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Abstract: Conventional 3D x-ray imaging systems, like CTs and 3D C-arms, are 
characterized by a circular movement of x-ray source and image detector around 
the patient. Using this technique the radiographed volume is reconstructed accu-
rately, but the patient is fully enclosed and the access for the surgeon is limited. To 
improve the usability of intraoperative 3D imaging, we developed a new image ac-
quisition method by optimizing the directions of x-ray projections within a limited 
angle range above the patient. The optimization method is based on the determina-
bility of density changes inside a volume depending on the used directions of x-ray 
projections. The resulting orbital x-ray source trajectory allows an open system 
concept of a 3D x-ray scanner that ensures free access to the patient. Using a simu-
lation environment and an experimental set-up we analyzed the developed image 
acquisition method and compared it with conventional trajectories. The results 
demonstrate the feasibility and usability of the proposed imaging method. 
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1 Introduction 

During surgical interventions three-dimensional (3D) x-ray imaging provides intraopera-
tive control of implant placement and bone fracture repositioning. An important and 
useful application is the treatment of fractures, tumors or instabilities in spine surgery. 
To stabilize spine fractures adjacent vertebral bodies will be fixed permanently by the 
insertion of pedicle screws [Sc04][Be09]. During this process the spinal canal with spi-
nal cord and sensitive nerve fibres inside of the vertebral bodies must not be injured by 
the screws (Figure 1). Because of the missing depth information two-dimensional x-ray 
projection images are not sufficient to detect misplaced screws [Be97]. Only 3D image 
information allows an accurate verification of the correct implant placement [LSG10]. 
To identify and revise misplaced implants during the intervention and to avoid cost-
intensive re-interventions, 3D x-ray imaging has to be applied intraoperatively [Ke09]. 
But in spite of a great clinical need for intraoperative 3D x-ray imaging, special surgical 
requirements are not yet fulfilled. The spatial limitations in a crowded operating room 
and the surgical demand for free access to the patient have to be more considered by the 
intraoperative 3D x-ray imaging techniques. 

a)  b)  

Figure 1: a) Pedicles and spinal canal of a thoracic vertebral body; b) Insertion of pedicle screws in 
a thoracic vertebral body 

In computed tomography a volume is 3D reconstructed using x-ray projection images of 
the volume acquired from different directions. Conventional 3D x-ray imaging systems 
are characterized by a rigid configuration of x-ray source and image detector and a circu-
lar rotation around the patient. Using this technique, the radiographed volume is recon-
structed accurately, but the patient is fully enclosed and the access for the surgeon is 
restricted. This leads to an interruption of the surgical workflow because the imaging 
systems normally cannot remain at the patient during the intervention. It takes several 
minutes to move the system to the operating table and align it to the patient. For a reap-
plication of 3D imaging this process has to be repeated and the surgery has to be inter-
rupted again. 

1.1 Commercial intraoperative 3D x-ray systems 

Today two main groups of commercial 3D x-ray systems for surgery exist: computer 
tomographs (CTs) and 3D C-arms. 
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CT systems consist of a closed circular gantry in which x-ray source and image detector 
are rotating around the patient. CTs provide a high image quality but their design and 
physical dimension are disadvantageous for intraoperative use. The “Dominion” (Imag-
ing3 Inc), a small tiltable mobile CT, and the “O-arm” (Medtronic) are some specialized 
CTs for intraoperative application. In contrast to conventional CT systems the gantry of 
the O-arm can be opened to align the system at the patient table. For 3D imaging the 
gantry is closed and x-ray source and image detector are rotating 360° inside of the gan-
try. 

3D C-arms are characterized by a C-sharped structure with mounted x-ray source and 
image detector (Figure 2a). For 3D imaging the axes of the C-arm are motorized and the 
C-structure is rotating around the patient. New generations of 3D C-arms use digital flat 
panel detectors to provide an enlarged and distortion free volume reconstruction (Figure 
2b). A new development is the robot-guided C-arm “Artis zeego” (Siemens) for angi-
ography and computed tomography. The floor mounted robot arm allows a flexible C-
arm positioning at the patient table, but the C-sharped structure is still rotating around 
the patient for 3D imaging. 

a)  b)  

Figure 2: Intraoperative use of 3D C-arms at the Charité – Universitätsmedizin Berlin 

1.2 Alternative image acquisition methods 

To improve intraoperative 3D x-ray imaging and to minimize their effect on the surgical 
workflow, one solution could be the limitation of the movement range of x-ray source 
and image detector to ensure free access to the patient and to reduce the required imag-
ing time. The so called limited angle tomography is exemplary shown in Figure 3.  

A volumetric imaging technique which is not enclosing the object of interest is the digi-
tal tomosynthesis, mainly used for breast imaging. Only a small angle range of the rota-
tional or translational x-ray source movement is needed, but the produced field of depth 
of the images is limited and objects outside of the reconstructed plane appear blurred 
[De07]. 
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Figure 3: Example of limited angle tomography 

In [Tu83] the condition for a complete x-ray source trajectory and an exact tomographic 
volume reconstruction is described. This completeness condition states that a volume 
point can be exactly reconstructed, if every plane through this point intersects the x-ray 
source trajectory at least once. In [Sc01] a visual method to proof the completeness of X-
ray source trajectories regarding a volume is shown. Depending on the x-ray source 
trajectory surfaces are drawn within a sphere which represents the volume that has to be 
reconstructed. If the surfaces fill the sphere sufficiently the source trajectory is complete. 

Using Tuy’s condition an x-ray source trajectory can be classified in a complete or in-
complete trajectory. Because limited angle tomographies do not fulfil Tuy’s condition 
such x-ray source trajectories are incomplete and an exact volume reconstruction is not 
achievable. But if the movement range of the x-ray source trajectory is limited, it is im-
portant to know how the source trajectory has to be designed within the possible angle 
range to achieve the maximal achievable reconstruction quality. 

The accuracy of limited angle tomographies is difficult to predict. Using an algebraic 
technique the volume reconstruction can be regarded as solving a linear equation system. 
If the angle range during the image acquisition is limited the system is underdetermined 
and there is no unique solution. This leads to a decreased reconstruction quality with 
image artifacts in the volume To evaluate the reconstruction quality of limited angle 
tomographies, reconstruction algorithms and computer generated phantoms are used to 
simulate and calculate the resulting accuracies (for example in [RPS04]). But this evalu-
ation of an x-ray source trajectory by comparing reconstructed volumes is time-
consuming, depends on the used reconstruction algorithms and is not usable for a math-
ematical optimization of the x-ray source trajectory. A method to predict the capability 
of defined limited angle and limited data tomographies without using reconstruction 
algorithms is shown in [CN01]. With a defined resolution function the reconstruction 
accuracy of single features is predicted based on the used projections. An estimation of 
the total achievable reconstruction quality of an image acquisition trajectory is not de-
scribed.  
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For 3D C-arm imaging special x-ray source trajectories have been developed, e.g. a 
closed sinusoid trajectory to enlarge the volume region that satisfies Tuy’s condition 
[Ya06], a horizontal trajectory to scan the human anatomy during weight bearing [Ma11] 
and a wobble trajectory to improve the image quality for the limited angle range [TL07]. 
In [BGS10] an optimization method of the C-arm acquisition trajectory has been devel-
oped for rotational coronary venography. Here a patient-independent cost function was 
defined to minimize the overlapping and the foreshortening of specific vessel segments 
of the coronary tree. 

In this article we present the development of a new image acquisition trajectory for 3D 
x-ray imaging. The acquisition trajectory was regarded as free definable. Mechanical 
constraints of existing 3D x-ray systems were not considered. Only the possible move-
ment range of the x-ray source was limited to an area above the patient to ensure the free 
patient access. The resulting image acquisition trajectory was simulated and evaluated 
with an experimental set-up. Based the presented results we propose an open system 
concept for an intraoperative 3D x-ray scanner. 

2 Methods 

Our development of an image acquisition trajectory for limited angle tomography is 
based on two methods: 

 A method that evaluates the achievable 3D reconstruction accuracy of discrete 
volume points based on free definable directions of x-ray projections. 

 A method for optimization of directions of x-ray projections to maximize the 
achievable 3D reconstruction accuracy based on the evaluation method. 

2.1 Quality evaluation of directions of x-ray projections 

Our evaluation method computes the achievable reconstruction quality of a volume ele-
ment based on defined x-ray projections from different directions, independent of recon-
struction algorithms. The method regards the grade of determinability of the volume 
density changes depending on a defined set of directions of x-ray projections. The densi-
ty changes inside a volume can be described by gradients with a location and direction. It 
can be observed that the x-ray image projections of volume density changes (gradients) 
depend on the angle between the gradients and the x-ray beam. Based on this basic ob-
servation we derived a quality evaluation function q from the radon transform. A de-
tailed derivation of this quality function and a comparison to the accuracy of simulated 
volume reconstructions is shown in [St10a]. The quality value q of a gradient θ  at a 
volume point p is defined as the sine of the angle φ between the gradient direction and 
the x-ray beam from source position s through p. 
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For a set of projections from different directions through point p, each gradient at this 
point is weighted with the maximal quality value of all given x-ray source positions. 

  si Niqq ,...,2,1|),,(max),(  θspθp  

This value q(p, θ ) describes an upper bound of the determinability of gradient θ  at point 
p by a defined x-ray source trajectory consisting of several source positions si. The quali-
ty values q(p, θ j) are calculated for all gradient directions θ j , j ϵ 1..Ng emanating from 
point p equally distributed in all directions. Using a unit sphere the results of q(p, θ j) can 
be visualized considering the point p in the center of the sphere and the gradients θ j 
emanating from p in all directions to the sphere surface [SK97] (Figure 4). At the inter-
section points of the gradients θ j with the sphere surface the respective quality values 
are illustrated by shades of gray. The directions of x-ray projections are defined by x-ray 
source positions si on the sphere surface through the volume point p in the sphere center. 
The image detector is assumed to be aligned at the opposite side of x-ray source position 
s. The gray scale of the sphere surface shows the quality q(p, θ j) of the gradients θ j, j ϵ 
1..1000, emanating from the center equally distributed in all directions to the surface of 
the sphere. The dark areas represent gradient directions, which are not sufficiently de-
terminable by the used x-ray source positions on the sphere surface. 

In Figure 4a a gradient unit sphere is shown for one single image projection. The gradi-
ents in the same or opposite direction of the x-ray beam from source position s = (0,0,1)T 
through point p = (0,0,0)T have low quality values (dark surface areas). Gradients per-
pendicular to the x-ray beam are determinable with a high quality values (light-colored 
surface areas). In Figure 4b the gradient unit sphere is exemplary shown for Ns = 10 x-
ray source positions on a circular 120° trajectory. The dark surface area of the sphere 
shows the gradient directions with a low determinability by the used x-ray source posi-
tions. 

a) 
 

b) 

Figure 4: a) Gradient unit sphere for one single projection from x-ray source position s = (0,0,1)T 

through point p = (0,0,0)T in the center of the sphere; the gray scale of the sphere surface describes 
the quality values q(p, θ j) of the gradients θ j emanating from the center p = (0,0,0)T to the sur-

face of the sphere; b) Gradient unit sphere for 10 x-ray source positions on a 120° circular trajecto-
ry; the points represent the x-ray source positions. 
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2.2 Optimization of directions of x-ray projections 

To ensure free patient access during image acquisition, a complete x-ray source trajecto-
ry with a fully 360° or 180° circular rotation of x-ray source and image detector around 
the patient is not applicable. Therefore we limited the possible x-ray source movement 
range and optimized the directions of x-ray projections using our quality evaluation 
method [St10b]. To minimize the calculation complexity only one point p in the volume 
center is considered, but the method can also be applied to a discrete volume grid con-
sisting of several separate volume points. The reconstruction quality at volume point p is 
determined by the arithmetic mean value q(p) of all gradient directions. 
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Based on this quality q(p) we defined the error function ε to optimize the directions of x-
ray projections within predefined limited angle ranges. 

2))((1ε pq  

In Figure 5 we optimized exemplary 10 directions of x-ray projections using the 
MATLAB Optimization Toolbox and regarding Ng = 1000 gradients. The limited angle 
ranges are defined by spherical caps in relation to the volume point in the sphere center. 
We used angle ranges of 40°, 80°, 120° and 360° shown as green spherical caps in the 
upper row of Figure 5. The optimized x-ray source positions si are denoted by black dots 
on the sphere surface in the middle row and in sphere coordinate in the lower row of 
Figure 5. The optimized directions of x-ray projections are defined by the source posi-
tions si on the sphere surface and the regarded volume point p in the center of the sphere. 
The limited angle range is marked by a black line. Depending on the optimized source 
positions si the sphere surface shows the gray scaled quality values (as shown in Figure 
4). 

Using an unlimited angle range of 360° (Figure 5 right column) the source positions 
were aligned equally distributed along a circular line of 180°, similar to a conventional 
C-arm x-ray source trajectory. The optimization within limited angle ranges of 40°, 80° 
and 120° leads to an x-ray source positioning at the area boundary of the spherical caps. 
With a growing angle range the insufficiently determinable gradient directions are de-
creasing. Because of the fixed number of 10 projections the distances of the source posi-
tions along the area boundary increase with a growing angle range. This increased un-
dersampling leads to dark streaks in the area of determinable gradient directions by the 
optimized source positions. 

Because of the undersampling one x-ray source position was optimized in the center of 
the spherical cap using an angle range of 120° and 10 source positions. This central 
source position leads to a bright horizontal streak at  = 90° because of the good deter-
minabilty of perpendicular gradient directions (see the middle and lower row of an angle 
range of 120° in Figure 5). 

INFORMATIK 2011 - Informatik schafft Communities 
41. Jahrestagung der Gesellschaft für Informatik , 4.-7.10.2011, Berlin

www.informatik2011.de 

erschienen im Tagungsband der INFORMATIK 2011 
Lecture Notes in Informatics, Band P192 
ISBN 978-3-88579-286-4

weitere Artikel online: 
http://informatik2011.de/519.html 



 

Figure 5: Optimization of 10 x-ray source positions within different angle ranges regarding the 
achievable reconstruction quality q(p) at volume point p in the center of the sphere. The upper row 
shows the used angle ranges marked as green spherical caps. The middle and lower row show the 
optimized x-ray source positions si denoted by black dots on the sphere surface and in spherical 

coordinates. 

2.3 Orbital x-ray source trajectory 

The limitation of the angle range of directions of x-ray projections leads to insufficient 
determinable gradient directions (visualized by the dark surface areas on the sphere in 
Figure 5). This is independent of the number and the arrangement of source positions, 
because required directions of x-ray projections for a complete x-ray source trajectory 
are outside of the limited angle range. Therefore an exact 3D reconstruction is not 
achievable in limited angle tomography. 

To achieve the maximal reconstruction accuracy for a predefined limited angle range our 
evaluation function and optimization method are useful to design an x-ray source trajec-
tory within the possible angle range. Using a limited number of source positions their 
arrangement within the possible angle range is essential regarding the determinabilty of 
the volume density changes (gradients).  
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If the angle range is limited in form of spherical caps above the regarded volume point, 
the maximal possible reconstruction quality is achieved by aligning a sufficient number 
of source positions at the area boundary of the spherical caps (Figure 6a). In spite of still 
existing insufficient determinable gradient directions caused by the limited angle range, 
such an orbital x-ray source trajectory allows an optimal reconstruction quality for these 
defined angle range limitations. Figure 6b shows the orbital x-ray source trajectory de-
rived from our optimization results, where the x-ray source is circular rotating in one 
plane above the volume. 

 

 a) b)  

Figure 6: Visualization of the orbital x-ray source trajectory derived from the optimization results: 
a) On the gradient unit sphere at the area boundary of the spherical cap with an angle range of 

120°; b) Scanning a cubic volume 

3 Results 

We analyzed and evaluated our orbital x-ray source trajectory by simulations with our 
3D reconstruction software. According to defined image acquisition trajectories the 
simulation software calculates artificial projection images of mathematical defined phan-
toms, e.g. the Shepp-Logan head phantom [YYW04]. Based on the calculated projection 
images the scanned phantom was reconstructed using the simultaneous algebraic recon-
struction technique (SART). 

The first row in Figure 7 shows the gradient unit sphere of our orbital x-ray source tra-
jectory with an exemplary opening angle of 120° in three orthogonal views. The second 
row shows the reconstruction result of the Shepp-Logan head phantom using 180 x-ray 
projection images and the third row the original mathematical defined phantom. For 
projection image calculation the phantom was located in the center of the sphere and the 
image detector was aligned perpendicularly to the central x-ray beam from the source 
positions through the volume. The size of both volumes is 256³ voxel with a voxel size 
of 0.01 mm. The sagittal view shows the volume slice y = 128, the axial view volume 
slice x = 141 and the coronal view volume slice z = 104. 
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Comparing the reconstructed volume with the original head phantom, geometrical distor-
tions at the top and bottom are visible in the sagittal and axial view. These artifacts are 
caused by the limited angle range and occur at density changes in vertical directions of 
the volume. Figure 7 shows the correlation between the dark areas of the gradient unit 
sphere and these artifacts in the reconstructed volume. The absence of projection images 
in horizontal direction lead to insufficiently determinable density changes in vertical 
direction. Using the Shepp-Logan head phantom such vertical gradients are located at 
the top and bottom of the elliptical-shaped head. 

To minimize these artifacts and to improve the image quality specialized algorithms for 
limited angle tomography have been developed. A significant improvement of the recon-
struction quality is for example shown in [SKP06] and [VLC07] by minimizing the total 
variation of the reconstruction. Based on the previous knowledge about the insufficiently 
determinable volume gradients and the existing approaches to handle limited angle to-
mographies, our goal in future work is to develop an iterative reconstruction algorithm 
which is adapted and optimized to the orbital x-ray source trajectory. 

 

Figure 7: Simulated orbital x-ray source trajectory: X-ray source positions on a gradient unit 
sphere with an opening angle of 120° (upper row); Volume slices of the reconstructed Shepp-

Logan head phantom (middle row from left to right: y = 128, x = 141, z = 104); Volume slices of 
the original Shepp-Logan head phantom (lower row from left to right: y = 128, x = 141, z = 104) 
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To verify the simulation results we built up an experimental set-up consisting of an x-ray 
source, a digital flat-panel detector and a robotic arm (Figure 8). To realize a defined 
image acquisition trajectory the test object was mounted on the robotic arm and moved 
between the fixed x-ray source and the fixed image detector to acquire projection images 
of the test object from different directions. 

Flat panel detector

3D reconstruction

Robot arm with object

X-ray source

 

Figure 8: Experimental set-up to realize and evaluate the orbital x-ray source trajectory 

We analyzed the spatial resolution of the orbital x-ray source trajectory with a drill hole 
test phantom (according to [Ka95]) with drill hole diameters from 0.4 mm to 2.0 mm 
(Figure 9). Drill holes with the same diameter are radial aligned with distances between 
the holes equal to the hole diameter. This allows the determination of the spatial resolu-
tion in line pairs per centimeter (lp/cm). We achieved a resolution of 12.5 line pair per 
cm (lp/cm) in the axial slice of the reconstructed volume using an opening angle of 120° 
between the volume center and the orbital x-ray source trajectory above the volume. 

 

Figure 9: Spatial resolution analysis in the reconstructed axial slice using a drill hole test phantom; 
12.5 lp/cm (0.4 mm holes) are clearly visible using an opening angle of 120° between the volume 

center and the orbital x-ray source trajectory above the volume 

The clinical usability of the orbital image acquisition method was analyzed exemplarily 
for a spine surgery application. Therefore we used human vertebral bodies of thoracic 
and lumbar spine. Figure 10 shows the reconstruction of a thoracic vertebral body. The 
reconstructed volume has a high image quality and the pedicles and the spinal canal of 
the vertebral body are clearly visible. 
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Figure 10: 3D scan of a thoracic vertebral body using the orbital x-ray source trajectory and an 
opening angle of 120°. 

Using a synthetic vertebral body with two inserted metallic screws, we analyzed the 
resulting image quality of our orbital x-ray source trajectory in comparison to a conven-
tional C-arm trajectory. In both studies we used 181 projection images of the prepared 
vertebral body equally distributed over the whole trajectory paths and exactly the same 
reconstruction parameters. 

Figure 11 shows the 3D reconstruction results of our orbital and the conventional C-arm 
x-ray source trajectory. Because pedicle screws are often located in the C-arm rotation 
plane of x-ray source and image detector, there are significant artifacts between the 
screws in the reconstructed volume. This can lead to unusable 3D images if the verifica-
tion of the correct implant position in relation to the spinal canal inside of the vertebral 
body is not possible (first row in Figure 11). 

 

Figure 11: Comparison of our orbital x-ray source trajectory with a conventional C-arm image 
acquisition method using a synthetic vertebral body with two inserted pedicle screws 

The second row of Figure 11 shows the reconstruction result using our orbital x-ray 
source trajectory above the scanned volume with an opening angle of 120°. Because x-
ray source and image detector are not rotating in one single plane during image acquisi-
tion, the metal artifacts are reduced significantly in comparison to conventional 180° 
circular c-arm rotations. The spinal canal of the vertebral body is clearly visible und the 
exact position of the two screws can be verified. 
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Based on the simulation and experimental results we propose a new system concept of 
an intraoperative 3D x-ray scanner to realize our orbital image acquisition method. To 
improve the intraoperative usability of 3D x-ray imaging and to ensure free access to the 
patient we break the rigid configuration of x-ray source and image detector. The 3D x-
ray scanner ORBIT consists of an x-ray source mounted on a robotic arm, a digital flat-
panel detector fixed on or integrated in the patient table and a control and monitor cart 
(Figure 12). Because in this concept the image detector is fixed and not perpendicular to 
the central x-ray beams, we simulated the orbital image acquisition method also with a 
static image detector parallel to the plane of the orbital x-ray source movement. Using 
our simulation environment with the SART algorithm the image quality was identical to 
the previously presented results. 

 

Figure 12: ORBIT – Open x-ray scanner for image guided interventional surgery consisting of an 
x-ray source on a robotic arm, a fixed digital flat-panel detector on the patient table and a control 

and monitor cart 

In future work we realize a first prototype of ORBIT at the Charité – Universi-
tätsmedizin Berlin in cooperation with Ziehm Imaging GmbH to perform experimental 
evaluations and further developments regarding image quality and clinical usability. 
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4 Conclusion 

To improve the usability of intraoperative 3D x-ray imaging by ensuring free access to 
the patient, we propose a new system concept with an orbital image acquisition method. 
The development of the orbital x-ray source trajectory is based on the optimization of 
directions of x-ray projections within a limited angle range regarding the achievable 
reconstruction quality. A limited angle range of the x-ray source trajectory allows free 
access to the patient but leads to artifacts in the 3D reconstruction. Using our evaluation 
method and the gradient unit sphere of an x-ray source trajectory within a limited angle 
range, the characteristic of these artifacts is predictable and their effects can be mini-
mized. In future work our goal is to optimize the 3D reconstruction quality for the lim-
ited orbital x-ray source trajectory and to analyze the resulting radiation exposure in 
comparison to the conventional circular imaging technique. To perform further devel-
opments we build up a first prototype of the open 3D x-ray scanner ORBIT at the Chari-
té - Universitätsmedizin Berlin. 
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