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In present positron emission tomography �PET�/computed tomography �CT� scanners, PET attenu-
ation correction is performed by relying on the information given by a single CT scan. The scaling
of the linear attenuation coefficients from CT x-ray energy to PET 511 keV gamma energy is prone
to errors especially in the presence of CT contrast agents. Attenuation correction based upon two
CT scans at different energies but performed at the same time and patient position should reduce
such errors and therefore improve the accuracy of the reconstructed PET images at the cost of
introduced additional noise. Such CT scans could be provided by future PET/CT scanners that have
either dual source CT or energy sensitive CT. Three different dual energy scaling methods for
attenuation correction are introduced and assessed by measurements with a modified NEMA 1994
phantom with different CT contrast agent concentrations. The scaling is achieved by differentiating
between �1� Compton and photoelectric effect, �2� atomic number and density, or �3� water-bone
and water-iodine scaling schemes. The scaling method �3� is called hybrid dual energy computed
tomography attenuation correction �hybrid DECTAC�. All three dual energy scaling methods lead to
a reduction of contrast agent artifacts with respect to single energy scaling. The hybrid DECTAC
method resulted in PET images with the weakest artifacts. Both, the hybrid DECTAC and
Compton/photoelectric effect scaling resulted also in images with the lowest PET background
variability. Atomic number/density scaling and Compton/photoelectric effect scaling had problems
to correctly scale water, hybrid DECTAC scaling and single energy scaling to correctly scale Teflon.
Atomic number/density scaling and hybrid DECTAC could be generalized to reduce these
problems. © 2008 American Association of Physicists in Medicine. �DOI: 10.1118/1.2903476�
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I. INTRODUCTION

The additional morphological information provided by posi-
tron emission tomography/computed tomography �PET/CT�
scanners1 in contrast to stand alone PET scanners can be of

2
additional diagnostic value for the physician. Another ben-
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efit of PET/CT systems is the faster examination time, since
the attenuation map to correct PET data is obtained from the
CT scan and not from the much longer transmission scan.3,4

The benefits of the combined scanner are opposed by several

PET image artifacts that are caused by the CT-based attenu-
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ation correction: CT field of view �FOV� truncation artifacts,
beam hardening artifacts, motion �heartbeat, respiration,
movement� artifacts, and artifacts caused by the scaling of
linear attenuation coefficients from CT photon energy
�around 50–80 keV mean energy� to linear attenuation coef-
ficients at 511 keV.1,5–8 We hypothesize that, with the excep-
tion of truncation and movement, all mentioned artifacts
could be reduced, if attenuation correction was based upon
two sets of CT data that were measured using x-ray photons
of different energy.

At present, this information can be obtained by two con-
secutive scans with different peak energies. However, since
the two scans are not performed at the same time and due to
patient movement, the images are not exactly congruent and
the resulting dual energy attenuation correction is errore-
neous. The magnitude of this error depends on the PET res-
olution, the magnitude of patient movement, and �if present�
the quality of the CT/CT registration of the two CT scans.

Simultaneous scans reducing such errors could be per-
formed if the CT component of a PET/CT scanner was re-
placed by a dual source or energy sensitive CT. Present dual
source CT scanners contain one source of limited transaxial
field of view and therefore provide dual energy images of the
central part of the images, whereas in the outer regions only
information of a single energy scan is available. Therefore,
dual energy attenuation scaling would be restricted to the
central part of the image. Further CT scanner development is
required to broaden the dual energy field of view.

Dual source CT scanners are now commercially available
and have a high clinical potential especially to improve car-
diovascular CT imaging. The two x-ray tubes can be used to
obtain a high temporal resolution by halving the gantry rota-
tion angle necessary for image reconstruction and thereby
reduce motion artifacts.9 When used at different energies
they can support differentiation of various materials and tis-
sue types, e.g., bone and calcifications in vessel walls from
intraluminal iodinated contrast media.10,11

Integration of dual source CT in PET/CT scanners could
therefore be a further improvement of multimodality imaging
notably of cardiovascular diseases. Moreover, the additional
information provided by the two CT energies could be used
to reduce beam hardening artifacts and linear attenuation co-
efficient transformation errors. The faster CT acquisition to-
gether with list mode PET acquisition should allow more
precise heart imaging with movement corrected attenuation
correction. However, the scan with two sources leads to in-
creased noise in the attenuation correction factors �ACFs�
and usually but not necessarily12 increases the dose applied
to the patient.

This work investigates the reduction of contrast agent lin-
ear attenuation coefficient transformation errors and the in-
creased noise introduced by the two sources. The ambiguous
map from linear attenuation coefficient at CT energy to PET
energy is responsible for the error in the ACFs and makes
further assumptions on the attenuating media necessary. The
map is ambiguous, because the measured linear attenuation
coefficient at CT energy does not fully specify the attenuat-

13
ing media and its constituents. Usually bilinear or hybrid
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scaling methods6,8,14 which assume human tissue as attenu-
ating media are used. Materials of large atomic numbers like
iodine �atomic number Z=53� do not fulfill this assumption
and the mentioned scaling methods are therefore erroneous
in the presence of CT contrast agents.15–19

Three different concepts of dual energy scaling are com-
pared and discussed. In the two first concepts the attenuating
media �the patient� is composed of one effective material at a
given position. In the first concept the two energy scans are
used to determine the probability of Compton and photoelec-
tric effect.12,20 Since the energy dependency of Compton and
photoelectric effect are approximately known, the attenua-
tion coefficient at PET energy can be extrapolated. The sec-
ond approach is also motivated by physical properties. There
the information of the two scans is used to determine the
mean effective atomic number and electron density21,22

which then can be used to obtain the attenuation coefficient
at PET energy. The third method assumes that the media is a
composition of two constituents and uses the information
from the two energy scans to differentiate between two com-
position schemes �water-bone or water-iodine�.23,24

II. THEORY

For PET and CT, the linear attenuation coefficient �Z,A of
an element �Z ,A� is the sum of Compton ��Z,A

C �, photoelec-
tric ��Z,A

P �, and Rayleigh scattering components. Rayleigh
scattering is unlikely at both, CT and PET energies. When
Rayleigh scattering is neglected, the overall linear attenua-
tion coefficient can be approximated by

�Z,A = �Z,A
C + �Z,A

P . �1�

The linear attenuation coefficient for the Compton effect �C

is the product of the volume related electron density �e of the
material and the integral Klein–Nishina formula K�E� at en-
ergy E

�Z,A
C = �Z,A

e K�E� . �2�

The photoelectric linear attenuation coefficient is approxi-
mately described by

�Z,A
P = kZmEnA−1� , �3�

where k depends on the involved atomic shell, Z is the
atomic number, A the atomic weight, and E and � are energy
and density, respectively. The parameter m lies between 3
and 4 and n between −3 and −3.5.12,25

The overall linear attenuation coefficient �eff of a given
material is the sum of the linear attenuation coefficients of its
elements, weighted with the respective volume density �Z,A:

�eff = �
Z,A

�Z,A�Z,A = �
Z,A

�Z,A��Z,A
C + �Z,A

P � . �4�

The material would be fully specified and the transforma-
tion to PET energy straight forward, if the fractions ��Z,A�Z,A
of all elements were known.
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II.A. Single energy scaling

In commercially available PET/CT scanners a single CT
scan is used to predict the linear attenuation of the material at
PET energy �511 keV�. The Biograph 16 uses bilinear scal-
ing to transform the measured CT values to linear attenuation
coefficient at 511 keV �see Fig. 1�. Above a certain soft tis-
sue CT value bone is assumed and the CT value is scaled
accordingly.14 This method was used in this work.

Other single energy scaling methods use trilinear scaling26

or segment the CT images prior to scaling.27 Thresholding
methods were proposed to reduce contrast agent artifacts in
single energy scaling.28,29

II.B. Compton/photoelectric effect - scaling

The Compton/photoelectric effect scaling method as-
sumes that the material within the field of view can be de-
scribed by effective linear attenuation coefficients for Comp-
ton and photoelectric effect. Equation �4� is therefore
replaced by

�eff�E� � �eff
C �E� + �eff

P �E� �5�

with

�eff
C �E� = �eff

e K�E� �6�

�eff
P �E� = aeffE

n, �7�

where Eq. �6� is derived from Eq. �2� and aeff is an effective
parameter that does not depend on the photon energy �7�.
Effective energies Ĕi for 140 and 80 kVp can be calculated
by evaluating

Ĕi 	
 wi�E�EdE �8�

FIG. 1. Bilinear scaling from CT values at 140 kVp to linear attenuation
coefficients at 511 keV as implemented at the Biograph 16 �see Ref. 14�.
with wi�E� being
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wi�E� 	
Si�E�D�E�


 Si�E�D�E�dE

. �9�

Here S�E� is the x-ray tube spectrum and D�E� is the spectral
responsitivity of the detection system �see Fig. 2�. The spec-
tral responsitivity D�E� is the average light energy measured
for an incoming x-ray quantum of energy E. We have D�E�
=��D�E ,E��E�dE�, where D�E ,E�� is the detection probabil-
ity density to measure an incoming x-ray photon of energy E
as the light energy E� �see Ref. 30�.

Equation �9� does not account for beam hardening.31 The
presented methods should therefore be applied to image data
that are corrected for beam hardening. For two scans and by
using Eqs. �5�–�7� this leads to two coupled equations

�i
eff � �eff

e K�Ĕi� + aeffĔi
n for i = 1,2 �10�

with measured �i
eff and the unknowns �eff

e and aeff. Two mea-
surements at different peak energies are therefore sufficient
to calculate the two unknowns. The obtained values can then
be used in Eq. �5� to calculate the linear attenuation coeffi-
cient at E511=511 keV for each pixel.12

�11�

We used n=−3 for our calculations. The effective energies Ĕ
were 55.0 and 77.4 keV for 80 and 140 kVp, respectively.

II.C. „Z,�… - scaling

The linear attenuation coefficient is this time approxi-
mated by a material with effective atomic number Zeff. For a
polyenergetic beam with energy spectrum Si�E� the linear

20 40 60 80 100 120 140
energy in keV
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y
un

its

spectral responsitivity of the detection system (gray shaded)
140 kVp energy spectrum
80 kVp energy spectrum

FIG. 2. CT energy spectra S�E� of 140 and 80 kVp beams as well as the
spectral responsitivity D�E� of the detection system �see Ref. 30�.
attenuation coefficient of a pixel becomes
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�̄i�Zeff� =
 wi�E���Zeff,E�dE . �12�

Therefore, the ratio r between the linear attenuation coeffi-
cients �̄i of two scans �i=1,2� can be calculated:

r 	
�̄1�Zeff�
�̄2�Zeff�

=

 w1�E���Zeff,E�dE


 w2�E���Zeff,E�dE

	 F�Zeff� . �13�

The function F�Z� can be determined by using mass attenu-
ation coefficients ��Z ,E� of experimental tables �i.e., Refs.
32–34� and by interpolating these tables for noninteger Zeff

values. F�Zeff� is a monotone function �see Fig. 3�a� and Ref.
22� and can therefore be inverted.

Zeff = F−1�r�, �eff
e =

�1


 w1�E���F−1�r�,E�dE

. �14�

Given Zeff and �eff
e , the mass attenuation at 511 keV can

be calculated by using again interpolated experimental mass
attenuation tables �see Fig. 3�b��. Multiplication with �eff

e

FIG. 3. �a� Function F�Z� for 80 keV /140 keV dual energy scan with
1.2 mm titanium filter �“body”� and �b� mass attenuation coefficient ��Z�
=� /� at 511 keV for elements Z=1 to Z=99 �see Ref. 32�.
yields the wanted linear attenuation coefficient.
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II.D. Hybrid dual energy CT attenuation correction
„hybrid DECTAC…

The hybrid dual energy CT attenuation correction scaling
method uses the difference in Hounsfield units

�h = h1 − h2 = h�E1
P� − h�E2

P� �15�

between two scans at different peak energies E1
P and E2

P to
classify the voxels into either a composition of water and
bone �B�, water and iodine �I�, or a mixture of both �B+I�.
The two boundaries �see Fig. 4� can be determined by mea-
surements of different iodine-water solutions ��I�h2�
=upper boundary� and by the internal bilinear bone-water
ACF scaling ��B�h2�=lower boundary�. Given the two mea-
sured Hounsfield values �h and h2 of a pixel, this pixel is
scaled by

�511 = �1 − ��FE2
P→511

B �h2� + �FE2
P→511

I �h2� �16�

with

� = max�min� �h − �B�h2�
�I�h2� − �B�h2�

,1,0 �17�

and

FE2
P→511

B �h2� and FE2
P→511

I �h2� �18�

being the bilinear scaling for bone-water and iodine-water
compositions from Hounsfield units h2 to linear attenuation
coefficients at energy E511=511 keV. We used dual energy
scans with E1

P=80 kVp and E2
P=140 kVp.

The implemented hybrid DECTAC scaling method is a
variant of the hybrid DECTAC scaling method presented by
Kinahan et al.24 with an additional interpolated region B+I

FIG. 4. Dependency of the difference of image values of iodine-water solu-
tions for 140 and 80 kVp scans in Hounsfield units. The upper boundary
�iodine-water� was obtained by fitting to CT measurements �circles� and the
lower �bone-water� by using the default single energy bilinear scaling
method �see Ref. 14�.
between the region B and region I �see Fig. 4�.
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III. METHODS

III.A. Phantom

Measurements were performed with a modified National
Electric Manufacturers Association �NEMA� 1994 PET
phantom using the Biograph 16-HIREZ, a lutetium oxy-
orthosilicate �LSO� based PET/CT scanner with Pico3D
electronics �Siemens Medical Solutions, USA�. The two fill-
able inserts as well as the rest of the phantom were filled
with 11 kBq /ml �18F� fluorodeoxyglucose ��18F�FDG� back-
ground concentration. Plastic Falcon tubes �inner diameter
15 mm, around 18 ml� with different contrast agent and FDG
ratios were inserted into the phantom and attached to the
fillable inserts as well as to the Teflon insert by small cable
binders. Five different contrast agent concentrations c=0%,
1%, 2%, 10%, and 20% Imeron 400-water solutions �Imeron
400: Bracco ALTANA pharma GmbH, Germany; 400 mg
iodine /ml� and two different FDG concentrations �4� and
8� the background emission density� were used in the tubes

FIG. 5. CT and PET image of a central slice of the phantom. �a� CT scan at
120 kVp and effective 160 mAs. The empty white circles show the position
of the background ROIs used for NEMA-like percent contrast evaluation.
�b� PET reconstruction using a CT scan at 80 kVp and effective 160 mAs.
�see Fig. 5 and Table I�.
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III.B. Measurement

After the acquisition of the CT topogram, six CT image
sets covering the same field of view �FOV� were acquired.
Four measurements with effective tube current time products
of 160 mAs at energies of 140, 120, 100, and 80 keV were
performed. In addition, two measurements with 30 mAs at
energies of 140 and 80 keV were performed in order to in-
vestigate the influence of CT noise. After these CT scans one
PET scan at a single bed position was acquired in a 30 min
measurement.

III.C. Scaling of the linear attenuation coefficients

Single energy scaling used the default scaling method.14

The dual energy scaling methods used the algorithms that are
described in Sec. II to predict the linear attenuation coeffi-
cient � at 511 keV. Then, these coefficients � were trans-
formed by the inverse of the default scaling method to Houn-
sfield units at 140 kVp. These artificial 140 kVp CT images
were then fed into the built-in reconstruction program. In this
way the same reconstruction software and parameters were
used and the methods could be directly compared.

III.D. PET image reconstruction

PET images were reconstructed using attenuation
weighted ordered subset expectation maximization using
four iterations with eight subsets and model based scatter
correction.35 Images were post smoothed with a 5 mm three-
dimensional Gaussian Kernel. Image size was 128�128 pix-
els with a voxel size of 5.33 mm�5.33 mm and slice thick-

TABLE II. Linear attenuation coefficients � in 1/cm for water and Teflon at
511 keV using different scaling methods.

Method Water Teflon

True 0.095 0.182
Single energy scaling �140 kVp� �0.095 �0.145
Single energy scaling �80 kVp� �0.095 �0.141
Compton effect/photoelectric effect �0.097 �0.178
�Z ,�� scaling �0.086 �0.158
hybrid DECTAC �0.095 �0.145

TABLE I. Labels used in Fig. 5�b�.

Label c �18F�FDG

A8 0 8:1
b8 1% 8:1
c8 2% 8:1
d8 10% 8:1
e8 20% 8:1
A4 0 4:1
b4 1% 4:1
c4 2% 4:1
d4 10% 4:1
e4 20% 4:1
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ness of 2 mm. In six separate reconstructions each of the CT
scans was used for attenuation correction. In addition, 140
and 80 kVp scans were used for dual energy attenuation cor-

FIG. 6. The influence of CT energy and contrast agent concentration on the
reconstructed emission density. Twenty percent Imeron 400 concentration
corresponds to 80 mg iodine /ml. See Fig. 5 for the positioning of the falcon
tubes with different contrast-agent solutions. �a� Graph showing the concen-
tration dependency and CT energy dependency of the maximal ROI value.
�b� Graph showing the concentration dependency and CT energy depen-
dency of percent contrast.
rection.

Medical Physics, Vol. 35, No. 5, May 2008
IV. EVALUATION

IV.A. Scaled linear attenuation coefficient � for water
and Teflon

The proposed dual energy scaling methods should cor-
rectly extrapolate the linear attenuation coefficient of water.
It is desirable that the methods are robust, i.e., also work
correctly for materials not included into the scaling scheme
�for example, Teflon as opposed to water, bone, or iodine for
hybrid DECTAC�. Therefore, the mean predicted linear at-
tenuation coefficients of water and Teflon were determined
by evaluating two 15-mm-diameter circular regions of inter-
est �ROIs� in the scaled � images that were placed in the
water and Teflon regions, respectively.

IV.B. Maximal voxel value and percent contrast of
PET images

The PET images were evaluated by circular ROIs cover-
ing the 15-mm-diam falcon tubes in transversal images.
Largest pixel values as well as percent contrast were deter-
mined. The mean background activity that is needed for per-
cent contrast evaluation was calculated by averaging over ten
background regions of interest �bROIs� of the same size.
These regions were placed in the background of the evalu-
ated slice �see Fig. 5�a�� and �1 and �2 cm axially dis-
placed slices, therefore forming a set of 50 bROI. Percent
contrast Q is calculated as in the NEMA NU2-2001 standard:

Q =

mean ROI value

mean bROI value
− 1

true activity ratio − 1
� 100 % . �19�

TABLE III. Maximal ROI value �kBq/ml� of the falcon tubes with 4:1 activity
ratio and Imeron 400 iodine constrast agent concentrations 0%, 1%, 2%,
10%, and 20%.

0% 1% 2% 10% 20%

Single energy 140 keV 26.5 28.5 29.2 30.7 40.0
Compton/photoelectric 31.0 30.6 31.0 31.4 37.3
�Z ,�� 20.1 17.6 21.2 22.6 22.7
Hybrid DECTAC 25.8 26.4 26.1 24.0 27.5

TABLE IV. PET percent contrast Q of the falcon tubes with 4:1 activity ratio
and Imeron 400 iodine constrast agent concentrations 0%, 1%, 2%, 10%,
and 20%.

0% 1% 2% 10% 20%

Single energy 140 keV 22.6% 28.5% 31.3% 40.0% 48.3%
Compton/photoelectric 28.5% 27.5% 27.5% 33.6% 38.1%
�Z ,�� 27.3% 27.4% 22.9% 18.4% 21.4%
Hybrid DECTAC 24.2% 27.6% 26.2% 26.9% 29.2%
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IV.C. Noise in „artificial… CT images and background
variability in the PET images

The influence of the effective CT current time product on
the noise in the CT images �single energy scaling� and arti-
ficial CT images �dual energy scaling� was evaluated by the
standard deviation �SD� of the voxels inside a circular ROI
with 15 mm diameter placed in the background of the phan-
tom.

FIG. 7. The influence of contrast agent concentration on the reconstructed
emission density with Compton/photoelectric effect dual energy attenuation

correction �see Fig. 5�. �a� Maximal ROI value �b� percent contrast.
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Finally, background variability of the PET images was
calculated similarly to NEMA NU2-2001 standard using the
50 bROI specified in Sec. IV B:

N =
standard deviation of 50 bROI values

mean of 50 bROI values
� 100 % .

FIG. 8. The influence of contrast agent concentration on the reconstructed
emission density with �Z ,�� dual energy attenuation correction �see Fig. 5�.
�a� Maximal ROI value �b� percent contrast.
�20�
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V. RESULTS

V.A. Scaled linear attenuation coefficient � for water
and Teflon

Table II shows the calculated linear attenuation coeffi-
cients based on the CT measurements for water and Teflon at
511 keV using the different scaling methods. Single energy
scaling and hybrid DECTAC work best to estimate the true
linear attenuation coefficient �=0.095 cm−1 for water.
Compton/photoelectric effect as well as �Z ,�� scaling leads
to a stronger deviation by either overestimating �0.097 cm−1�
or underestimating �0.086 cm−1� the linear attenuation coef-
ficient.

In contrast, for Teflon ��=0.182 cm−1�, Compton/
photoelectric effect scaling works best �0.178 cm−1� fol-
lowed by �Z ,�� scaling �0.158 cm−1�. Single energy scaling
or hybrid DECTAC strongly underestimate the linear attenu-
ation coefficient with values between 0.141 and 0.145 cm−1.

V.B. Maximal voxel value and percent contrast of PET
images

The influence of the contrast agent concentration as well
as the CT peak energy on the reconstructed activity using
bilinear scaling is shown in Fig. 6�a� �maximal ROI value�
and Fig. 6�b� �percent contrast�. The corresponding values
for the falcon tubes with 4:1 activity ratio can be seen in
Tables III and IV, respectively. Clearly, an increase in the
concentration or a decrease of the CT peak energy leads to
higher values as expected. The best performance could be
achieved with 140 keV CT images.

In Figs. 7–9 the influence of the contrast agent concentra-
tion on the maximal ROI value �a� as well as on percent
contrast �b� for dual energy scaling methods can be seen. All
methods clearly counterbalance to some extent the undesir-
able trend of larger values for regions with higher concentra-
tion. Tables III and IV show the maximal ROI values and
PET percent contrast for the 4:1 activity ratio falcon tubes.

V.C. Noise in „artificial… CT images and background
variability in the PET images

The standard deviation �SD� of voxels of the CT images
and the background variability �N� of the PET images are
shown in Table V. For single CT scans �first four rows in
Table V� the standard deviation increases strongly �approxi-
mately 3�� if the mean current time product is reduced from
160 to 30 mAs, but also when 80 kVp is used instead of
140 kVp �approximately 2��. The first observation also ap-
plies for the artificial CT images obtained by the dual energy
scaling methods.

The use of 80 keV CT images in single energy attenuation
correction results in increased background variability in
comparison to 140 keV images �3.4% versus 2.6%–2.7%�.
The effective current time product has very little �2.6% ver-
sus 2.7%� or no impact �3.4% versus 3.4%�. The background
variability for Compton/photoelectric effect scaling or hybrid

DECTAC is even lower �2.1%� than the background variabil-
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ity of PET images that were scaled bilinearly with 140 keV
and 160 mAs �2.6%�. The reduction of the current time prod-
uct had no effect for these two dual energy scaling methods.
�Z ,�� scaling with N values of 4.3% and 4.9% showed the
worst performance and also showed a dependency on the
current time product.

VI. DISCUSSION

Due to the still incomplete information about the material

FIG. 9. The influence of contrast agent concentration on the reconstructed
emission density with hybrid DECTAC �see Fig. 5�. �a� Maximal ROI value
�b� percent contrast.
composition of the scanned patient/phantom, all three dual
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energy scaling methods and of course also the single energy
scaling method are only correct for a subset of all possible
materials.

In single energy scaling, the coefficients for Teflon are
underestimated, because it is classified as “bone.” This ap-
plies also to hybrid DECTAC. Teflon is a mixture of atoms
with lower mean atomic number �Zeff=8.3� than bone �cor-
tical bone: Zeff=10.9�.36 The photoelectric effect is less im-
portant in Teflon than it is in bone and the single energy
scaling therefore overcorrects �and therefore underestimates�
the linear attenuation coefficients of Teflon at higher ener-
gies. On the other hand, the linear attenuation coefficient of
iodine is strongly overestimated.

The Compton/photoelectric effect scaling performs quite
well in terms of the linear attenuation coefficient of Teflon
�compared to the other methods�, but overestimates the linear
attenuation coefficient for water. The maximum voxel values
for the contrast agent-free falcon tubes �either 4:1 or 8:1� are
higher than in the images that are attenuation corrected with
single energy scaling �31.0 kBq /ml versus 26.5 kBq /ml for
the 4:1 tubes�. This indicates also that water scaling is prob-
lematic. The percent contrast plot and maximum voxel plot
show that the linear attenuation coefficients for iodine-water
solutions are only weakly overestimated.

The disability of the �Z ,�� scaling method to correctly
scale water can be explained by Fig. 3�b�. While predicting
relative correctly the effective atomic number Zeff=7.3 for
water, the calculation of 511 keV linear attenuation coeffi-
cient through Fig. 3�b� does not account for the abnormal
behavior of hydrogen. By using a ��Z� value between Z=7
�nitrogen, �=0.0864� and Z=8 �oxygen, � , =0.0865� the
linear attenuation of water �including hydrogen� is therefore
underestimated �see Table II�. This also implies that other
material compositions that include hydrogen are wrongly
treated. Maximum voxel and percent contrast plots show no
positive trend for higher iodine-water solutions.

The water scaling problem does not arise for hybrid DEC-
TAC, because here water is classified correctly as water and
the respective scaling is applied. Despite the correctly scaled

TABLE V. Standard deviation �SD� of the pixel values
the water background of the �artificial� CT and pe
different scaling methods.

Method 140 kVp

Single energy 160 mAs
Single energy 30 mAs
Single energy ¯

Single energy ¯

Compton/photoelectric 160 mAs
Compton/photoelectric 30 mAs
�Z ,�� scaling 160 mAs
�Z ,�� scaling 30 mAs
hybrid DECTAC 160 mAs
hybrid DECTAC 30 mAs

aDue to inexact repositioning 80 kVp images were shi
80 kVp images were linearly interpolated before dua
water, percent contrast is slightly higher for the falcon tubes
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without contrast agent in the hybrid DECTAC scaled images
�24.2%� than in the single energy scaled images �22.6%�.
Since both methods scale water �and Teflon� in the same
manner �see Table II�, the increase must be caused by beam
hardening artifacts in the background ROIs used for percent
contrast calculation. This explanation is also supported by
reduced PET background variability N and comparable
maximal ROI voxel values of 26.6% kBq /ml and
25.8% kBq /ml for the 4:1 falcon tubes of single energy
140 keV and hybrid DECTAC scaled images, respectively.

It can be expected that noise in the artificial CT �SD� as
well as PET �N� images should be increased when dual en-
ergy scaling methods are used. Despite the �Z ,�� scaling
scheme this could not be verified. For the two other methods
background variability was even decreased and, in addition,
the hybrid DECTAC method also resulted in smaller SD val-
ues.

The repeated CT measurements with different kVp and
mAs values required the movement of the CT table and the
acquired images were half a slice offset for different settings
and therefore two neighboring 80 kVp images were used to
interpolate an image that is positioned at the same position as
the 140 kVp image. Therefore, dual energy attenuation cor-
rection as implemented here used in principle three image
slices to perform the scaling. This could explain the slightly
better performance of hybrid DECTAC in contrast to
140 kVp single energy scaling. The lower background vari-
ability in the PET images, however, is probably caused by
weaker beam hardening artifacts in the artificial CT images
used for scaling.

Generally, the activity in the falcon tubes with no contrast
agent in contrast to the other falcon tubes could be slightly
underestimated due to the arrangement of the tubes. Due to
space limitations and in contrast to the other falcon tubes,
these tubes were attached to the Teflon insert which con-
tained no activity �see Fig. 5�. It can be expected that the
large cold Teflon spot slightly biases the activity in the at-
tached tubes toward lower activity. This effects all Figs. 6–9.
It can therefore be assumed that hybrid DECTAC and

circular ROI with 15 mm diameter that is placed in
background variability �N� of the PET image for

80 kVp SD N

¯ 3.6 2.6%
¯ 9.3 2.7%

160 mAs 8.7 3.4%
30 mAs 19.2 3.4%

160 mAsa 7.3 2.1%
30 mAsa 20.0 2.1%

160 mAsa 12.2 4.3%
30 mAsa 30.0 4.9%

160 mAsa 3.3 2.1%
30 mAsa 8.0 2.1%

y half a CT slice versus 140 kVp images. Therefore,
rgy correction in order to obtain the same position.
of a
rcent

fted b
Compton/photoelectric effect scaling that could reduce the
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increase of PET percent contrast due to 20% Imeron 400
solution to only 5–10 percentage points �24.2% →29.2%
and 28.5% →38.1%, respectively�, perform even better than
that.

Among the three presented dual energy scaling methods
the hybrid DECTAC method is best suited for the usage to-
gether with CT contrast agents, but it can fail for other ma-
terials than water, iodine or bone. Future methods based
upon this scheme should therefore classify more tissue/
material types for the given information of �h ,�h�. A similar
improvement can be envisaged also for the �Z ,�� method, if
Zeff was used not to define the mass attenuation coefficient of
an interpolated element Z �see Fig. 3�b�� but to determine the
most likely tissue/material composition and use the respec-
tive mass attenuation coefficient. This could be, done, for
example, by modifying Fig. 3�b� accordingly. The Compton/
photoelectric effect scaling, although physically most appeal-
ing, lacks this ability to handle material compositions �in-
cluding especially hydrogen�.

Finally, it should be remarked that further improvement
can be anticipated from iterative dual energy CT image cal-
culations, especially with respect to reduced beam hardening
artifacts.

VII. CONCLUSIONS

Three scaling methods for the linear attenuation coeffi-
cients based upon two CT scans of different energies were
introduced, tested by applying them to experimental data,
evaluated, and discussed. Among them hybrid DECTAC
achieved the best results in terms of accuracy, noise, and
extensibility. The other two methods, Compton/photoelectric
effect and �Z ,�� scaling, have problems with scaling water,
although the latter could be extended to perform better for
water and other materials. CT noise was not problematic
except for �Z ,�� scaling that was affected and resulted in
increased background variability. �Z ,�� scaling and hybrid
DECTAC have the potential to be extended to perform better
for larger number of materials.

Dual energy scaling methods, preferably hybrid DEC-
TAC, should be used whenever two CT scans at different
kVp but the same position and time are available, because
dual energy scaling methods can outperform single energy
scaling in the presence of iodine based contrast agents. Hy-
brid DECTAC can be understood as a generalization of the
single energy scaling with the same advantages and fewer
disadvantages.
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