) scaled CT image, (e) segmented CT iméQydydonidi
segmented/scaled CT image. The arrows indicate the position of the tumor.
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Figure 1
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