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Abstract
In wholebodypositronemissiontomography, it is common

practice to omit the transmissionscan to shortenthe study
time. Consequently, the emissionsinogramsarereconstructed
without attenuationcorrection.Althoughthis leadsto artifacts
in the reconstructedimages, it has been shown that these
images still provide valuable diagnostic information in
oncologicalapplications. Analysis of the attenuationartifact
reveals that it consistsof two components:a multiplicative
and an additive component. The presenceof the additive
componentexplainswhy tumor to backgroundratio decreases
with attenuationcorrection, a puzzling finding reportedby
several groups. In casesof strong attenuation,the negative
additive componentcan have an adverse effect on image
quality in maximum-likelihood reconstruction. The problem
is causedby the non-negativity constraintof that algorithm.
We proposea new ML-algorithm in which this constraintis
removed to preserve imagequality. Sincethe introductionin
the clinical routinein our department,the algorithmhasbeen
appliedto over2000studieswith satisfactoryresults.



I . INTRODUCTION

Positron emission tomography (PET) with
fluorodeoxyglucose is being used increasingly in
oncologicalapplications.Oftena PETscanis acquiredover a
largepartof thebody, aimingatdetectionof possibleunknown
metastases. Currently, theseso-calledwhole body studies
are often donewithout transmissionscanand the imagesare
reconstructedwithoutattenuationcorrection.Until recently, the
transmissionscanhadto be doneprior to injection, while the
emissionscanwasonly acquiredaboutanhourafter injection,
so the transmissionscanwould increasethe total study time
with morethanan hour. Recently, post-injectiontransmission
scanningallows to correctfor attenuationwith only a moderate
increaseof scanningtime. However, theeffect on visualimage
quality is controversial [1, 2], and many clinical centersstill
prefertheprotocolwithout transmissionscanning.

I I . THEORY

Considera infinitely thin ring of activity concentrically
embeddedin anotherwisecoldattenuatingdisk. Theattenuated
projectionacquiredalonga line with angle
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where � is theradiusof thering, �&% # � is theradiusof the
attenuatingdisk, � is theradioactivity perunit lengthin thering
and ' is thelinearattenuationcoefficient.

The sinogram
��� �(� ��� is symmetricaland independentof

theangle. Consequently, it is consistentunderthe assumption
of zero attenuation[3], and an exact solution exists. An
integral expressionof this solution can be obtainedby direct
application of filtered backprojection, or by applying an
operatorwhich computesthe point spreadfunction from the
line spreadfunction [4]. Solving this integral is cumbersome,
but important featuresof the solution can be easily derived
mathematicallyor numerically. In appendix A, we show
mathematicallythat thesolutionis negative everywherewithin
the radioactive ring. Sincean exact solution exists, a good
estimatecan be obtainednumericallywith a discretefiltered
backprojection(FBP) program.The profile in figure1 clearly
shows thatcentralpixel valuesarereconstructedwith negative
values. Since the superpositionprinciple holds, it follows
that reconstructedpixel valuesreceive a negative contribution
which increaseswith increasing amounts of surrounding
activity.

A. Contrast
It is well known that lack of attenuation correction

resultsin a severeunderestimationof true activity, becausea
fraction of the photonsemittedtowardsthe detectorhasbeen
eliminatedby attenuation. As shown above, a more subtle
attenuationartifact results in negative additive contributions
from surroundingactivity. This negative additive component

Figure 1: Left: original activity distribution, dotted line indicates
attenuatingdisk. Center:reconstructionwithoutattenuationcorrection
from attenuatedprojections.Right: profile throughthe centerof the
reconstructionimage.

is the reasonthat ignoring attenuationcorrection tends to
increasedtumor to backgroundratios, as has beenreported
by several investigators[1, 5, 6]. Assumingtumor activity)

and backgroundactivity * , and assumingthat the effect
of the attenuationartifact can be describedwith regionally
constantmultiplicative and additive components+ and , ,
reconstructionwithout attenuationcorrectionwould result in
anapparentratio � of� 	 + ) � ,+-* � , # )* , if

) #.* . (2)

The additive component behaves as a “background
subtraction”,increasingthecontrast.Thereis noindicationthat
this effect would alsosuppressnoise,so theincreasedcontrast
doesnot imply improved signal to noise ratio or improved
tumordetection.

B. Negative values
In large patients,the negative additive componentof the

attenuationartifactcanmakeentireregionsnegative. However,
these regions may still contain useful visual information,
superimposedon the negative additive componentof the
artifact. In clinical applications,FBP often producesnegative
pixel values in regions where attenuationwas important.
However, FBP is very sensitive to noiseandtendsto produce
disturbingstreakartifacts.In contrast,themaximum-likelihood
expectation-maximization(MLEM) is more robust against
noise,but hasa built-in non-negativity constraint.Whenused
with attenuationcorrectionthis is an obvious strength,but if
no attenuationcorrectionis includedthe constraintbecomesa
weakness,and highly attenuatedregions are reconstructedas
uniform regionswith (nearly)zerotraceruptake. As a result,
usefulimagedetailmaybelost.

I I I . THE DEDICATED ML-ALGORITHM

The MLEM algorithm [7] can be regardedas a scaled
gradient ascent algorithm, where the step size is scaled
such that it prevents negative values. In appendix B an
alternative step size is derived, allowing the inclusion of
negative values while preserving the desirable featuresof
the MLEM-algorithm. The new algorithm is a successful
heuristic approachto obtain good visual image quality but
obviously lacks theoretical justification in physics, since
negativeactivitiesaremeaningless.

After apilot study, thenew algorithmhasbeenintroducedin



clinical routineandhasbeenappliedto over 2000PET whole
body studies.The physiciansacceptit asa goodcompromise
betweenFBP and MLEM, and useit both for diagnosisand
for documentation.Figure2 comparesa coronalview obtained
with thethreereconstructionalgorithms.

IV. CONCLUSION

A new dedicatedML-algorithm for the reconstructionof
wholebodyimageswithout attenuationcorrectionis proposed.
It hasbeenintroducedin clinical practicewith goodresults.

Figure2: Left: FBP reconstruction.Center:MLEM reconstruction.
Right: modifiedMLEM reconstruction.

V. APPENDIX A
Sinceall projectionsareidentical,thereconstructionof (1)

is radiallysymmetricalandcanberepresentedas / � � 
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VI. APPENDIX B
Thelikelihoodfor emissiontomographycanbewrittenasWJXZY X �5[ X �\	 W�X � 1 X^]`_ [ X � [ X �

with
[ X 	 Wbadc Xea � a (6)

where
1 X

is the measuredcount in detector f , � a is the
(unknown) activity in pixel g and

c Xea
is the assumeddetection

probability (ignoring attenuation).A surrogatefunction [8, 9]
is introduced to separatethe variables (the prime denotes
currentreconstructionvalue):W X Y X �@[ X �h	 W X Y Xjik W a 7 Xeaml c Xea7 Xea � � a � �Jna � 0 [ nX5oqpr (7)s WJXtW^a 7 Xea Y X l c Xea7 Xea � � a � � na � 0 [ nX o � (8)

with equality if � a 	 � na . The constants7 Xua must satisfyv a 7 Xea 	 R but areotherwisearbitrary. Equation(8) follows
from theconcavity of

Y X
. Consequently, maximizing(8) yields

anincreaseof thelikelihood(7), unlessbothhavereachedtheir
maximum. Applying Newton’s methodto eachterm of (8),
replacing

1 X Ib[ 
X
with R I 1 X in the denominatorand choosing7 Xua 	 c Xua I vZw c X w yields:
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Thefactorbetweensquaredbracketsis thestepsize,whichdoes
notvanishwhen� a approacheszero.Thisalgorithmturnsoutto
beconservative;wecomputealsotheMLEM stepsizein every
pixel andapplythelargerof thetwo.

VII. REFERENCES

[1] M Lonneux, I. Borbath et al. “Attenuation correction in
whole-body FDG oncological studies: the role of statistical
reconstruction.” Eur J Nucl Med, vol 26;pp 591-598,1999.

[2] TH Farquhar, J Llacer et al. “ROC and localization ROC
analysesof lesion detectionin whole-bodyFDG PET: effects
of acquisitionmode, attenuationcorrectionand reconstruction
algorithm”,J Nucl Med, vol 40;pp2043-2052,1999.

[3] F Natterer. “Determination of tissue attenuationin emission
tomographyof optically densemedia.” Inverse problems, vol 9,
pp731-736,1993.

[4] EW Marchand.“Derivationof thepointspreadfunctionfrom the
line spreadfunction”, J Opt Soc Am, vol 54,pp915-919,1964.

[5] M.B. Imran, K. Kubota et al. “Lesion-to-backgroundratio in
nonattenuationcorrectedwhole-bodyFDGPETimages.” J. Nucl.
Med., vol. 39, pp1219-1223,1998.

[6] F.M. Bengel, S.I. Ziegler et al. “Whole-body positron
emissiontomographyin clinical oncology:comparisonbetween
attenuation-correctedand uncorrectedimages.” Eur. J. Nucl.
Med., vol. 24, pp1091-1098,1997.

[7] L Kaufman.“Maximum likelihood,leastsquaresandpenalized
leastsquaresfor PET.” IEEE Trans Med Imaging, vol 12,pp200-
214,1993.

[8] AR De Pierro.“A modifiedexpectationmaximizationalgorithm
for penalizedlikelhood estimation in emission tomography,”
IEEE Trans Med Imaging, vol 14,pp 132-137,1995.

[9] JA Fessler, EP Ficaro et al. “Grouped-coordinateascent
algorithms for penalized-likelihood transmission image
reconstruction,” IEEE Trans Med Imaging, vol 16, pp 166-
175,1997.


