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Abstract— In this paper, a novel calibration method for C-arm
cone-beam (CB) scanners is presented which allows the cai#ttion
of the circle-plus-arc trajectory. The circle-plus-arc trajectory

has been investigated recently for exact image reconstruon du detector x
and is especially well suited for C-arm systems. The main ide av ggg{ggme
is the separation of the trajectory into two segments (cire
segment and arc segment) which are calibrated independemtl
For each trajectory segment, a calibration phantom is place B
in an optimal way. The calibration results are then combined Vo x-ray camera
by computing the transformation the phantom experienced in ) principal ray coordinate
between the independent runs. This combination can be dona i . system
a postprocessing step by using the Singular Value Decomptisin I/,(U) ’
(SVD). The method works for any calibration procedure in which imace @ a
the phantom has a favored orientation with respect to a trajetory Coo?dmate v b
segment. Results are presented for both, simulated as wels aeal system world \4
data acquired with a Siemens AXIOM Artis C-arm system. coordinate ®)
system
|. INTRODUCTION Fig. 1. A projection matrix describes a mapping of a paintfrom 3D

world coordinates to 2D image coordinategnd thus contains all geometrical
Due to their open design, C-arm systems unlike comput®ébrmation about the C-arm device for a given CB projection

tomography (CT) systems are not capable of acquiring projec

tions along an ideal trajectory [1]. These deviations haved

determined by a calibration procedure prior to image recotfie arc segment where for each calibration run, a calibratio

struction in order to avoid severe reconstruction artifgef, object is placed optimally with respect to the segment under

[3]. Fortunately, from scan to scan, the C-arm deviates sim@onsideration (Section 1I-B, 1I-C) and (ii) combination tdfe

in the same way from the ideal trajectory, so that the caiibna calibration results by computing the transformation therph

can be done off-line with updating only needed about once gem experienced in-between the independent runs (Sedtjon |

year in clinical environments. The term calibration hererg  After a brief review of the calibration problem for a circula

to the estimation of all parameters which completely déscritrajectory in Section Il, the details of our calibration pedlure

the geometry of the CB data acquisition system (Section Br€ exposed in Section Ill. Experimental results are given i

A). Various calibration methods have been suggested in thection IV.

literature (e.g. [1], [2], [4]). For C-arm CT, the high-réstion

requirements demand a robust calibration method. Such a I1. BACKGROUND

method was suggested in [1] for a circular trajectory and has

been successfully applied to calibrate numerous routinegd A Scanner Geometry

C-arm systems. In C-arm CT, the scanner geometry is usually described
This work presents a calibration procedure for the circlésy assigning to each measurement position one projection

plus-arc trajectory that builds on the robustness of thénotein - matrix P that includes all geometrical information about the

[1]. This work is motivated by the recent development of éxameasurement. Using homogeneous coordind&eappears as

reconstruction algorithms for a circle-plus-arc data asitjan a matrix of size3 4 that maps any poirt expressed in the

[5], [6]. Our main idea for calibration is the separation bét 3D world coordinate system to a poirtexpressed in the 2D

trajectory into two segments (circle segment and arc sefmedtetector coordinate system according to the formula

which are calibrated independently. From there we proceed i

two major steps: (i) independent calibration of the circhel a x=Px 1)
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a diameter of 1.6 mm. The sequence of alternating large and
small spheres represents a binary string with an 8 bit engodi
such that an arbitrary subsequence of length 8 providesgénou
information to identify each sphere of the sequence unjquel
within the whole binary string. This encoding is used to
establish unique correspondences between the projedtibie o
spheres in the image and their 3D counterparts. A sketch of
this phantom is shown in Figure 2.

C. Calibration Algorithm

To calibrate a circular short-scan or full-scan trajectding
(spiral) phantom is placed near the iso-center of the scan
with its main symmetry axis (almost) parallel to the rotatio
Fig. 2. The calibration phantom contains 108 steel sphdtes.big spheres axis. This arrangement guarantees that most spheres #dre vis
constitute a logical one and the small spheres constitutaiadl zero. during the scan with only minor overlaps in regions where the
projection of the spiral exhibits high curvature. The cadiion
procedure consists of four major steps: (i) localizationthof
spheres in the image, (ii) ordering of the located spheiis, (

transformation of the point to image (pixel) coordinatefng@

transformation): X J TR
2 32 3 establishment of unique correspondence between the fiorjec
du f to b 0 00 R Ra of the spheres in the images and their 3D counterparts by
P=40 g w340 D 0 05 of 1 - decoding binary substrings of length 8, and (iv) estimatién
| 0 {(z) 1 b 0 O{Z 10 } | __Y {z - } the projection matrix for each source position. The lagb s
afne tansformation central projection Fucldian transformation described in more details in [1]. Once an initial estimatehef

(2) projection matrix is available, additional spheres candoated
In this decompositionR is a3 3 rotation matrix giving the in the image by projecting all spheres in the image planegusin
detector orientationa is a3 1 vector describing the x-ray the estimated projection matrix, and performing then a ey
source position in the world coordinate system [2],is the search around the projection of previously unlocated ssher
focus-to-detector distanceu is the pixel width,dv is the pixel The process is repeated until a prescribed percentage of all
height, ands is known as the "skew” parameter because gpheres has been found.
value ofs other than zero amounts to a device with a sheared
detector pixel grid. Also(t; )" are the coordinates of the|||. CALIBRATION OF THE CIRCLE-PLUS-ARC TRAJECTORY
orthogonal projection of the source position onto the detec
plane. These coordinates are in the image coordinate syst
the origin (0;0)" of which is at the lower left corner of the
image.

The spiral phantom is well suited to calibrate each segment
Bfa circle-plus-arc trajectory. However, to do so the pbant
needs to be positioned differently for each segment, so that
the projections of the spheres are arranged along an "S'turv
o in every CB image acquired along that segment. Otherwise,
B. Calibration Phantom when the phantom is observed from oblique viewing directjon

A CB projection of the calibration phantom at a giverspheres may overlap in the projection and the projectedlspir
source-detector position typically allows the determioratof may cross over itself, so that the task of locating and onderi
the projection matrixP for this position (see also Section lI-the spheres becomes impossible. Indeed, for the circleguic
C). The geometrical shape of the calibration phantom istBxactrajectory, only the rst11° or so of the arc segment can be
known in the world coordinate system. The world coordinateliably calibrated with the phantom in the position asatexd
system is attached to the phantom. Often, the phantom ¢snsis the circular scan (see Figure 3a). However, the arc length
of various spheres of high attenuation that are distribotet a required to obtain complete data for reconstruction isdgiy
control region of prede ned extent and that are enclosedwn | of 22°.
attenuation base material. In this work, we use a spiralfgman ~ When placing the phantom differently from one segment
This phantom was originally designed to calibrate a trajgct of the trajectory to the other (Figure 3), one encounters the
consisting of a circle or partial circle for subsequent kaltdp problem that the projection matrices obtained for the segme
reconstruction. It consists of a cylindrical wall made dcdigiics refer to different coordinate systems and have to be ragidte
which has almost no x-ray attenuation. Its outer radius im#i2 such that they refer to a common coordinate system. We have
and its inner radius is 62 mm measured from the axis developed a method to achieve this registration, providing
rotation. The height of the cylinder is 205.8 mm. Inside ththereby a way to calibrate the circle-plus-arc trajectosyaa
wall, there are 108 spheres made of noncorrosive steel with twhole, using optimal placement of the phantom for each of its
different radii arranged along a spiral-shaped path. Thgela segments. The registration was done through the deterigninat
spheres have a diameter of 3.6 mm and the small spheres hafwhe change in position and orientation applied to the pdran



,- Arc Segment

’

Simulated CB data Real CB data

; Non-rotated Phantom Radius (R) [mm] 750 750
! Focal length (D) [mm] 1200 1200
0 Pixel width @u) [mm/px] 0.372 0.372
Pixel height @v) [mm/px] 0.372 0.372
Circle Segment Detector dimension [ 1024 1024 1024 1024
Angular sampling (circle) [°/projection] 0.4 0.4
Angular sampling (arc) [°/projection] 0.4 0.4
Number of projections (circle scan) 538 (214.8°) 538 (214.8
Number of projections (arc scan) 50 (19.6°) 50 (19.6°)
Number of valid CPs (arc scan) 28 (10.8°) 31 (12.0°)
@ TABLE |
Arc Segment
Rotated Phantom where the measurement matrk; consists only of known

quantitiesx; ; x;; P? and is of dimensior2 16 because each
tupel ;;x;) provides two linearly independent equations.
Therefore, a theoretical minimum of at leds$t= 8 A;'s are
required to determine all 16 entries lof By stacking allA;'s
on top of each other, a matr& of dimension2N 16 can be
generated with

Circle Segment

(b)

Bh =0; (7)
Fig. 3. The calibration setup for the circle-plus-arc tcégey for (a) the circle
and (b) the arc segment is shown. Here, the phantom placeimemiibrate Where 2
the arc segment differs from that of the circle segment by dedfiee rotation. Al
Az
B = & (8)
from calibration of the rst segment to the next one, using A.N

information provided by so called "connection points” (¢Ps
The term connection point refers to any source position fendN 8.
which two projection matrices can be obtained — one usingA linear solution forh to this over-determined system of
the non-rotated phantom and the other one using the rota@sthations is provided by the singular vector correspontting
phantom. Assume we have determined the projection matri¢dbe smallest singular value & by using the SVD (see [7]).
P andPP? of such a CP (e.g. located on the arc segment) by general, the pointgg may be chosen arbitrarily as long
applying the calibration procedure of Section 1I-C. We set oas they are well distributed inside the eld of view (see also
then the goal of nding thet 4 matrixH that mapsP®onto [1]). Practically, these points can be generated from eguat
P as follows: (4), with the x;'s being the midpoints of the spheres of the

P=pPXH: 3) calibration phantom. This gives a matfix with N=108.

Itis a simple matter to extend this procedure to more than one
This matrix H can as well be used to transform all othe€P to improve accuracy. From each connection point,@#th
projection matrices. In order to compute, we make use of K =1:::K, a2N 16 measurement matriBy is obtained.
the connection between a set of known 3D poitsaand their Again, theBy's can be stacked on top of each other resulting
2D imagesx; related byP in a matrix C of size2NK  16. The system is solved by
nding the right null-vector ofC using the SVD as before.
i (4)

In this system of equations, all quantities are known. To _ R
incorporate the unknown matril , relation (3) can be used EXperiments were performed using simulated as well as real

% = PX

IV. EXPERIMENTS

to replaceP by P . This gives CB data acquired with a AXIOM ArtiglBA C-arm system
(Siemens AG, Medical Solutions, Forchheim, Germany). For
x = PHx;; (5) the simulation, a detailed computer model of the calibratio

phantom was created. The corresponding CB projections were
which has to be solved fddl . By writing the unknown entries generated using an analytical forward projector. The mvant
of H row-wise into al6 1 vectorh, we can reformulate (5) was rotated by 90° according to Figure 3b but in addition
to a linear equation off, such that after some calculation (seganslated by 10 mm along the z-axis to mimic a realistic
Appendix | for details), the following system of equatiorss iphantom motion. The parameters of the experiments are given
generated in Table I. In Figure 4, the root mean square (RMS) error
Aih=0; (6) between the true and registered projection matriesand



Fig. 4. Calibration accuracy from simulated (top) and reBl data (bottom) ? ! ° ° 0 12 14 *
for the calibrated arc segment. In each case, the projectimnber is plottec
against the RMS error given in pixel units. Projection 50responds to the
last source position (at 19.6°) along the arc segment.

Fig. 5. Singular values; :::s16 of the composed measurement mai@x
for simulated (top) and real CB data (bottom). In each cdsesingular values
are plotted in descending order using a logarithmic scale.

(1) i ' _— . . . -
P | of thg arctsiimegltwlg shown for the sm:u(lja’;ed a’?d ﬂfﬁe projection matrices which are associated to the minimal
real experiment. 1he error was computed 1rom iMages error, while in Figure 6b and 7b, the projection matrices

measurements using which are associated to the maximal RMS error were used. The

LN 2! 1=2 gures con rm the high accuracy of our method.
(RMS) - — X Ei(f) : (9) Figure 5 shows the singular valugs: : : s;6 of the composed
N i=1 measurement matrixC with dimension2NK 16 for the

) ~ ~ M — b simulated N = 108; K = 28) and the realll = 108;K =16)
with N = 108, wherex; = Px; andx; ~ = P{")x; denote gyperiment. A few observations: (i) The plots for simulated
the true and estimated image points respectively (after thgq real data are almost identical. (i) The smallest siagul
homogenous scaling factor has been removed) of the midpoipg| e si6 is close to zero. (i) Singular Valusys differs
x; of the steel spheres of the calibration phantom. For the regl, s15 by a factor of magnitudd0?, while any other two
experiment, 31 projection matrices could be calibrateanfrog,ccessors differ by a factor of magnitude 10 or less. (W Th
the non-rotated phantom and were used as the ground tryfffeerence betweers; and sy is in the order of10”. From
Every second projection matrix thereof was also used for tfi¢ \ve see that the simulated and the real data set have the
registration to compute the matrkx. same numerical characteristics. Thus, with our simulatibe

The RMS error gives an estimate of how much the averag@merical behaviour of a real system is reproducible. From
projected point deviates from its true position. A diffetrerror (ii), (iii) and (iv), we conclude that the system is numetiga
measurement may be chosen instead. For example, Faugg{ale and that the matri@ has a one-dimensional null-space
[8] suggests a decomposition of the projection matrices 4@ required. The fact thats is close to but not exactly equal
obtain every calibration parameter e.g. x-ray source {usit 15 zero, can be blamed on measurement errors (e.g. from the
focus-to-detector distance, skew etc. However, by comparigphere localization of the underlying calibration progegu
these values separately, we get only little insight into how Figure 8 shows one slice of a human head phantom, which
accurately the point mapping itself behaves, becausetifvia \yas reconstructed using the M-line approach accordingto [9
from different such measurements may cancel each other wAg{z cB data was again acquired with the AXIOM ArtBA
acting together on a point in 3-space. For this reason, Wearm system (Siemens AG, Medical Solutions, Forchheim,
suggest to measure the error from image measurementsdnst@gsrmany). Therefore, the setup is the same as in Table I. For

From the gure it is observed that our approach achievgge calibration of the system, all 31 CPs were used to compute
sub-pixel accuracy even with real data. The accuracy of regk matrixH . The reconstruction shows a perfect geometry and

data is reduced by a factor of 5 compared to ideal daigen small details can be clearly distinguished.
because of higher errors in the underlying calibration pduce

(sphere localization etc.) and because the ground trutinlis o
known approximately. To get an impression of the achieved
accuracy, Figure 6 and Figure 7 show the projection of the
midpoints of the steel spheres of the calibration phantoto on
the acquired projection images for simulated and real CR,dat
respectively. In Figure 6a and 7a, the points were projewitd
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Fig. 6. Projection of the midpoints of the steel spheres efdhlibration phantom onto the simulated CB data associaitd(a) the minimal (projection 41)
and (b) the maximal (projection 36) RMS error.
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Fig. 7. Projection of the midpoints of the steel spheres efdlibration phantom onto the real CB data associated ajtithe minimal (projection 1) and (b)
the maximal (projection 7) RMS error.



Fig. 8. Reconstruction of a human head phantom from real GB. déhe
slice is 53 mm away from the plane of the circular scan. Thedainwas set
to C=0 HU, W=1000 HU.

V. CONCLUSIONS

By settingx; = (Xi;¥i;w), the cross product can be written
as

axjh; + ayih, + azh; + ah,

%, PMHx; = @ bxh, + byh,+ bzh;+ bh, A =0;
Cxihl + Cyihz + Czihs + CD4
with
a=yp® wp® b= wpdT xp® c=xp® ypt
Equivalently,
) 50 N, 1
ax; ayj az a H
x, PYMHx, =4 bx by bz b5%HZ§=Q:
CX; Cyi €z C =3
h,

Because only two equations are linearly independent, fing th
one can be omitted. Thus, we chose

A = axi ayi az a
"7 bx by bz b
with a andb as de ned above.
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