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Abstract

Metal streakartifacts are an important problemin X-ray
computed tomography A high-resolution 2D fan-beam
computedomographysimulatoris presentedSeveral potential
causesof metal streak artifacts are studied using phantom
measuremen@ndsimulations.Beamhardeningscatter noise
andexponentialedge-gradiengffectareidentifiedasimportant
causesof metal streakartifacts. Furthermore,also aliasing
effectsand objectmotion canbe responsibldor certainmetal
streakartifacts.

. INTRODUCTION

In X-ray computedtomography (CT), the presenceof
strongly attenuatingobjects- suchas dentalfillings - causes
typical streakartifactsin the reconstructedmages(figure 1).
Attemptsto reducethosestreaksare commonlyreferredto as
'metal artifact reduction (MAR)'. Sereral researcherhave
tried to remove metalstreakartifactsusingvariousapproaches,
which - to our knowledge- are all basedon the assumption
thatmeasurediataaffectedby metalobjectsareuselesgor the
reconstructionThesecorrupt’ dataareeitherignored[1, 2] or
replacedoy syntheticdata[1, 3].

Figure1: An exampleof metal streakartifactsin X-ray computed
tomography

In our opinion, a completeunderstandingof the streak
generation processesis indispensablefor a well-founded
solutionto the metal streakartifact problem. In CT literature,
several causeof (moregeneral)streakartifactscanbe found:
beam hardening[4, 5, 6, 7, 8, 9], scatter[10, 11], noise
[4], exponential edge-gradieneffect (EEGE) [12], detector
undersampling[13], view undersampling[14], objectmotion
[15] andaxial partial volumeeffect [16]. To investigatenhich
of these causesare relevant to metal streak artifacts with
modern CT-scannerswe developeda CT simulator and we
performedanumberof measuremen@ndsimulations.

In the following sectionswe describethe simulatorandits

validationandwe analyzestreakswith differentorigin.

Il. METHODS

A. Smulator

The simulator is basedon a typical fan-beamgeometry
(figure2a)andis developedn IDL (Interactve DataLanguage,
ResearchSystemsinc., Boulder Colorado). All parameters
were adjustedfor the SiemensSomatomPlus 4 CT-scanner
The third dimension,perpendiculato the scanningplane, is
not taken into account. Spiral artifacts[17, 18, 19 and axial
partialvolumeeffects[16] arebeyondthe scopeof this article.
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Figure2: (a) Typicalfan-beanCT geometryand(b) projector

The projector (figure 2b) is implementedin C for fast
computation:for every detectorelementthe intersectionsvith
all rows (or columns)arecalculatecandtheinterpolatedralues
areadded.
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Figure 3: Simulatedbeamaperture: (a) samplingschemeand (b)
resultingintensitydistribution

For easeof computationthe X-ray sourceis modeledasa
uniformly radiatingstraightline. The finite sizesof the focal
spot and the detectorelementsare modeledby samplingat
high resolution(typically 0.1mm)followed by a summatiorof
the photonflux over focal spot width (0.6mm) and detector
elementwidth (1.2mm). Theresultingbeamapertureis shovn
in figure 3.

The spectrumof the X-ray tubeis modeledby summing5
monochromatisimulationsat well-choserenegies(figure 4).



Absorption coeficients of water iron and amalgam are
calculatedrom dataavailableon-line at http://physics.nist.gov
by averagingovertheappropriateartsof thespectrum.
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Figure4: Real(solidline) andsimulatedarrons) X-ray spectrum

The continuous rotation of the tube-detectorunit is
simulatedby samplingat small angular(or temporal)intenals
followedby a summatiorof the photonflux overtheview angle
(or time) interval. Simulationsshaw that the finite integration
timeis highly determiningfor the’line spread function’ (LSF).
Measurement®f the LSF indicate that this integration time
is about500us larger thanthe expected710us. We attribute
this excessintegrationtime to the ion collectiontime, this is
the time neededfor the ions to drift towardsthe measuring
electrodesin the Xenon detectors. This resultis in good
agreementwith the theoreticalion collection time of 600us

2
calculatedas t..; = (ﬁ) where Az is the interelectrode

distance,V the appliedvoltageandk = 0.015”’_152 the ionic
mobility taken from [20]. This so-called’ after-glow effect’
is modeledby addingto eachview an appropriatenumberof

samplegrom thenext view.

According to the manufcturers,all non-linearitiesin the
detectorresponseare perfectly compensatedor. Detector
cross-talkis modeledby including a detectoroverlapof 1/6 at
bothsides. The detectorarrayis shiftedover onefourth of the
detectorelementwidth to remove theredundang inherentto a
standard60° fan-beanacquisition.

In accordancewith [10, 11] a constantscatterlevel was
chosen. Real scatterprofiles usually containvery little high
frequenciesandtherefore a constanscatterprofile is expected
to be a good approximation,at leastfor the purposeof this
article.

Poissonnoisewas addedto the simulatedintensities. The
noiselevel wastunedso that the simulatedintensitieshad the
samestandardieviation asin themeasurements.

B. Validation

1) LS

We determinedhe LSF of boththereal CT scannelandthe
simulator usinganiron wire (g 0.7mm) positionedat different
positionsperpendiculato thescanningplane. Thefull width at

half maximum(FWHM) of the LSF wascalculatedy fitting a
Gaussian.

2) phantoms

A numberof phantomswere measuredand simulated. A
first phantomconsistedof a waterbowl anda cylindrical iron
rod (¢ 11.6mm) positionedeccentricallyin the water The
secondseriesof phantomsconsistedf a Plexiglas plate, with
one,two or threecylindrical amalgandillings. Figure5 shavs
two reconstructiondrom artifact-freesimulations(a) for the
waterbowl with iron rod (phantom 1) and(b) for theplexi plate
with threeamalganfillings (phantom 2).

Figure5: Artifact-freesimulations:(a) phantom 1: waterbowl with
iron rod and(b) phantom 2: plexi platewith 3 amalganfillings

C. Reconstruction

Two reconstructionalgorithms have been implemented.
The first is the direct fan-beam filtered backprojection
algorithm from Herman[21]. The backprojector(figure 6)
is implementedin C for fast computation: for every pixel,
the intersectionwith the detectorarray is computed. The
correspondingnterpolatedvalueis assignedo the pixel.

Figure6: Backprojector

A secondreconstructionalgorithm consistsof a rebinner
followedby aparallelbeamreconstructionThis wasusedonly
for validationof the directfan-beanreconstruction.

D. Streak Analysis

Theeffectof beamhardeningvasinvestigatedy comparing
polychromaticand monochromatisimulations. For the latter,
attenuatiorcoeficientsof thephantomsveredefinedsothatthe
resultingintensitieswerein the sameorderof magnitudeasin
thepolychromaticcase.

Similarly, the effects of scatter noise and exponential



edge-gradieneffect (EEGE) were investigatedoy comparing
scatter, noise- and EEGE-free simulationsand simulations
with scattey noise or EEGE. The scattefto-primary ratio
was arbitrarily chosento be 0.0001. The noise level was
determinedy choosinganunattenuateflux of 10° or 2 x 10°

photonsper detectoy dependingon the phantom. Underthese
circumstanceshoth the standarddeviationsin the projections
and the dggree of artifact were comparableto thosein the
measurediata.

The effect of noise was also investigatedby scanning

a phantom multiple times under identical circumstances.

Averagingof n intensity sinogramsallows to reducethe noise
by a factor+/n. Averagedimagesand original imageswere
compared.

The EEGE needssomefurther explanation(seealso[12]).
Two modesof simulationwere used. In the first mode, the
projectionsumsare calculatedasthe logarithmof the integral
overthefocal spotandoverthedetectorelementf thephoton
flux:

In fA fB Io - exp(— fLa,b wu(s) ds) da db
A-B-I,

where I is the un-attenuatedntensity A and B the areasof
focal spotanddetectoy 11 the attenuationcoeficient and L, 5
the line definedby ¢ and b. This is the correctsimulation
procedure. In the secondmode, the projection sums are
calculatecasthe meanoverthefocal spotandoverthedetector
elementof theattenuatiorine integrals.

p:%%A/B(/mu(s)ds)dadb

This secondnodeallows to eliminatethe EEGE.

p=- (1)

)

The influence of motion of the scannedobject was
simulatedby calculatingtwo sinogramsfor the objectat two
slightly differentpositionsandtaking a partof both sinograms
to synthesizea new sinogram.

Influenceof detectorandview samplingwasinvestigatedy
reconstructingagnimagemakinguseof datafrom only a subset
of thedetectorsor of the views.

A. Validation

A good Gaussianfit of the LSF was obtainedin most
projections(exceptwherethe projectionof the wire coincides
with the borderof the patienttable).

RESULTS & DISCUSSION

Good agreementwas obtained between measuredand
simulated~WHM of LSF asafunctionof view angle(figure7).
Thetypical cyclic behaiour hasan easyintuitive explanation:
Thewidth of the LSF dependsnainly onthreeparametersthe
distancel F from the iron wire to the focal spot, the distance
IC from the iron wire to the centerof rotationand the angle
~ between(1) the beamthroughtheiron wire and(2) theline
connectingthe iron wire andthe centerof rotation. Distance

=

(5]
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Figure7: FWHM of the LSF versusview number:measuredblack)
andsimulated(gray)

IF determineghe beamwidth andthe distancebetweentwo
consecutie beamsat that particularposition. Distancel C' and
angley determinethe speedat which a beamsweepsy atthat
particularposition: vsyeep = Vangutar * IC - cos(y).

Figure 8: Water bowl with iron rod (left) and plexi plate with 3
amalganfillings (right): measuredtop) versussimulatedbottom)

Good agreementis obtained between measured and
simulated images for both phantom 1 and phantom 2
(figure 8). All reconstructionsare windowed in the intenal
p=1[0.1;0.3] em™1.

B. Beam Hardening

Figure 9 shawvs the polychromatic simulations. For
phantom 1, we obsene dark streaksn thedirectionsof highest
attenuation.Also the more generalcuppingartifactis present,
but this can not be seenwith the currentwindowing. In the
caseof two or moremetalobjects(phantom 2) additionaldark
streakconnectinghe metalobjectscanbeseen.

Figure9: Polychromatisimulations:(a) phantom1 and(b) phantom 2



C. Scatter

Figure 10 shaws the simulationswith addedconstant-leel
scatter For phantom 1, we obsene dark streaksin the
directionsof highestattenuationAgain, alsocuppingis present
but not visible with the currentwindowing. For phantom 2,
additional streaksconnectingthe metal objectscan be seen.
Even a very small scattetto-primary ratio causessignificant
streaks. Also somebright streaksare presentborderingthe
dark streaks.This is probablydueto the negative valuesin the
reconstructiorkernel. Note thattheseartifactsarevery similar
as the polychromaticartifactsin figure 9 (seealso[10] and
[11]).

Figure10: Simulationwith constant-leel scatter:(a) phantom 1 and
(b) phantom 2

D. Exponential Edge-gradient Effect

Figure 11 shovs simulations with the exponential
edge-gradieneffect. For phantom 1, no streaksare obsened.
For phantom 2, dark streakscan be seenconnectingedges
with equally-signedyradientswhile white streakscanbe seen
connectingedgeswith oppositegradients.More generally the
EEGEis known to causestreakgangento long straightedges.
For instance,using differentwindowing, dark streakscan be
seenalongthe edgesof the plexi plate. Additionally, a number
of streakcanbe seenradiatingfrom the metals.

Figurell: Simulationwith EEGE:(a) phantom 1 and(b) phantom 2

E. Noise

Error due to noise determinedby simulations with

Figure 12:
and without noise: (a) phantom 1 and (b) phantom 2 (windowing:
p = [-0.05;0.05] cm™*)

Figure 12 shaws the error due to noise determinedfrom
simulationswith and without noise. Streakscan be seenin
directionsof highestattenuatiorandconnectingmetalobjects.

This type of streaksconsistsof thin lines alternatelydark and
bright andare alsodistinguishablen figure 8. Noiseartifacts
are non-linearartifacts, just like beamhardeningand scatter
artifacts([4]). The degreeof artifact strongly dependson the

magnitudeof the measuredntensitiesand thus of the total

integrated attenuation. As a consequencegven the amount
of scatterand beamhardeninghave a stronginfluenceon the
severity of thenoiseartifacts.

F. Motion

Figure13 shavsasimulationwheretheiron rod wasmoved
over aboutl.4mm after 700 views. Streakscanbe seenin two
directions: from the rod to the focal spotat the two positions
of inconsisteny, this is betweenview 700 andview 701 and
betweerview 1056andview 1.

B

Figure13: Simulationof objectmotion

G. Aliasing

Figurel4ashowvs a simulationof phantom 1 usingonly half
of the detectordor thereconstructionClearly, typical artifacts
due to detectorundersampling(circular patternstangentto
strong edges)can be seen. Similarly, figure 14b shavs a
simulation of phantom 1 using only a quarterof the views
for the reconstruction. Again typical artifacts due to view
undersampling(streaksstartingat a certaindistancefrom the
center)areobsered.

Figurel4: Simulationswith (a) detectorundersamplingand(b) view
undersampling

Note that even in the 'artifact-free’ simulations(figure 5),
aliasingerrors(suchas Moire patterns)are presentalthough
not visible with the currentwindowing. However, appropriate
reconstructionkernels should be able to reduce aliasing
artifacts as much as wanted, possibly at the expenseof the
spatialresolutionof thereconstruction.

Moreover, neitherthealiasingartifacts,northeartifactsdue
to objectmotion are limited to the caseof metal objects,but
becausef their high attenuatiorvalues the presencef metal
objectsmalkestheartifactsmoreprominent.

V. FUTURE WORK

For the scopeof this article, we focussedon one specific
scannertype. Resultsmustbe generalizedor other scanner



types. Extensionto 3D, andin particularanalysisof the axial
partialvolumeeffectis needed.

The next stepis to try to reducestreak artifacts. One
possibleapproachis to preventartifactsduringthe acquisition.
Noise can be reducedby using high mAs-settings. Beam
hardeningcanbe minimizedby usingpre-filtering. The partial
volumeeffectdueto z-gradientcanbereducedy makingthin
slices. Unfortunately all thesemeasuresrein direct conflict
with otherclinical concernsuchaslow patientdose tubelife,
etc...

Our aim is to apply iterative reconstructior{19] to reduce
metalstreakartifacts. The majoradwantageof this approachs
the possibility to use a model of the acquisition,taking into
accountpolychromaticity scatter noise, EEGE and ary other
imperfections. A generaliterative reconstructionschemeis
shavnin figure15.
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Figurel5: Iterative Reconstruction

V. CONCLUSIONS

A high-resolutior?2D CT simulatorhasbeendevelopedand
validated We have proventhatall investigatedtause®f streaks
areeffectively ableto producestreaks Beamhardeningscattey
noiseand EEGEarethe mostimportantcause®f metalstreak
artifacts.Underextremecircumstanceslsoobjectmotionand
aliasingeffects producestreakartifacts. Artif actsdueto axial
gradientseedfurtherinvestigation.
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