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Abstract—Metallic objects create artifacts in the PET/CT artifacts and that movement of the metallic object increases
images. In this work, it is investigated which are the causes of the artifacts. In [7] it was stated that high-density materials do
the metal artifacts in the PET images and how these artifacts ,q; show a false increased uptake without motion. The studies
can be reduced. Based on a simulation study and some phantom . .
measurements, it was found that the main cause for artifacts [8] arld [9] |nvest|gate_d whether papemakers, pacemaker Igads
is an over-and underestimation of the PET attenuation values. and implantable cardioverter defibrillator (ICD) leads give rise
Secondly movement also plays an important role in the creation to artifacts. Again the conclusion was that the artifacts are
of the PET metal artifacts. To reduce the metal artifacts two dependent on the density of the metal. The dense ICD leads
methods were proposed: 1) a modified conversion method which g metimes gave rise to artifacts whereas with the less dense

ensures the assignment of more correct PET attenuation to the ker lead tifact Th thin d
metals, and 2) a simple registration procedure to reduce the pacemaxer leads no artiracts were seen. € very thin deep

motion-related metal artifacts. Both methods are successful in brain stimulation leads in [10] didn’t produce any artifacts in
reducing the metal artifacts in the PET images. the brain. In [11] the presence of EEG electrodes resulted in

hot-spot artifacts at the location of the electrodes but no visual
differences were seen inside the brain.
|. INTRODUCTION In order to reduce the metal artifacts in the PET images

During the last decade, positron emission tomography (PES9mMe methods were proposed. In [12] a segmentation of the
in combination with computed tomography (CT) has workegT image was applied such that all metal pixels received the
his way into the daily clinical practice. PET/CT is used fofttenuation value of water. In this way, artifacts disappeared
diagnosis, staging and follow-up in oncology [1]. But also ji@nd the resulting attenuation corrected PET images were
other areas, such as neur0|ogy and treatment p|anning’ ﬁi’f@ilar to those obtained with a traditional transmission source.
importance of PET/CT is steadily growing [1], [2]. Comparedn the approach of [13], metal pixels again received the
to the traditional standalone PET system, the use of a cattenuation value of water. In [14] a metal artifact reduction
based attenuation correction resulted in a reduction of tf¥AR) algorithm was applied to the CT images which resulted
examination time, increasing patients comfort and clinicdl the reduction of the metal artifacts both in CT and PET
throughput. In addition to this, the CT images are almo#dhages. This is in contrast to a recent study of patients with
noise-free compared to images obtained with the traditiorgntal implants [15] where it was found that although the
transmission scans. However, the use of CT images for tRplication of a MAR algorithm [16] to the CT images resulted
attenuation correction of the PET gave also rise to some néwless artifacts, there were no noticeable differences between
challenges [1]. Firstly, there can be a mismatch between d¢he original and the MAR-corrected PET images. In [17] an
and PET due to voluntary patient motion, respiration, cardidétgorithm was developed to reduce the artifacts in the CT-
motion and bowel movement. Secondly, the conversion of dPBsed attenuation maps. It was shown that the use of an
images to PET attenuation maps assumes each material Rfr@neous attenuation map can result in false positive and false
mixture of either air and water or of water and bone. Howevéiegative lesions.
the contrast media used in CT and metallic objects do notln the first part of this paper the incidence and the appear-

fulfill this assumption. Both problems can result in artifacts iBnce of metal artifacts in PET images is investigated and the
the PET images. results obtained are checked with the current literature. The

In this paper the focus will be on the artifacts related teffectiveness of the algorithms, discussed above, to reduce the
the presence of metallic objects like hip protheses and dergtal artifacts in PET images is studied. In the second part,
fillings in the patient. In the literature several papers haf&o methods to reduce the PET metal artifacts are proposed
discussed metal artifacts in PET/CT. Goerres and co-work&ased on the results obtained in the first part: (1) a modified
[3], [4], [5], [6] found that the most common metal-relatecfonversion method and (2) a method to reduce the metal
artifact is a false increase in tracer concentration adjacétifacts due to movement.
to the metal. They also stated that shape and density of the
metal are important for the presence and the severity of the || S MULATION AND PHANTOM MEASUREMENTS
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investigated. For this purpose, PET/CT data were simulatadd that in the case of multiple objects in one container, the
and several phantom measurements were performed. objects were in different transaxial planes.

A. Simulations C. PET/CT reconstruction procedure
For the simulation of CT data, the 2D-fanbeam simulator |, jinjcq| practice, CT images are reconstructed with ana-

described in [_12.3] was used. This simulation software takes NRical algorithms [19] since the use of iterative reconstruction
account the finite size of the focus and the detector elemens,.. time-consuming. Usually the CT images are recon-

the energy spectrum and the blurring due to rotation. Fgp,eq using 512 512 pixels in the transaxial FOV. The
the simulation of the PET data, scatters and randoms W& number takes a value in between -1024 Hounsfield Units
neglected. . (HU) and 3071 HU unless one makes use of the extended CT
.PET/CT data of an e'II|pt|caI water phantom (&QZO cm) scale [20]. In this case, the CT numbers are scaled down by a
W!th a circular metal insert¢ = .2 cm) were S|mul_ate_d. factor of 10 so that the CT number takes a value in between
Different types of metal were considered: aluminum, titaniumy 4540 HU and 30710 HU in steps of 10 HU. Most metals
iron and silver. In this way the dependence of the artifacts ®ve a CT number higher than 3071 HU so in the presence

the density O.f the mgtal could be investigated. . of metals, the use of the extended CT-scale may be beneficial
To determine the importance of a movement in betwe

the CT and PET data, the same phantom described ab Vfh this paper, the 3D conebeam data were rebinned into a

was considered but the metal in the CT data was moved 9@5 parallel beam configuration. This allowed for the use of

5 mm with respc_act to the_ PET de}ta. .TWO movements Wefg e back projection (FBP) for the reconstruction of the CT
considered, one in the horizontal direction (towards the cent

i . ) . o ages. It was verified that these reconstructions were similar
of_r_hebfleldbloftwgw (FtQV?{) at\rr:d gne mdthe Ve”'C?' d'recdt'oﬂ'to the clinical ones. For the simulations, the 2D fanbeam data
t obea eh otlnves gate the ?pteg ancet(r)]n sf|_zet anh St e also rebinned into a 2D parallel beam configuration to

Wo more phantoms were simulated. For the Nrst phantogg, e similarity with the phantom data. All CT images are

a circular water phantome¢( = 20 cm) W.'th an electro- displayed with a 1000 HU window centered at 0 HU unless
encephalogram (EEG) electrode placed in the center w

iff ly.
considered. This EEG electrode is very small £ 1 cm) Stated differently

) L After CT reconstruction, the CT images need to be con-
and thin (1 mm). Two PET/CT datasets were obtained: O(]/%rted to a PET attenuation map. Current conversion methods
for a golden electrode and one for an electrode made out

titanium. For the second phantom, a simplistic head-shapardsume that each material is either a mixture of air and water,
phantom (ellipse 20x 14 cm) with two amalgam dental of water and bone [22], [23]. This assumption is quite good

fillings (¢ = 3 mm) in a set of teeth was simulated for all human tissues. However, it is not valid for most metals
gs (¢ = : and for the contrast media used in CT imaging. This means

For all simulations described above, a uniform tracer d'ﬁi t if the extended CT scale is used, the PET attenuation value

tribution was assumed in the water part of the phantom a8 most metals will be overestimated, whereas if a maximum

no activity was assumed in the metal. In addition, we al number of 3071 HU is applied, the PET attenuation of
yvanted to investigate the. appearance of possible metal artif t(§st metals may be underestimatéd. For the conversion into
in the presence of a positive uptake around the metal. For t BT attenuation maps, the CT images are first downsampled

E#;E?asreiriner?gg“—c? Zvn?;esrurr)rr:)irxggzj (v%ghzoocsriTt]') ;’V!ﬁzst.\’(\)'gs,,to PET resolution, smoothed with 7 mm FWHM and then the
N POSILV : conversion method is applied.

was simulated. One insert was made of iron, the other wa day, most PET systems perform data acquisition in 3D.

Watgr—equwalent and sgrved asa reference. The uptake arOBEPgre reconstruction the 3D PET sinograms are corrected for
the inserts was three times higher than the background. d " . o
etector sensitivity, dead time, random coincidences, scatter
[24] and attenuation, and converted to 2D sinograms using
B. Phantom measurements Fourier rebinning [25]. For reconstruction of the PET images
The phantom measurements were acquired on the Bamtrected for attenuation, the sinograms are "uncorrected”
graphl16 (Siemens Medical Solutions, Knoxville, TN) PET/CTor attenuation, and reconstructed with Attenuation Weighted
scanner. The CT data were acquired at 120 kVp and 170 m@sdered Subset Expectation Maximization (AWOSEM) [26].
with a slice thickness of 3 mm, using a 18 mm table feed pBET images not corrected for attenuation (PET-NO-AC) are
rotation and a rotation time of 0.5 s. also reconstructed using Maximum-Likelihood Expectation
Several metal objects were placed in containers filled witflaximization (MLEM), accelerated using a gradually decreas-
BF.FDG homogenously distributed throughout water. THag number of subsets [27]. PET images are reconstructed
objects considered were a hip prosthesis made out of steelising 336x 336 pixels in the transaxial FOV. In the presence
port-a-cath made out of titanium, a silver electrode, a cylindef metals, the literature states that it is recommended to also
(¢ =3 cm,h =1 cm) made out of aluminum, a cylindep € read the PET-NO-AC images in order to exclude false positive
2 cm, h = 2 cm) made out of stainless steel, an iron cylinddracer uptake due to metal artifacts [3], [4] and [8].
(¢ =1 cm,h =1 cm), a dental filling (amalgam = 5 mm) For the attenuation correction of the PET images of the
enclosed in a small plastic cylinder and a piece of lead. Nagenulations several procedures will be used. The first one is
that most of these objects were placed solely in a contairtbe procedure used in clinical practice. This means a maximum



of 3071 HU is applied to the CT images reconstructed wittirection), higher amounts of activity are measured, so the
FBP (CT-FBP). The corresponding PET images will simplyeconstruction algorithm will "trust” those data more than
be denoted by PET H FBP. In the second case, the extendlael ones in the direction of highest attenuation (horizontal
CT scale will be used. These PET reconstructions will bdirection). Since the reconstruction algorithm relies more on
denoted by PET Ext FBP. To investigate the effectiveness tbe vertical data and since the attenuation value of the metal
two methods described in the literature to reduce the artifactsunderestimated with the current conversion methods, the
in the PET images, three more PET reconstruction proceduresonstruction algorithm will assign less activity than the truth
were considered. As stated in the introduction, the use iafthe direction the highest activity was measured. However,
a MAR algorithm for CT could also reduce the PET metalow the reconstruction algorithm has problems to explain the
artifacts. Therefore, instead of using the artifactual CT-FBdata in the oblique lines, since there the reconstruction has less
images, the reference artifact-free CT images (CT-REF) widktivity than measured. Since the reconstruction algorithm still
be used for the attenuation correction of the PET in thelies more on the oblique lines than on the horizontal lines
simulations (which corresponds to ideal artifact suppressioflowest activity measurement), it will create hot spots in the
As in clinical practice, a maximum of 3071 HU will also bedirection of lowest activity measurement. This explains why
applied here. These PET reconstructions will be denoted &g extension of the cold area is observed in combination with
PET H REF. Instead of applying the maximum CT numbehot spots in the PET H REF images. In the case where the
the combination of the extended CT scale with the artifact-fregtifactual CT-FBP image is used for attenuation correction no
CT image was also considered. The corresponding PET images spots are seen. In the presence of artifacts, the attenuation
will be denoted by PET Ext REF. For the last procedure, the the direction of lowest total attenuation (vertical direction)
metal pixels in the CT-FBP images will be replaced by watevill increase -compared to the artifact-free images- due to the
pixels. The resulting PET reconstructions are denoted by PEiGh intensity artifacts. This implies that the extension of the
W FBP. These last procedures are expected to produce leskl area will decrease since the attenuation correction factors
artifacts in the PET images. (ACF) are more correct in that direction. Right next to the
metal, in the lowest attenuation direction, and in the oblique
direction, the ACF are underestimated (in the CT-reference
case they were correct) due to the low intensity artifacts. This
1) Simulations:Figure 1 shows the results of the simulain combination with the reconstruction of an extended cold
tions. From the first four rows, one can see that an increamea will ensure that the estimated measurement based on the
in metal density results in an increase of the starbust-artifaetonstruction will agree with the measured data, so that no
and the noise in the CT images. The higher the density, thet spot artifacts are created in the direction of lowest activity
bigger the cold spot area in and around the metal will be, batfeasurement.
in PET-NO-AC and PET H FBP images. For aluminum no In the case where the extended CT scale is used, there
extension of the cold area was seen. This is because aluminenalso a difference between the PET images corrected for
has a CT number below 3071 HU and with current conversiattenuation with the artifactual CT-FBP image and with the
methods, the obtained PET attenuation is more or less corr€eT-REF image. In the artifactual CT-FBP images the metals
When the extended CT scale is used, a hot spot artifatiffer from cupping. This means the CT number of the metal is
surrounding the metal appears in the PET Ext FBP imagelepressed towards the center of the metal. Therefore the PET
The tracer concentration around the metal increases wittenuation values in the center of the metal will be closer to
increasing density which is logical since the overestimatiaheir real values so that no hot spot is created inside the metal.
of the PET attenuation is increasing in the same time. Whéw the edge of the metal, PET attenuation is overestimated
the CT-REF image is used for the attenuation correction msulting in a hot spot surrounding the metal.
the PET, the PET H REF image is suffering from small hot Based on these first simulations, one could conclude that the
spots in the direction of the highest attenuation as the dendRT images reconstructed with the current clinical procedure
of the metal increases. The replacement of the metal pix¢BET H FBP) are the images with the least artifacts. It follows
with water pixels gives no hot spots (PET W FBP). Howeveftrom this that the use of any the artifact-reducing algorithms
when comparing with the conventional PET H FBP imageseems not beneficial.
the use of this method results in an even bigger expansionin the fifth row of fig. 1, the results of the horizontal
of the cold spot area. If one uses the artifact-free CT imagevement in between CT and PET are shown in the case of the
in combination with the extended CT-scale, the PET Ext REFon insert. As can be seen, all PET reconstructions, except for
images suffer from a hot spot artifact covering the entire met®ET W FBP, suffer from hot spot artifacts in the direction the
Again, the intensity of the hot spot increases with increasil@T was moved. At the location of these hot spots, the PET
density of the metal. attenuation values are overestimated, so the replacement of
It is rather surprising that the use of an artifact-free Cihe metal pixels with water will eliminate the hot spot artifact
image gives rise to hot spot artifacts in the PET images can be seen in PET W FBP. However, an extended cold
(PET H REF) whereas the PET image corrected with tlepot area around the metal is still present in PET W FBP.
artifactual CT image (PET H FBP) doesn't suffer from thes€herefore one can conclude that replacing metal by water is
artifacts. We believe this can be explained by the follona simple solution to suppress the hot spot artifacts in the case
ing. In the direction of the lowest attenuation (here verticahovement has occurred.

D. Results and Discussion
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Fig. 1. The results of the simulations. Each row represents a different metallic object. From left to right: The CT image reconstructed with FBP, tt
PET-NO-AC image, the PET H FBP image, the PET image using CT-FBP for AC and the extended CT-scale (PET Ext FBP), the PET image when t
artifact-free CT image was used for attenuation (PET H REF), the PET image using the artifact-free CT image for AC and the extended CT-scale (PET |
REF), and the PET image when the metal pixels in the CT-FBP image were replaced with water (PET W FBP).

When the movement occurs in the vertical direction, no The results of the head-shaped phantom with two dental
hot spot artifact is created in the PET H FBP image but tHilings (last but one row in fig. 1) show no hot spot artifacts
appearance of the cold spot area is slightly modified (imagg&cept for when the extended CT-scale is used (PET Ext FBP
not shown). A large movementz(cm) in the vertical direction and PET Ext REF). This result is in agreement with the results
will give rise to hot spot artifacts. of the patient study described in [15] where for patients with

. . . . dental fillings no visual differences were seen between PET

In the next simulations, an EEG electrqde is considered. ; ages corrected for attenuation with a CT-FBP image and a

the case of an electrode madg out of titanium, the CT al _image corrected for metal artifacts.

PET images don’t show any artifacts, moreover the electrode

isn’t visible in the PET reconstructions (images not shown). In the last row of fig. 1 the reconstructions in the presence
The results of the golden electrode are shown in the sixth rmf/an increased uptake surrounding the metal are shown. When
of fig. 1. In the CT-FBP image, the small electrode shows wgomparing to the reference uptake at the left of the phantom,
as a "blob”. This blob creates an overestimation of the ACéhe can see that the uptake around the metal is minimal in
with the consequence that there is a hot spot artifact in ttkee PET H FBP image. If one now applies the guideline to
PET H FBP reconstruction [11]. The use of MAR algorithmsompare with the PET-NO-AC image, one would designate the
are beneficial in this case since both PET H REF and PEiptake around the metal as artifacts since there is no uptake
W FBP do not suffer from hot spot artifacts. In the lattevisible in PET-NO-AC. This means one would miss a lesion.
reconstructions one can even see a small cold spot at thePET H REF and PET W FBP the circle of uptake is also
location of the electrode. reduced to two hot spots whereas with PET Ext FBP and PET
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Fig. 2. Results of the phantom measurements. The top row shows the CT-FBP reconstructions. The bottom row shows the PET H FBP reconstruction:s

Ext REF the uptake is clearly visible but too intense comparedppression of the hot spot artifact. A third conclusion is that
to the reference. In a similar experiment with a smaller inseatpositive lesion around a metallic object might be classified
(¢ = 1 cm instead of 2 cm), the activity surrounding the inseds an artifact or that the lesion doesn’'t show at all. A last
did even not show at all in the PET H FBP and PET-NGmportant conclusion is that the use of the extended CT scale,
AC images, although the reference lesion was clearly visitlee use of an artefact-free CT image or the replacement of
(images not shown). metal pixels with water doesn’t improve the quality of the PET
In this paper, we only considered iterative PET reconstrueconstructions. So both overestimation and underestimation
tions. However, when PET reconstruction is done analyticaltf the PET attenuation values of metallic objects result in
using FBP, the appearance of the artifacts will change. In tragtifacts.
latter case, the artifacts in the CT images will be "burned” Based on these conclusions, we postulate that the main
into the PET images: an increased CT number in the C3ause of the metal artifacts is the assignment of incorrect PET
FBP image will result in a hot spot artifact in the PETattenuation values to the metal pixels. Secondary, movement
images, whereas a decreased CT-number will result in catithe metallic object in between CT and PET acquisition is
spot artifacts. a big malefactor.
2) Phantom measurementdlost of the measured metal
objects don’t show any hot spot artifacts in the PET images. I1l. PROPOSEDMETHODS
The objects that cause hot spot artifacts are the silver electrodezzsed on the results of the simulations and phantom mea-

as expected from the simulations, and the piece of lead. dfrements, a new conversion method is proposed which will
fig. 2 transaxial slices of the clinical CT and PET reconstrugagit in more accurate PET attenuation values of the metallic

tions are shown for the dental fillings, the port-a-cath, theyects. Secondly, a simple method to suppress the artifacts
electrode and the hip prosthesis. In the PET reconstructlonoqjje to movement is proposed.

the hip prothesis one can clearly see the extension of the cold
area which is in agreement with the results of the simulation'&. .
. Metal conversion

The proposed conversion method, which will be called
the metal conversion method, is a mixture-based model like

From the experiments above one can draw several cdhe conversion methods used in clinical practice. For CT
clusions. First, the appearance of the artifacts in the PEUmbers below 3071 HU, the metal conversion is equal to the
images, either hot spots or an extended cold area, is vewyrrent conversion method [23]. For convenience, the value
dependent on the density of the metal. The more dense tfe3071 HU will be called the cutoff-value. For CT numbers
metal is, the more severe the artifacts will be. Whether beyond 3071 HU, the metal conversion method assumes each
not a hot spot artifact will arise in the PET image, is atissue or material is a mixture of the cutoff-value -titanium,
interplay between shape, size and density with density beitiiginium-iron or iron-copper. An extension to other mixtures
the main player. For the cases relevant in the clinical settingf, metals is possible.
no hot spot artifacts were observed. This is in contrast to theWhen an accurate conversion is used, it seems beneficial
literature where the most common artifact described is a hotuse a MAR algorithm to suppress the artifacts in the CT
spot. Secondly, dependent on the amount and the directionages in order to obtain proper CT numbers. A slightly
movement can result in hot spot artifacts. It was demonstrateddified version of the MAR algorithm described in [16] is
that the replacement of the metal pixels by water results inuaed for this purpose. In short the algorithm consists of the

E. Conclusion



following steps: First an initial reconstruction of the CT data i$he reconstruction of the PET images was done using the
done. Based on this initial reconstruction, an absolute intensitgwly proposed reconstruction procedure, so using MAR in
and a smoothing prior are defined so that a Maximum-Aombination with the metal conversion.
Posteriori [28] reconstruction can be performed which results
in an artifact-free constrained image. This constrained imag ’
is then the basis for an image based projection completio
method. :

Two modifications are made to the MAR algorithm. Firstly, _ PET NO AC
the initial reconstruction is done with the iterative maximum- ) A
likelihood polychromatic algorithm for CT (IMPACT) [29]. Fig. 3. Coronal slice through the PET-NO-AC and PET-NO-AC NEG-ML
This algorithm models the polychromatic nature of the yeconstruction of a phantom measurement with a hip prosthesis.
ray tube and therefore reduces the beamhardening artifacts
such as the cupping effect. By using IMPACT for the initial
reconstruction instead of FBP or an iterative reconstruction IV. RESULTS
for transmission tomography (MLTR) [28] the cupping artifach. Metal conversion
inside the metal is reduced so that CT numbers inside the meta‘_
are more correct. Secondly, in the final artifact-reduced ima%hee

_al! m etal pixels will be rep_laced by the metal pixels from th?n the case of the titanium insert, the PET images corrected
|n|'EI|_aI IdMPACTt retcor:r?truc;flont.. £ h | f(ﬁnattenuation with the CT-FBP images (PET M FBP) look
0 demonstrate the eflectiveness of th€ Newly Proposgliar o the PET images corrected for attenuation with the
metal conversion method, it will be applied to the simulate T-MAR images (PET M MAR). Titanium isn't a very dense
objects discussed in the first part OT this paper. In additioFﬁetal so the metal artifacts in tﬁe CT-FBP image are limited.
to show the need for a MAR algorithm for CT, the metabn the other hand, with a more dense object like the iron

con;ersmn was "’?'SO att)p[::hed tocrltzBsPtagdart(ﬂj ;gp 'rgacqigert, on sees that in the PET M FBP images the cold spot
maxing a comparison between & 1- ase and & spread out, whereas in the PET M MAR images, the cold

MAR based AC possible. spot is limited to the metallic object without any surrounding

artifacts. So for these cases, the use of the metal conversion
B. Registration of metals method in combination with the MAR algorithm is capable of
eegiminating the metal artifacts in the PET images.

he results of applying the metal conversion method to
CT-FBP and the CT-MAR images are shown in fig. 4.

In order to eliminate the metal artifacts in the PET imag
caused by movement of the patient, a registration of the
CT image with the PET-NO-AC image can be performed.
However, registration based on mutual information between
CT and PET-NO-AC images is very difficult due to the =
limited amount of information available in the PET-NO-AC
images. Reconstructing the PET-NO-AC images with a MLEM
algorithm that allows negative values in the reconstruction
(NEG-ML [30]) improves image quality, see fig. 3. However,
registration between CT and PET-NO-AC reconstructed with
NEG-ML still gives unsatisfying results. Therefore the follow-
ing approach was taken.

By using NEG-ML, it is possible to segment the metal in an
accurate way compared to the standard MLEM reconstruction
where the borders of the metal are not clearly visible. In the
PET-NO-AC MEG-ML images the metal appears as a region
with negative values. By applying a threshold of 0.8nin
the CT images, and by applying a region growing technique
in the PET-NO-AC NEG-ML images, two binary images of
the metal are obtained. These binary images can then be reg
istered rigidly by minimizing the sum of squared differences.
Only a translational movement is allowed during registration.
Afterwards the obtained transformation can be applied to the
CT image in order to obtain registered metals. Fig. 4. Results of the simulations using the metal conversion.

To show the feasibility of the registration procedure, two
patient studies were selected that showed a misregistration dn the simulation with the golden electrode, there is a hot
the location of a metallic object. In the first patient, the objesipot in both PET M FBP and PET M MAR. The MAR algo-
under consideration is a hip prosthesis, whereas in the secoitioim isn't able to fully recover the shape of the small electrode
patient, movement of the teeth with dental fillings occurredo that it also shows up as a ’'blob’ in the CT-MAR images.

CT MAR PET M FBP PET M MAR

Fe lesion Amalgam Gold



PET-NO-AC PET M MAR

Fig. 5. Patient with movement of a hip prosthesis. The top row shows the CT MAR and PET images before registration. The bottom row shows the CT M/
and PET images obtained after registration. The contour of the metal object was defined in both cases on the CT image and transferred to the PET-NC
(NEG-ML) image to show mismatch/match. The maximum width (4096 HU) window was used to display the CT images.

In [11] the MAR algorithm was used in combination withdiameter would result in an extended cold spot, as observed
the replacement of the metal pixels with a zero attenuatiam another simulation experiment.
value in order to eliminate the hot spot artifacts due to the There are two main causes for metal artifacts in the PET
electrodes. So for the dense electrodes it seems that the usienages. The first one is the use of an incorrect PET attenuation
a MAR algorithm in combination with the metal conversiorvalue for the metal. In the clinical procedure, the current
method isn't beneficial. In the simulation of the amalgarmonversion method results in an underestimation of the PET
dental fillings, the PET M FBP and the PET M MAR imageattenuation values. The use of the extended CT-scale on the
look very similar except for a minuscule hot spot near thether hand will result in an overestimation of the metal giving
metal in PET M FBP. Already in the traditional approach ndse to false positive tracer uptake. Therefore a new conversion
artifacts were seen, and the newly proposed procedure doesmethod, called the metal conversion method, was proposed.
create any artifacts either. The metal conversion method is a mixture based model which
In the presence of a lesion surrounding the metal objeghproves the assignment of PET attenuation values to the
the PET M FBP image shows some uptake around the matatallic objects. The use of the metal conversion implies that
but again, as was the case without the lesion, the cold regitve CT number may not be limited to a value in between [-
is spread out. In the PET M MAR image, the lesion i4024,3071] HU. Even the use of the extended CT-scale puts a
clearly visible although it seems to have a higher uptake whémit to the CT number. In order to be able to apply the metal
compared to the reference lesion at the left. conversion to his full extent, CT images may not be saved into
12-bit images. A higher bit-number is needed to cover the full
B. Registration of metals range of CT _numb_ers o_f metallic objects. _
Through simulations it was shown that by using the metal

In the first patient, there is a misregistration between CT a'agnversion method in combination with a MAR algorithm
PET as can be seen in the PET-NO-AC image of the top rol. oy reconstruction, the metal artifacts in the PET images

ET fig. 5. r;rh(_a mlsreglhstr;;t:;)_rlj ;/TSMUI;SR'U a hot SAF\Jfft)t abovle_t Ruld be reduced. The current evaluation was limited to visual
Ip prosthesis (see the image). After applyin nalysis of a small set of simulations and measurements.

the registration prqcedure, the hip prosthesis, delineateq oNn K¢ areful quantitative study is required to assess the bias
CT image, petter fits the cold area of the PET'NO'A.C maga ociated with the proposed conversion method. We assume
!f the PET is reconstrupted agaln_based on the registered ii bias will be small since for human tissues the conversion
image, the hot spot ?“'fa‘“ has d|sapp_eared. from CT to PET attenuation remains the same. In the presence
In the _second patient, h.Ot spot a_rtlfacts were present 1o gense EEG electrodes, the PET images reconstructed
th_e PET image du.e to a mls-reg|strat|on of the dental f”“”Qfsing the metal conversion and the MAR algorithm for CT
(f|g. 6). Aiter applying the reglstrathn procedure, the hot SPAdn't meet the expectations. This was due to the incapability
artifacts are removed (bottom row fig. 5). of the MAR algorithm to completely eliminate the artifacts.
So the search for good MAR algorithms must be continued.
V. DiscussioN With the current guideline to inspect the PET-NO-AC
In this paper, we studied in which cases the presence igfages to verify whether a positive tracer uptake in the PET
metallic objects gives rise to metal artifacts in the PET imagé@sages is a lesion (uptake visible in PET-NO-AC) or an artifact
in PET/CT and how these artifacts can be eliminated. (no uptake visible in PET-NO-AC), lesions can be missed as
The appearance of the metal artifacts in the PET imagess shown in the simulations. It would be optimal if diagnosis
(extended cold spot area or hot spot) is to a great exteuuld be made based on one image namely the PET image.
determined by the density of the metal object. Higher density The second cause for metal artifacts in the PET images is
will result in bigger artifacts. Furthermore, the size of théhe movement of the metal in between acquisition of CT and
metallic object and its shape also play an important role. FBET. To eliminate these artifacts one can segment the metal out
example, the golden electrode gave rise to a hot spot artifacbinthe CT and PET-NO-AC NEG-ML image and then rigidly
the PET H FBP images whereas a golden circle with the samsgister those images. In order to obtain a good segmentation



of the metal in non-attenuation corrected PET images, the ugg H. Zaidi, M-L. Montadon and S. Meikle, "Strategies for attenuation

of the NEG-ML algorithm for reconstruction is indispensable.
One could also use the NEG-ML algorithm for the reconqs
struction of the PET images. This will improve the visibility of
the metal itself although it will not remove the artifacts related
to the underestimation and overestimation of PET attenuatidfi
values. The same artifacts (cold spot extension and/or hot
spots) would remain. (5]
So in the presence of metallic objects, a possible procedure
for reconstruction of the PET/CT images would be to firstly
reconstruct the CT image using a MAR algorithm. Then thgé]
PET-NO-AC image can be reconstructed using NEG-ML. The
CT and PET-NO-AC images should be checked for movemen

compensation in neurological PET stusieN&urolmage vol. 34, 518-
541, 2007.

G. W. Goerres, T. F. Hany, E. Kamel et al., "Head and neck imaging
with PET and PET/CT artefacts from dental metallic implant&ty J

Nucl Med vol. 29, 367-370, 2002.

G. W. Goerres, S. |. Ziegler, C. Burger et al., "Artifacts at PET and
PET/CT cuased by metallic hip prosthetic materi&gdiology vol. 226,
577-584, 2003.

G. W. Goerres, D. T. Schmid and G. K. Eyrich, "Do hardware artefacts
influence the performance of head and neck PET scans in patients with
oral cavity squamous cell cancerDentomaxillofac Radiglvol. 32,
365-371, 2003.

E. M. Kamel, C. Burger, A. Buck et al., "Impact of metallic dental
implants on CT-based attenuation correction in a combined PET/CT
scanner”,Eur Radio| vol. 13, 724-728, 2003.

T. Kaneta, K. Takanami, Y. Wakayama et al., "High-density materials

In the case of movement, the CT image needs to be registered do not always induce artifacts on PET/CT: what is responsible for the

to the PET-NO-AC NEG-ML image. After alignment, the CT

MAR image needs to be converted to PET attenuation valuéé
using the metal conversion. And finally the PET image can be
reconstructed. (9]

CT-MAR PET-NO-AC PET M MAR

(10]

(11]

(12]

(13]

(14]

(15]

(16]

(17]

(18]

(19]

Fig. 6. Patient with movement of the head. The top row shows the CT MAR
and PET images before registration. The bottom row shows the CT MAR alZ#]
PET images obtained after registration. The contour of the metal object was
defined in both cases on the CT image and transferred to the PET-NO-AC
(NEG-ML) image to show mismach/match. The maximum width (4096 HU)

window was used to display the CT images. [21

[22]
VI. ACKNOWLEDGEMENT
The authors thank David Faul, James Hamill and colleag
from Siemens for software and Karl Stierstorfer for help wit
the CT file format and information about the spectrum of the
CT scanner. The authors thank Kathleen Vunckx for helpf[ﬁ4
advice. [25]

REFERENCES [26]

[1] D. W. Townsend, "Multimodality imaging of structure and function”,
Phys med Biglvol. 53, R1-R39, 2008.

] T. M. Link, W. Berning, S. Scherf et al,,

difference?”,Nucl Med Communvol. 28, 495-499, 2007.

B. S. Halpern, M. Dahlbom, C. Waldherr et al., "Cardiac pacemakers
and central venous lines can induce focal artifacts on CT-corrected PET
images”,J Nucl Med vol. 45, 290-293, 2004.

F. P. DiFilippo and R. C. Brunken, "Do implanted pacemaker leads and
ICD leads cause metal-related artifact in cardiac PET/CINucl Med

vol. 46, 436-443, 2005.

M. R. Ay and H. Zaidi, "Impact of X-ray tube settings and metallic
leads on neurological PET imaging when using CT-based attenuation
correction”, Nucl Instr Meth Phys Res,Aol. 571, 411-414, 2007.

C. Lemmens, M-L. Montandon, J. Nuyts et al., "Impact of metal
artefacts due to EEG electrodes in brain PET/CT imagifgiys Med
Biol, vol. 53, 4417-4429, 2008.

S. Mirzaei, M. Geurchaft, C. Bonnier et al., "Use of segmented CT
transmission map to avoid metal artifacts in PET images by a PET-CT
device”, BMC Nuclear Medicingvol. 5, 3, 2005.

J. J. Hamill, R. C. Brunken, B. Bybel et al., "A knowledge-based
method for reducing attenuation artefacts caused by cardiac appliances
in myocardial PET/CT” Phys Med Bial vol. 51, 2901-2918, 2006.

K. P. Sclafers, R. Raupach and T. Beyer, "Combin&#-FDG-PET/CT
imaging of the head and neckluklearmedizinvol. 45, 219-222, 2006.

C. Nahmias, C. Lemmens, D. Faul et al., "Does reducing CT artifacts
from dental implants influence the PET interpretation in PET/CT studies
of oral cancer and head and neck cancedNucl Med vol. 49, 1047-
1052, 2008.

C. Lemmens, D. Faul and J. Nuyts, "Suppression of metal artiafcts in
CT using a reconstruction procedure that combines MAP and projection
completion”, Trans Med Imagingin press, 2008.

J. A. Kennedy, O. Israel, A. Frenkel et al., "The reduction of artifacts
due to metal hip implants in CT-attenuation corrected PET images from
hybrid PET/CT scannersMed Bio Eng Computol. 45, 553-562, 2007.

B. De Man, J. Nuyts, P. Dupont et al.,"Metal streak artifacts in X-ray
computed tomography: a simulation studiZEE Trans Nucl Scvol. 46,
691-696, 1999.

K. Stierstorfer, A. Rauscher, J. Boese et al., "Weighted FBP-a simple
approximate 3D FBP algorithm for multislice spiral CT with good dose
usage for arbritary pitch"Phys Med Bial vol. 49, 2209-2218, 2004.

C. Coolens and P. J. Childs, "Calibration of CT Hounsfield units for
radiotherapy treatment planning of patients with metallic hip prostheses:
the use of the extended CT-scal®hys Med Bialvol. 48, 1591-1603,
2003.

"CT of metal implants:
reduction of artifacts using an extended CT scale technigu€omput
Assist Tomogrvol. 24, 165-172, 2000.

P. E. Kinahan, D. W. Townsend, T. Beyer and D. Sashin, "Attenuation
correction for a combined 3D PET/CT scannévied Physvol. 25 (10),
2046-2053, 1998.

§] J. P. J. Carney, D. W. Townsend, V. Rappoport and B. Bendriem,

"Method for transforming CT images for attenuation correction in
PET/CT imaging”,Med Phys vol. 33 (4), 976-983, 2006.

] C. C. Watson, "New, faster, image-based scatter correction for 3D PET",

IEEE Trans. Nucl. Scivol. 47, 1587-1594, 2000.

M. Defrise, P. E. Kinahan, D. W. Townsend et al., "Exact and approxi-
mate rebinning algorithms for 3-D PET dat#EE Trans Med Imaging
vol. 16, 145-58, 1997.

C. Comtat,P. E. Kinahan, M. Defrise et al., "Fast reconstruction of 3D
PET data with accurate statistical modelindEEE Trans Nucl Sci
vol. 45 (3), 1083-1089, 1998.



[27]

(28]

[29]

(30]

H. M. Hudson and R. S. Larkin, "Accelerated image reconstruction using
ordered subsets of projection datdEEE Trans Med Imagingvol. 13,
601-609, 1994.

B. De Man, J. Nuyts, P. Dupont et al., "Reduction of metal streak
artifacts in x-ray computed tomography using a transmission maximum
a posteriori algorithm”|EEE Trans Nucl Sgivol. 47 (3), 977-981, 2000.

B. De Man, J. Nuyts, P. Dupont et al.,”"An iterative maximume-likelihood
polychromatic algorithm for CT”|EEE Trans Med Imagingvol. 20
(10), 999-1008, 2001.

J. Nuyts S. Stroobants, P. Dupont et al.,, "Reducing loss of image
quality because of the attenuation artifact in uncorrected PET whole-
body images”J Nucl Med vol. 43 (8), 1054-1062, 2002.



