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Abstract—We propose an algorithm to correct for the cupping where P is some yet unknown precorrection function. We
artifact inherent in CT images due to the polychromatic nature gssumeP
of the spectrum. This method is empirical and does not require
knowledge of the spectrum and of the attenuation coef cients. P(g) = cnPn(g)=c P(0)
The method aims at linearizing the attenuation data using a n
precorrection function of polynomial form. The coef cients of the
polynomial are determined from a t of some linear combined to be a linear combination of basis functioRg(q). In our

reconstructed images of the polychromatic data with a de ned ; — ; ;
; : X . Wi th lynomialg, (q) = is function
template. This template is obtained from the reconstruction of case we use the polyno ( q' as basis functions

the polychromatic rawdata and does not make any assumptions such that

on the phantom size or of its positioning. It is shown that the X

t can be performed easily solving only a linear system, making P(q) = ¢ g':
the method very fast. n=o0

An example of application is given as the water precorrection.

For this particular case, practical considerations are given on The purpose of the method is to determine the coef ciepts

the de nition of the template when an attenuating object table of . .
unknown density is within the images. The method can generally In the following, we consider that we want to correct for

correct for any kind of cupping such as scatter as well. the cupping (or capping) obtained in a 2D imaigg ). The
theory below can be, however, applied as well on 3D volumes.
I. INTRODUCTION Making use of the linearity of the Radon transfoRnwe

. o
UE to beam polychromacity in CT and the energy deperq-e ne a setN +1 of basis images as

dence of the attenuation coef cients and also to scatter,
some non-linearity occurs in the measurement process. This
effect is known as beam-hardening and introduced artifacts
the reconstructed images. In particular a cupping artiéact . ! ; .
precorrection. In generaf,; will show severe cupping arti-
be observed. facts
Many methods have been proposed to correct for the cup-""" i .
ping artifact. Usually some preprocessing is applied to the V& Want to nd the set of coef cients, that minimizes the
projections before reconstruction [1], [2], [3], [4] to &arize deviation between the linear combination of the basis fonst
the attenuation data. This preprocessing is based on eaipiri W
functions determined with some calibration phantoms or on f(r)= R p= R 'P(q) = cafn(r)=c f(r)
the a priori knowledge of the spectrum and attenuation coef n=0
cients. More complicated beam-hardening methods of iterat
type exist as well [5], [6], [7] but are more intended to ceotre and a given template imagdér ), which should represent the
for artifacts induced by highly attenuating objects likenbs. ideal image without cupping that we would like to obtain. The
In this work, we want to propose a simple empiricalinknownsc can be determined by solving
correction algorithm. In contrast to other methods, it doet Z
require neither knowledge of the spectrum or of the attenu- E2= drw(r)(f(r) t(r))2=min;
ation coef cients, nor the exact knowledge of the calilwati

C
phantom size and position. The method aims at Iinearizingn , , i i
the measurement using a tted precorrection function, whi¢/nerew(r) can be thought of being a weight image, which

is here chosen to be of polynomial type. The t is pencormeahould remove some contributions in the images. Deriving
easily solving a linear system. with respect tac, yields the linear systerm = B ¢ with

z

fa(r)= R *Pa(q):

In our casef; corresponds to a reconstructed image without

[I. METHOD a =  d?rw(r)fi(r)t(r)
Let g be the polychromatic CT rawdata apdbe the desired z
monochromatic rawdata value. We de ne Bj = dirw(r)fi(r)fj(r):
p=P(q)

. . . N ) The solution to the optimization problem is simply given as
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IIl. WATER PRECORRECTION

A typical example of usage is the so-called water precg
rection the aim of which is to calibrate CT scanners such that
no cupping artifacts in water (or water equivalent matsjial
are present anymore.

We use a calibration phantom that is a hollow cylinde
lled with water. A measurement of that phantom yields th
polychromatic projection valueg. To nd the precorrection
coef cients ¢, we must de ne the template and the weight
w according to the previous section. The templai® de ned
to be a binary image with the density,qr inside the water
phantom and zero outside it. In contrast to other calibnatio
methods, the template is here derived from the reconstiucte
imagef; and does not require any speci ¢ size or positioning
of the water phantom; the boundaries of the phantom can
be simply obtained from a thresholding 6f. The weight
function w is dened to account for the nite phantom Fig. 1. The TomoScope 30s micro CT scanner
thickness and for the smooth phantom edges due to the image
spatial resolution. In the regions that neither belong tanar
to water (e.g. in the walls of the cylinder that may be madetw(r) to zero in regions outside the FOM. Thus we have
of polyethylene), we setv(r) = 0. Also outside the eld of
measurement (FOM) it should be setwdr) = 0. In the w(r)= i )
regions for which we are sure they de nitely belong to water 0 forr 2 eroded boundaries and outside the FOM.

or air, we setw(r) = 1. An estimation procedure to nd the table attenuation coef-
cient t remains to be made. We use an iterative approach
that alternates between computiogand computing 1. The
procedure starts with some assumption, eg= . Then,

We have used the proposed precorrection algorithm on #re coef cients are computed as= A ' b. From the im-
in-vivo micro-CT scanner (TomoScope 30s, VAMP GmbHproved imagd (r) = c f (r) obtained by the current estimate
Mohrendorf, Germany), gure 1. For this particular scanneof ¢ a new estimate of 1 is obtained by averaging over all
the scanned objects are placed on a table which is visibleein pixels that correspond to the object table. The procedure is
reconstructed images. The implementation of the prectiorec repeated until convergence.
procedure therefore has to be modi ed to take the objecetabl If we assume that it is not necessary to go through all
into account. In principle, the weight can be sewfr) =0 the segmentation in each iteration but that only the value of
in the region of the table. However, we would like to try to  changes the template, then considerable simpli catiors ar
use the information given by the table pixels for calibmatiopossible by simply minimizing foN + 2 parameters instead
as well. of minimizing for N +1. We identify the last coef cient with

In the following we de ne the attenuation coef cient ofthe unknown table attenuation coef cient valugi+1 = .
water as o. We further suppose the table to be homogeneofscording to the assumptions that the template can be decom-
and made of a water-equivalent material with an unknowppsed ag(r) = t%r)+ 1t%r), we set a new reconstructed
attenuation coef cient 1. Thus, we can de ne the following imagefy+1 (r) = t%r). Then we can solve
template Z
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1 for r 2 water, table or air after erosion

IV. PRACTICAL CONSIDERATIONS

8 drw(r)(c f(r) t%r))?=min
2 o forr 2 water phantom
t(r) = . forr 2 table as aN + 2—-dimensional problem in complete analogy to the
> N + 1—dimensional case we originally started with.
Both methods yield equivalent results. For speed reasons,

for the minimization routine. The three regions are detesdi We opted for the second approach.
from a segmentation of the reconstructed image (or volume)
fi. V. RESULTS

To de ne the weightw(r), we erode the segmented water The precorrection method was tested on the previously cited
phantom by a circular structuring element of diamedeto micro-CT scanner. This scanner has a 2D detector, therefore
hinder the phantom wall from contributing to our estimatiorwe have a cone-beam geometry allowing for 3D volume
To remove the in uence of spatial resolution, we furtherdsro acquisition.
the three regions water, table and air by a circular striur A water phantom (made by QRM GmbH, dWirendorf,
element of diameter where should correspond to the full Germany) ofD = 32 mm diameter and ofl = 0:5 mm
width of the point spread function in the images. Moreover weall thickness was scanned at a tube voltage of 40 kV. The

0 forr 2 air



polynomial degree was set fd = 4 which has proven to Original image
provide good results. Figure 2 shows the intermediate steps
during cupping correction.

M1 = 1093:6 HU
M, = 957:98 HU
M3z =1207:85 HU

Shepp-Logan, single slice

E2=1:6191
M;= 11:49HU
M, = 80:00 HU
(a) Original imagef 1(r) (b) Templatet(r) (c) Weightw(r) M3 =19:45 HU

Smooth, single slice

E2 =0:3890
M, = 249HU
o , M, = 2327 HU
(d) Intermediate image; (r) fori =0;:::;4 M3 = 9:20 HU

Fig. 2. 32 mm water phantom scanned with the TomoScope 30s micro
CT scanner (central slice of the volume). The grey scale windb the
reconstructed functions; (r) is M 2S whereM and S are the mean

Smooth, volume

and standard deviation of an ROI covering the phantom. The l&enpnd Eg =0:3928

weight images are windowed to show the full grey scale rang@a fminimum Mi= 266HU

to maximum. M, = 2372HU
Mz =8:98 HU

Care has to be taken when the noise level in the imbde}
is relatively high. Then the proposed algorithm tries to imin
mize not only the differences between the template but akso t

Smooth, averaged slice

differences due to the noise, such that the cupping coorecti EZ=0:041

works only moderately. Decreasing the noise level using a M, =0:02 HU
smoother reconstruction kernel or averaging slices (ssipgo Mz = 5119HU
the calibration phantom is almost z-invariant) improves th M3 =5:77HU

results considerably. The in uence of the noise level on the
cupping correction is shown in gure 3. The original image-ig. 3. Inuence of the noise level on the precorrection. That image

presents a strong noise level Using images obtained Witwvﬁ reconstructed without precorrection, the other imagee weconstructed
) with precorrection. The coef cients of the precorrection were determined

Shepp-Logan reconstruction kernel yields only unsatiéfC ether on a single slice or on a volume of 50 slices or on a shtaived by
results. The HU values in the water have been shifted moreageraging 50 slices, using a Shepp-Logan or a smooth reactistr kernel.

; ; ; images shown correspond to the reconstructions of ooe shtained
less to 0 as expecte_d but the cupping remain quite pronoun I’%gl the coef cients determined using a Shepp-Logan ker@ei.the right
(about 100 .HU)- With a_ smooth kernel, the results becomgie, the value oE2 is given as well as the mean vali@; obtained in
better reducing the cupping to about 30 HU. The average ol respective ROI drawn on the original image. HEg was normalized to
50 slices improves even more the results with a cupping sf |ége number of slices. Window settings: uncorrected image @12/ 440),

. corrected images (C 0, W 100).

than 10 HU and the ROI covering the whole phantom has a

mean value of 0 HU. Applying the algorithm on 3D volumes,
however, does not turn out to be advantageous compared tq example of a mouse scan acquired on this micro-CT

2D images. _ _ o scanner at 40 kV is shown in gure 5. The precorrected image
Using the averaged image, we obtained quantitatively thgys obtained using the previous determined coef cients. Fo
following calibration parameters this scan, the maximal attenuation value wgs 2:4 which

0 0:002477611 is larger than the maximal attenuation valgg.x taken for
0:399786 calibration. However, outside the calibrated range @, it
c= 0:0661509 § and =1:175 o is not predictable what the polynomial function does and if
0:121149 the values obtained remain correct. Therefore for valueseb
0:0295839 Omax the functionP is replaced by a linear extrapolation. The

left image shows the reconstruction when no precorrection
for these specic scan parameters and water phantom. Tiseperformed, the right image shows the reconstruction with
maximum attenuation for this calibration phantom wirgs =  precorrection using the previous calculated calibratiaram-
1:8. In gure 4, the pro les through the central column of theeters. As we can see, the cupping artifact is here also resnove
images without and with precorrection using these paraisiete We have also tested the method for a C-arm system (Axiom
con rm the results. Artis dFC, Siemens Medical Solutions, Forchheim, Germany)
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The calibration was performed similarly as before, usintgehe
a 10 cm water phantom for which we obtained the following
calibration parameters

0:000081 !
0:651498
c= 0:097667
0:0397608
0:0088498

for a maximal attenuation valugnax = 2:5 at 60 kV. An
example of a scan of a medium contrast phantom performed
at 60 kV is shown in gure 6. Although the phantom is not
made of water but of tissue equivalent material, again the

Fig. 4. Column pro les of the imagek; (original image) and (corrected pre_correction m?thOd allows to remove fast all the cupping
image) of the water phantom of gure 2. The corrected image heenb artifact. Hence, it becomes possible for example to perfarm

obtained from the coef cients obtained by averaging 50esi¢see gure

3).

(a) Original images

(b) Corrected images

Fig. 5. Reconstruction of images (transaxial, coronal agétsd) of a mouse
without and with precorrection. Window settings: uncoteedmages (C 1200,

W 1760), corrected images (C 0, W 800).

guantitative evaluation of the contrast.

(a) Calibration water phantom

(b) Medium contrast phantom

Fig. 6. Reconstruction of rawdata from the C-arm system, Wthout
precorrection and right with precorrection.

VI. CONCLUSION

We have proposed an empirical cupping correction which
appears to be quite efcient. In contrast to other methods,
the presented method makes no requirement on the size and
positioning of the calibration phantom or on the spectrum
knowledge. The method requires only some reconstructed
images of the polychromatic data and is quite simple since
it solves only a linear system. Therefore it is fast and easy
to implement. In the results presented, the cupping was com-
pletely removed. The advantage of the method is that it can
correct for cupping due not only to beam-hardening but also
to scatter, if the calibration phantom is representativetliie
object to be scanned.
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