Empirical Dual Energy Calibration (EDEC)
for Cone-Beam Computed Tomography

Marc Kachelrie , Member, IEEE, Timo Berkus, Philip Stenner, Willi A. Kalender

Abstract | Material{selective imaging using dual energy
CT (DECT) heavily relies on well{calibrated material de-
composition functions. These require the precise knowledg e
of the detected x{ray spectrum and even if this is exactly
known the reliability of DECT will su er from scattered ra-
diation. We propose an empirical method to determine the
proper decomposition function. In contrast to other decom-
position algorithms our empirical dual energy calibration
(EDEC) technigque does neither require knowledge of the
spectrum nor of the attenuation coe cients. The desired
material{selective rawdata p1 and pz2 (1 DECT scan = 2
rawdata sets) are obtained as a function of the measured at-
tenuation data @ and gz using a polynomial function whose
coe cients are determined using a general least squares t
based on thresholded images of a calibration phantom. As-
sumptions on the calibration phantom size or of its position -
ing are not made. Once the decomposition coe cients are
determined DECT rawdata can be decomposed by simply
passing them through the polynomial.

To demonstrate EDEC simulations of an oval CTDI phan-
tom, a lung phantom and a thorax phantom were carried
out and a physical phantom composed of water and cal-
cium hydroxiapatite was measured with a dedicated in vivo
dual source micro{CT scanner (TomoScope 30s Duo, VAMP
GmbH, Erlangen, Germany). The rawdata were decom-
posed into its components, reconstructed and the pixel val-
ues obtained were compared to the theoretical values.

The determination of the calibration coe cients with
EDEC is very robust and depends only slightly on the type
of calibration phantom used. Images of the said test phan-
toms (simulations and measurements) show a nearly perfect
agreement with the theoretical {values and density values.
Since EDEC is an empirical technique it inherently com-

pensates for scatter components, given that the calibratio n
phantom is of similar size as the test objects. The empirical

dual energy calibration technique is a pragmatic, simple an d
reliable calibration approach that produces highly quanti ta-

tive DECT images.

I. Introduction

UAL energy CT (DECT) is a modality where one and

the same object is scanned with two di erent x{ray
spectra. Typically, one would acquire an object with two
di erent tube voltages U; and U, but other possibilities
such as di erent pre ltration, post Itration or stacked or

sandwich detectors are in use, too. Basically, one can use

DECT to perform energy{ and material{selective recon-

struction and, as a side{e ect, it can be used to remove

beam hardening [1], [2], [3], [4], [5], [6].

VAMP TomoScope 30s Duo
Dual Source Cone-Beam CT

Siemens SOMATOM Definition
Dual Source Cone-Beam CT

Fig. 1. Dual Source CT scanners are used to acquire DECT data.
Typically, both source{detector systems are mounted under an
angle of 90 .

switching between U; and U, from projection to projec-
tion. Recently, a clinical dual source spiral cone{beam CT
scanner (Somatom De nition, Siemens Medical Solutions,
Forchheim, Germany) became available. It naturally al-
lows to perform dual energy scans without running into
the problems of tube voltage switching and it is likely that
there will be a renaissance of DECT in the near future. In
addition to clinical CT our aim is to investigate the po-
tential of pre{clinical DECT with respect to a high{speed
in vivo dual source cone{beam micro{CT scanner (Tomo-
Scope 30s Duo, VAMP GmbH, Erlangen, Germany).

Dual energy CT relies on the assumption that the linear
attenuation coe cient (r;E), that is a function of loca-
tion r and photon energyE, can be decomposed as

(r;E)=fa(r) 1(E)+ f2o(r) 2(E)

with two a priori known independent energy dependencies
i(E) and the two material images f1(r) and f,(r). To
reconstruct these material images one needs to know the

While radiographic dual energy techniques are popular corresponding line integrals along lineL

in baggage screening or in bone densitometry there has

been only one clinical DECT product implementation [4].

In this case the dual spectrum was achieved by rapidly
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z
pi(L)= Rfj = drfi(r):
L
For convenience, we avoid to state explicit dependencies

on L in the following. R denotes the Radon transform
operator in 2D, and the x{ray transform operator in 3D,



respectively. The measurements, however, rather yield
z

G= In dEw(E)e Pr 1(E) P2 2(BE) 4
where w;(E) and wy(E) are the two detected spectra
used during the scan, normalized to unit area. Obviously
G = G (p1;p2). Material decomposition means nding the
inversesp; = pi(a; &) and relies on exactly knowingw; (E)
and ;(E). This knowledge, however, is hardly ever avail-
able. Even if it were, scattered radiation S would impair
the success of a straight{forward inversion of the measure-
ment equation.

To avoid these di culties, empirical calibration tech-
nigues are in use that correlate measurements of known
absorbers and of known positioning to the analytically de-
rived intersection length of the rays and the absorbers [3].

We propose a novel empirical calibration algorithm. In
contrast to other methods, EDEC does neither require to
know the spectrum, to know the attenuation coe cients
nor does it need to have exact knowledge of the calibration
phantom geometry, size and position. EDEC is based on
similar ideas as our empirical cupping correction (ECC)
and the interested reader may refer to references [7] and

(8].
Il. Method

Let g be the polychromatic CT rawdata and p; be the
desired monochromatic, material{speci c rawdata value.
The index j = 1;2 counts the x{ray energies andi = 1;2
counts the materials to decompose for. We de ne

pi = Di(th; )

whereD; is some yet unknown decomposition function. Let

X
Di(o; ) = Cin bn(0n; ) = Ci b(an; )

n

be a linear combination of basis functionsh, (t1; ). In
our case we use the polynomialé, (q; ) = dfd, as basis

1)+ I. The total number of basis functions is K +1)( L +1).
K L = 4 turns out to be an adequate choice for our

140 kV image material 1 image (water) weighted difference

material 1 template

material 1 weight weighted template

Fig. 2. Images of the calibration phantom consisting of wate r (i = 1)
and Aluminum ( i = 2). From top left to bottom right: a) Stan-
dard reconstruction at 140 kV (water precorrected), b) mate rial 1
decomposition f1(r), c) weighted di erence w1 (r)(f1(r) ti(r)),
d) water template t1(r), ) water weight w1 (r), f) weighted tem-
plate wi(r)ti(r). The standard reconstruction is windowed to
(C =0HU/ W =200 HU). The window setting for the material{
selective image is (C = 100% / W = 20%) and the weighted
di erence is displayed as (C = 0% / W =5%). The weight and
template and weighted template images are binary and shown a s
black and white.

data in the image domain and therefore corresponds to the
class of the so{called energy subtraction methods. Due to
the lower precision and image quality of those energy sub-
traction methods | for example energy subtraction cannot
remove beam hardening artifacts | we do not follow this
strategy. We rather allow for the full exibility of rawdata {
based DECT reconstruction and do not make any further
assumptions onby, (1 ; ).

To simplify notation let us drop the material index i and
let us determine the decomposition coe cients ¢ = c; for
material 1. Decomposing for material 2 can be done in
complete analogy.

Making use of the linearity of the x{ray transform R a
set of (K +1)(L + 1) basis images is de ned asf,(r) =
R b, (o; ), i.e. f, is the reconstruction of the basis func-

data and hence 25 basis functions are used here. The totaltions b,.

number of coe cients in each coe cient vector c¢; is 25 for
each material which makes 50 unknown coe cients in total.
The purpose of EDEC is to determine the coe cients ¢;.
Note that EDEC is not restricted to polynomials. If desired
other basis functions can be used.

It should be mentioned that the decomposition must be

carried out in rawdata domain unless one chooses base

functions that decompose as

bn (i ) = Bn () + Bh(p):

This can be achieved by choosin({jn (qn) = ¢ and B, (p) =
o with k
(K + L +1 coe cients per material in total). Such a sit-
uation would allow to sum the j = 1 data and the j =2

We want to nd the set of coe cients c¢ that minimizes
the least square deviation
Z

d?rw (r)(f (r)

EZ

t(r)?
between the linearly combined basis images

X
f(r)=

n

Cafn(r)=c f(r)

and a given template imaget(r ). The weight imagew(r) is
used to avoid unwanted structures of the calibration object
contributing to the optimization procedure.

To obtain the basis images, the template image and the
weight image a DECT scan (two rawdata sets with di erent



detected spectra) of a calibration phantom is performed.
The calibration phantom contains homogeneous areas with
su cient amounts of material 1 and material 2 and ensures
that all reasonable path length combinations of material 1
and material 2 are acquired. To obtain the base images
these rawdata are passed through the + 1)(L + 1) ba-
sis functions and are reconstructed. (E.g. we generate 25
sinograms whose entries arejd, and reconstruct those.)
A standard reconstruction of the calibration phantom is
used to determinet(r ) and w(r) by simple thresholding as
follows.

Basically, t(r) shall represent our a priori knowledge of
those regions that correspond to material 1 and those re-
gions that do de nitely not contain material 1 (and thus
contain material 2 or air):

1 forr 2 material 1,
0 forr 2 air and material 2.

t(r) =

Note that the template need not to be de ned in regions
that may contain a mixture of both base materials 1 and

2 since these regions are suppressed by the weight image.

The weight image is set to one whenever we are sure about
the contents of voxelr. This is the case in material 1 and
material 2 regions and in air regions. We setw(r) to zero
wherever we are outside the eld of measurement, whenever
we expect point spread function e ects (those regions are
found by erosion) or whenever we encounter a material that
is neithe(tr base material nor air:

1 forr 2 material 1 or 2 or air after erosion,

w(r) =
(r) 0 forr 2 eroded boundaries, unknown material.

Now we are ready to minimize E2. Deriving E? with
respect toc, yields thg linear systema = B ¢ with

d?rw (r)fn(r)t(r)
z
dPrw(r)f o (r)fm(r):

an

Bnm

The solution to the optimization problem is simply given
asc = B ! a. An actual implementation must avoid
explicitly computing B ! and should rather use Gau {

Jordan elimination to invert the linear system.

Il. Practical Considerations

In practice, the calibration scans yield data in the range
[0; imax ] and [C; thmax ], respectively. One must take care
not to exceed the upper range during material decompo-
sition: the tted basis functions are only accurate in the
calibrated range and may tend to oscillate beyondgj max -

We avoid this behavior by performing a linear extrapo-
lation whenever being outside the calibration range. Let
§ = g " gmax denote the minimum of g and g max and
let D! (on; ) = @Di(tu; &) be the derivative of the cali-
brated precorrection function with respect to g . Instead
of pi = Di(th; %) we now use

pi = Di(tn; &)+ DMNOL ) @)+ DAL )k &)

as the nal decomposed rawdata value.
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Fig. 3. A simulated 32 cm CTDI test phantom consisting of wa-
ter and Aluminum. The material decomposition uses the coef-
cients determined from the calibration data of gure 2. Tub
voltages are 80 and 140 kV. The standard reconstructions and
the monochromatic image are windowed to ( C =0 HU/ W =
200 HU). The window setting for the material{selective imag es is
(C =100% / W =20%)

e

IV. Results

Rawdata of a 45 cm Yin Yang calibration phantom con-
sisting of water and Aluminum were simulated at 80 kV and
140 kV. Semiempirical spectra were used for simulation [9].
The results of the calibration are shown in gure 2. The
di erence image of the water image to the water template
shows that our method works very well.

To validate our calibration technique we further simu-
lated a generalized 32 cm 16 cm oval CTDI test phantom
with water equivalent background and Aluminum inserts.
Using the decomposition coe cients ¢; and c, obtained
from the Yin Yang calibration phantom the test phantom
was accurately decomposed into water and Aluminum ( g-
ure 3).

Similarly, EDEC achieves an accurate decompaosition in
case of the micro{CT data. Here, our phantom consists
of two half cylinders, one of water{equivalent plastic, the
other a mixture of calcium hydroxiapatite (200 mg/mL)
and water{equivalent plastic ( gure 4).

The decomposition quality, however, depends on the
type of calibration phantom. Our experiments showed that
the calibration phantom must allow for line integrals that
cover a) both materials exclusively and b) all path length
combinations through material 1 and material 2 simultane-
ously. Figure 5 demonstrates this behavior using simulated
data. Here, three phantoms are compared: the cylinder{
in{cylinder phantom, the half{and{half{cylinder phantom
and the three{cylinder phantom. The Yin Yang phantom
was excluded from further evaluation since it is hard to
manufacture.

The test phantoms shown in gure 5 are the oval CTDI
phantom that consists of water and ve Aluminum inserts,
the lung phantom consisting of fat, soft tissue, cortical ard
spongious bone, and the thorax phantom consisting of soft
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Fig. 4. A physical 32 mm half{and{half{cylinder test phanto
sisting of water equivalent plastic and hydroxiapatite. Th
terial decomposition uses the coe cients determined from t
phantom itself. Micro{CT scan with 80 and 140 kV spectra.
The standard reconstructions and the monochromatic image a re
windowed to (C =0 HU/ W = 200 HU). The window setting
for the material{selective images is ( C = 100% / W = 20%)

Fig. 5. Only calibration phantoms where ray paths through ei ther
material 1 or 2 and path combinations through both materials
exist perform well. The decomposition based on the Yin Yang
phantom yields excellent decomposition results whereas th e de-
composition using a phantom where material 2 is fully embedd ed
in material 1 shows signi cant artifacts connecting the Alu ~ minum
inserts. All images are windowed to ( C =0 HU/ W =200 HU).

tissue, contrast agent, cortical and spongious bone. For
the DECT images of the oval CTDI phantom the EDEC
calibration was carried out for water and Aluminum. For
the other two test phantoms the calibration phantoms were
lled with water and bone. The DECT scan was taken at
80 and 140 kV. The bottom row of gure 5 further shows
the images that are obtained from a standard 120 kV scan
and reconstruction. The tube currents were chosen a) to

exposures (automatic exposure control AEC for DECT).

The e ects can be best seen regarding the oval CTDI
phantom images in gure 5. The standard reconstruction
at 120 kV shows signi cant beam hardening artifacts: dark
bands of high amplitude that connect the Aluminum in-
serts. These artifacts should be completely removed af-
ter rawdata{based DECT reconstruction (they would not
be removable if only image{based energy subtraction tech-
nigues were used).

Obviously, the cylinder{in{cylinder calibration phantom
produces the least accurate coe cients: The dark bands
are gone but white bands of low amplitude appear at the
same place. The other two calibration phantoms, the half{
and{half{cylinder and the three{cylinders phantom, are
better suited for calibration. Here, rays through either
one of the base materials as well as rays that run through
both materials exist and the monochromatic images of the
test phantom are close to perfect. A very close look still
reveals some artifacts for the half{and{half{cylinder phan-
tom. Probably this is due to the fact that the amount of
aluminum is much larger than what is actually required
for the test phantom. The three{cylinders phantom's Alu-
minum content is far smaller and closer to the amount of
Aluminum contained in the CTDI test phantom.

From these observations one can conclude that a suitable
test phantom must allow for rays that run in either mate-
rial as well as in both materials and the amount of base
material in the calibration phantom should approximate
the expected imaging situation.

Given that the three{cylinders phantom provides the
best image quality the quantitative values were analyzed,
too. Figure 6 shows reconstructions of the oval CTDI phan-
tom that were calibrated with the three{cylinders phan-
tom. The simulations were carried out at 120 and 140 kV,
at 80 and 120 kV and at 80 and 140 kV. The decomposed
data were combined to yield {images at 70 keV, which
is the e ective energy typical for clincial CT, at 511 keV,
the energy that is important for PET attenuation correc-
tion, and they were combined to yield density images ({
images).

The tube currents were selected similarly as before (AEC
for DECT). We ensure the same patient dose for all three
tube current combinations. We further balance the tube
current between the low and the high energy scan in a way
to minimize the variance in the nal destination image.
Note that this implies that dierent tube currents were
simulated for the 70 keV, for the 511 keV and for the {
images, altogether the gure shows nine di erent DECT
scans.

Two ROIs were place into each image. One ROI that
measures the mean and standard deviation within the cen-
tral Aluminum insert and one ROI to determine the statis-
tics for the phantom background (water). As demonstrated
in gure 6 image noise decreases for tube voltage combina-
tions that are far apart, i.e. it decreases from top to bottom.

ensure the same patient dose for the 120 kV scan as forSince the total patient dose for all scans remained constant

the DECT scan (two spectra) together and b) to optimally
distribute the available dose among the 80 and 140 kV

the values are directly comparable.
Regarding the mean values of the ROIs we immediately



Fig. 6. Quantitative results achieved at various tube volta ge com-
binations (rows) for images of the attenuation coe cient at 70
and 511 keV and for density images (columns). The tube curren t
was chosen to keep the total patient dose for all three voltag e
pairs constant, hence the noise levels are directly compara ble.
The values given in the images are mean standard deviation
measured in an ROI centered in the central Aluminum insertan d
in an ROI in the water background close to the upper right edge
of the phantom. The ratios of Aluminum and water values are
very close to the theoretical values. As expected, image noi se is
lowest for tube voltage combinations that are far apart (her e for
the 80 and 140 kV combination).

nd that a very high accuracy is achieved. Water should

be at 1000 since the images are normalized to the theoret-

ical water value. The deviation of the reconstructed water

value is less 0.2% in all cases. Given the theoretical atten-

uation and density values we nd that Aluminum should

be at 3224 for the 70 keV, at 2355 for the 511 keV and at
2699 for the density image. The values actually measured

are very close to the theoretical predictions. Obviously, he
25 calibration coe cients determined by EDEC from the
three{cylinders calibration phantom scans are highly accu
rate and our choiceK = L =4 appears to be su cient.

V. Summary and Conclusion

The empirical dual energy calibration is a simple, e ec-
tive and accurate way to calibrate dual energy CT. It relies
on a calibration phantom that must provide path length
variations through material 1, material 2 and combina-
tions of path lengths through both materials. In contrast
to other rawdata{based calibration techniques the exact
shape, position and orientation of the phantom does not
have to be known. EDEC determines the material decom-
position coe cients in the image domain. The coe cients
are then typically used in rawdata domain by passing pairs
of attenuation values o and g, (same ray at two tube volt-
ages) through a simple polynomial:

X X
pi = Cnfop with n= k(L +1)+ I
k=0 1=0

The rawdata p; for base material 1 andp, for base material
2 then undergo the standard image reconstruction proce-
dure (e.g. a Feldkamp{type cone{beam reconstruction).

If desired, one may avoid products ofqy and @ in the
base functions and may then perform image{based DECT
decomposition (not shown in this paper). This kind of
energy subtraction calibration is likely to be more e cient
and more accurate than today's procedure of simply having
two water{precorrected images (at two tube voltages) being
linearly combined.

We have demonstrated that the quality of EDEC decom-
position slightly depends on the choice of the calibration
phantom and we have identi ed phantom designs that are
well suited. It was further shown that the sets of co cients
obtained achieve precise quantitative results.

Whenever detector position{dependent corrections are
required where the spectrumw(L; E ) varies with each ray
L | this is, for example, the case with bow{tie pre Itration
| one may combine EDEC with analytical precorrection
or material decomposition techniques and obtain a hybrid
approach similar to the technique presented in reference
[10].

Altogether one may regard EDEC as being a simple and
versatile method to obtain the desired material decompo-
sition functions.
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