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AbstractÑ Misaligned attenuation correction factors lead to
artifacts and quantitati ve errors in cardiac PET images, po-
tentially resulting in inaccurate interpretation and/or incorr ect
clinical decisions.Artifacts fr om misaligned attenuation-emission
scansare common with conventional PET imaging. The potential
for misalignment/artifacts is further increasedin dual modality
PET/CT systemssince CT images a snapshot of the respiratory
cycle and PET images multiple respiratory cycles. In this work,
we developed and tested a method for automated alignment of
attenuation and emission data. The alignment processenforces
the Radon consistency conditions on the emission data and is
derived from previous work by Welch et al. The attenuation image
volume is aligned thr ough simple rigid body transformations with
the emission data. We test the processwith simulated data and
measured patient data fr om two ammonia cardiac PET/CT exams.

I . INTRODUCTION

Thegoalof this work is to improve theattenuation-emission
alignmentin cardiacPET/CT imaging.Misalignedattenuation
correction factors lead to artifacts and quantitative errors in
cardiac PET images, potentially resulting in inaccuratein-
terpretationand/or incorrectclinical decisions.Artif acts from
misalignedattenuation-emissionscansare commonwith con-
ventional PET imaging (21% of cardiaccaseshave artifacts
from attenuation[5]). The potential for misalignment/artifacts
is further increasedin dual modality PET/CT systemssince
a CT scanimagesa snapshotof the respiratorycycle and a
PET scanimagesmultiple respiratorycycles [2]. In this work,
we developedandtesteda methodfor automatedalignmentof
attenuationandemissiondata.The alignmentprocessenforces
the Radonconsistency conditionson the emissiondataand is
derived from previous work by Welch et al [8]. The optimal
rigid body transformationof the attenuationimagevolume is
found that resultsin the most consistentattenuationcorrected
emissiondata and improved attenuation-emissionalignment.
We test the processwith simulateddataandmeasuredpatient
datafrom an ammoniacardiacPET/CTexam.
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I I . ALIGNMENT METRIC

The attenuationimage,formed from scaling the CT image
volumeto attenuationcoefÞcientsat PET energy[3], is aligned
with the PET emissionimage by applying rigid body trans-
formationsuntil the attenuationcorrectedPET dataminimize
an alignment metric based on the two-dimensionalRadon
consistency conditions.In this work, we enforcethe Þrst three
momentsof the Helgason-Ludwigconsistency conditionson
2-D Radon transformsin a method originally proposedby
Welch et al. [8]. Their methodusesNatterÕs formulation of
the consistency conditions
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whereE(s, ! ) are the measureddata,A(s, ! ) are the projec-
tions of the attenuationimage,m ! 0 is the momentbeing
computed,andk is Fouriercomponent[6]. The radialdistance
from thecenterof rotations andtheazimuthalangleof rotation
! index the Radontransformspace.

If the attenuationcorrectedprojection data is consistent,
! m ,k = 0 whenk > m or whenk+ m is odd.This relationship
is a resultof the fact that the momentsof projectionsthrough
an object are periodic in azimuthalangle.Figure 1 plots the
projection moments(inner integral over s in (1)) for noise-
free data versusazimuthalangle.The zero-ordermomentof
the consistency conditionsstatesthe well known propertythat
the sum of the projection data at one view of parallel-beam
projectionsis a view-angle independentconstant.The zeroth
momentin Þgure 1 shows that the sum of projectionsis the
same at all angles.The Þrst order moment shows that the
projectionsof the centerof massin the object (a singlepoint)
form in a sine wave with period one in the sinogram.The
2nd momentplot revealsa sine wave with period 2; the 3rd
containssine waves with periods1 and 3. Likewise, higher
order moments result in combinationsof sine waves with
greaterperiods. If projectionsare inconsistent,the moments
will containhigher frequency information.The outer integral
of (1) performsthe Fourier transformof thesemoments;if the
Fourier coefÞcients greaterthan the moment (k > m) have
values,thenthe projectionsare inconsistent.

Bromiley and Welch, in a follow-up to their original work,
used theseconditions to perform attenuation-emissionalign-
ment in conventionalPET imagingthroughtransformationsof
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Fig. 2. Transaxial views of reconstructions of noise-free simulated PET data
from the NCAT phantom. The PET images (row 2) were attenuation corrected
with corresponding attenuation images from row 1. Column (a) used emis-
sion data from full-expiration and attenuation correction from full-inspiration,
column (b) used emission data from full-expiration and the attenuation from
full-inspiration aligned to the emission data with the proposed method, column
(c) used emission and attenuation correction data both from full-expiration. The
alignment process reduced the artifacts that are present in the AC PET images
using a mismatched attenuation image.

B. Patient Studies

For patient A with a 16mm forced z translation, the value
of Φ̂ as a function of z translation of the attenuation image is
presented in figure 3. The value of the objective function across
two transformation parameters, with the other parameters fixed,
appears in figure 4. This offers some insight into the behavior
of the objective function for a single patient, but does not take
into account the effect of the other transformation dimensions.
For this example, the objective function is well-behaved with
no local minimum in the range of interest. The variation of
slope as the minimum is approached from different directions
points to the reality that the choice of initial values for the
transformation will effect the speed of convergence for this
application.

We also performed the full alignment optimization for patient
A when the attenuation map was given a known misalignment.
After 150 iterations of the simplex algorithm, the estimated
alignment transformation was an (x,y,z) translation = (-21.8, -
7.1, 25.7)mm and rotation around (x,y,z) axis = (-1.1, 1.5, -0.5)
degrees. These values have a difference of (x,y,z) translation =
(5.3,-3.8,-6.1)mm and rotation (x,y,z) = (1.8, 1.5, 0.5) degrees
with the forced misalignment. Given the overall system reso-
lution and noise levels in ammonia studies, these differences
are low. Furthermore, assessment of the images in figure 5
prove that the automatically-aligned attenuation map reduces
artifacts in the attenuation corrected PET image, particularly
along inferior wall.

In patient B, the proposed method successfully realigned the
attenuation image as presented in figure 6. Note the major
artifacts in the emission image when using an mismatched
attenuation image and the lack of these errors in the aligned
image.
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Fig. 3. Objective function values for patient A as a function of translation in
axial location with the other transformation dimensions fixed. Plots the values
of 2 for different moments and for the sum of moments m = 0, 1, 2. These
curve shows that the objective function is well-behaved for this patient and for
this dimension. The minimum should occur at approximately -1.6cm since we
forced a translation of 1.6cm on the original “aligned“ data.
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Fig. 4. Contour of objective function values for patient A as a function of
rotation around z and translation in x with the other transformation dimensions
fixed. This case started with original “aligned” data, the minimum should occur
at approximately (0,0).

C. Algorithm Performance

The proposed alignment algorithm was not optimized. The
steps for each evaluation of the objective function include
1) transform the attenuation volume, 2) forward project, 3)
compute moments, 4) FFT the moments in φ, 5) compute the
objective function value. In the clinical patient studies presented
here using 8 × 105 image voxels and a projection space with
4 × 106 entries, each function evaluation took 3 seconds on a
2.3GHz PowerPC G5. A total optimization with 150 simplex
iterations required 15 minutes.
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