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Abstract: 3D-rotational X-ray imaging is a rather new volume imaging technique on
conventional C-arm X-ray systems. This contribution covers the basics of the
underlying mathematics of three-dimensional X-ray imaging, the data
acquisition protocols, and calibration and reconstruction techniques.
Furthermore, an overview of the current clinical application of 3D-rotational
X-ray imaging is presented.
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1. INTRODUCTION

Three-dimensional rotational X-ray imaging (3D-RX) is a rather new
imaging method based on the rotational angiography (RA) technique, which
was introduced in the early 90s. RA is an extension of the conventional
angiography technique, in which the gantry of an X-ray system is rotated
around the patient while acquiring X-ray projections during continuous
contrast agent (CA) injection. Initially, the main application of RA was in
the field of interventional neuroradiology'”. Compared to conventional
angiography the improved visualization of vascular anatomy by the multiple
angles of view available from the rotational acquisition results in superior
information on complex 3D vascular structures. This additional anatomic
information significantly improved e.g. the angiographic assessment of
aneurysms making it an excellent adjunct in e.g. the investigation of
subarachnoid hemorrhage. In the following years RA has been introduced to
various other fields including assessment of the renal arteries™ and
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visualization of the coronary artery tree, in which a significant reduction of
overall X-ray and contrast agent dose could be realized’.

Based on the RA protocols, the projection data acquired during a RA run
have been utilized for volume reconstruction, resulting in the so-called 3D
rotational angiography (3D-RA) technique. Since then, the application of
volume reconstruction has become more and more standard in interventional
neuroradiology e.g. for improved assessment of the shape and size of
aneurysms’, the planning of radiation treatment of arterialvenous malformations
(AVM)’, or just to get more insights in the vascular structure®. With
increasing availability, other applications such as the renal arteries’ and
peripheral angiography'® have been added.

Up to now, the application of 3D-RA has been limited to high-contrast
objects such as selectively enhanced vascular trees. With the advent of new
X-ray systems providing significantly improved characteristics for volume
reconstruction, the application of 3D-RA to more general volume X-ray
imaging (3D-RX) is on its verge.

This contribution covers the basic mathematics of three-dimensional
X-ray imaging, the basics of acquisition, calibration and reconstruction
on current X-ray systems and gives an overview on clinical application of
3D-RX.

1.1 Mathematical description of the 3D reconstruction
from X-ray projections

1.1.1 The Radon transformation

The Radon transformation R of a three-dimensional object function

fxyz) = f( ?) is defined as the complete set of integrals over planes E
through the object. With
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the Radon transf(gm Rf(p A, 0) = Rf(pZ) at a specific distance p to the origin
with orientation £ (Figure 5-1) can be calculated according to
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which can be reformulated as

+ooto0

RI(pE)= [ [£(pE.s.n)dsat, 2]
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with pé? defining the orientation and position of the plane and s and t being
two variables running along two orthogonal axes in the plane.

A complete Radon transformation of an object function f{ 7) requires the
calculation of all Radon values Rf(p?) with p€ [-o0,00], Ae [-/2,m/2) and
fe [0,2m).

Integration planc E

Figure 5-1. A single Radon value is obtained by integration of the object function over a
specific plane, defined according to its location and orientation in space.

1.1.2 The X-ray projection

In the ideal basic X-ray imaging experiment (Figure 5-2), the subject of
investigation f(x,y,z) is irradiated by an X-ray beam along a line L, along
which an intensity /, is emitted from the X-ray tube towards the detector
element. While the X-ray beam is passing through the subject, its intensity is
attenuated according to the tissue-specific attenuation factor f{x,y,z). Finally,
the intensity /,,, of the attenuated X-ray beam is measured by means of an X-
ray detector. For simplicity, in the following description of the mathematics,
the attenuation coefficients are assumed to be independent on the energy of
the X-ray photons and no non-ideal effects such as scatter are considered.

According to the law of Lambert-Beer, the attenuated intensity of the
X-ray beam /,,, can be calculated as

~ [ eyz)a
=l i . [3]
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Equation [3] can be easily reformulated to the so-called line integral
value p, the value of which is independent on the initial intensity /, and
hence only depending on the tissue attenuation properties

I
p=In—2 = —jf(x,y,z)dl. [4]
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Figure 5-2. The basic X-ray imaging experiment.

As shown in Figure 5-3, with ?being the position of the focal spot, each
line on the detector belongs to a certain plane E(pf ) through the object and
the projection value p( T.s, ¢) can be rewritten as Xf(pf ) with xbeing the
angle between the central beam and the specific X-ray beam along the s-
direction. With r being the distance along the ray, Xf(pgf_: K can be
calculated according to

Xf(pE.x)= [f(pE.r,K)dr (5]
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Figure 5-3. Relation between a single projection value and the corresponding Radon plane.
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1.1.3 Relation between the X-ray projection and the Radon
transformation

The calculation of the integral of a certain plane E(p é?) involves the
integration of Xf{p &, k) along the line on the detector, which results to

JX1oE yax = | [1oEr v 0

Transformation of equation [2] into the X-ray coordinate systems yields

r
+=
2 400

RI(pE) = | [1(pE.rx)rdrdx, 7]

2

which differs from equation [6] by the proportional factor » and hence the
Radon transform values can not directly be obtained by integration along
lines on the detector. In 1991 Grangeat'' presented a mathematical
framework, which relates the X-ray values to the 1¥ derivative of the Radon
transform

> 1 9'ts0 v
Rf(/?f):CoszﬁgiﬁXf(S(ﬂf)”)dﬁ [8]

0

dp
Here, SO defines the source detector distance, SA the distance between
the source and the respective detector element (s,z) and S defines the angle
between the central beam and the detector t-value. This mathematical

framework enables the calculation of Radon transform values from X-ray
projection data.

1.14 Radon inversion formula

An inversion formula to reconstruct an object function from its Radon
transform data was introduced by Natterer'* in 1986
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Taaszf((p?)-f)sin 6dAd6. [9]
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This formula represents the basis for all exact reconstruction algorithms
based on Radon inversion.

1.1.5 Data sufficiency criteria

During a real imaging experiment, data are acquired while moving the X-
ray tube and detector around the patient._)To ensure complete filling of Radon
space, for each plane with normal p £ at least one source point position,
which belongs to that plane, must be available. Tuy'’ and Smith'* formulated
the so-called sufficiency condition as:

If on every plane that intersects the object, there exists at least one
cone beam source point, then one can reconstruct the object.

1.2 3D-RX

The 3D-RX imaging method is directly based on the 3D Rotational
Angiography (3D-RA) data acquisition protocol'*. The underlying projection
data is acquired on conventional C-arm systems. During continuous
projection data acquisition, the C-arm gantry is rotated around the object
under investigation by at least 180°. To get to the final volume information,
the projection data has to be calibrated and reconstructed.

The different steps involved are elucidated in the following subsections.

1.21 Data acquisition

A schematic view of the projection data acquisition procedure is
presented in Figure 5-4 for the example of an Angiography acquisition.
Projection data are normally acquired along a planar trajectory by rotating
the C-arm gantry around the patient either in head or lateral position.
Depending on the anatomy, a caudal or cranial tilt of the gantry of up to 30°
is used during data acquisition. The target area is positioned in the center-of-
rotation (iso-center). Depending on the application, projection images are
taken at a frame rate between 12.5 and 60 fi/s and the rotation speed of the
system may be up to 55°/s. Valid combinations of frame rate and rotation
speed are defined by the number of projections required for a certain
application and a clinically acceptable maximal acquisition time. For high-
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contrast applications such as conventional three-dimensional rotational
angiography applications, in which a reconstruction of a contrast-agent
enhanced vascular tree is obtained, typically 100 projections are taken within
4s over an angular range of 220°. In case of more soft-tissue contrast
applications such as brain imaging to check for intracerebral bleedings, up to
750 projections are being used acquired within 25s.

1.2.2 Calibration

Due to the open design of conventional X-ray C-arm systems, during
rotation of the gantry, the relative position of the tube to the detector is
changing due to slight bending and vibration of the gantry and, in case of
image intensifier based systems, distortions to the projections are introduced
by earth magnetic field interactions and vignetting. For 3D reconstruction,
however, the knowledge of the accurate position of the tube and the detector
and distortion-free projections are mandatory to avoid image quality
degradation. The measurement of the real projection geometry and the
projection image distortions is one of the most important steps in 3D-RX.

Figure 5-4. Example of a 3D-RX data acquisition for 3D rotational angiography.

A variety of calibration approaches have been introduced'®". Among
these, the utilization of dedicated geometrical phantoms with known markers
represents a very stable approach to achieve calibration results of high
accuracy. For each trajectory used, the calibration and projection parameters
are measured once during the installation of the system and normally remain
constant over months due to the excellent reproducibility of the systems.

The calibration procedure is separated into the acquisition of projection
data of two phantoms, used for the measurement of the image distortions and
focal spot position, and the projection geometry.
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The first phantom consists of two parallel grid plates (Figure 5-5)
manufactured in glass fiber. Grid 1 for the II-distortion measurement
consists of equally spaced grid-points (e.g. 1.5 mm bronze beads; grid-
distance equal tol5 mm). Grid 2 for the focal spot measurements consists of
grid-points (e.g. 2 mm bronze beads) arranged on a circle equally spaced at
7.5°. Both test grids are coupled by rods and mounted in front of the detector
housing.

The second phantom (Figure 5-5) used for measurement of the projection
direction consists of 20 beads, positioned in the corners of a regular polyeder
(dodecaeder). Three additional markers are placed on the z-axis of the
geometry phantom.

™
grid 1 . ™ .

X image intensifer (II) . image intensifier (11)
grid 2 Q S grid 1 [t

\ Il
. | grid 2 \ 13/ 9sometry-phantom (dodecaeder)
-90°¢ Seer 9L 4 ooe -90°s ‘-Qj +90°
| il / \ table ——=— |
\\ \i‘\ JI 4 i I\ i /
\ Cufiltery// ! "\ Cu-filter, /
\_\ 'E‘ //mtational un \ _\‘\T ’/ rotational run
. O X-ray focus T %}g”)i_ray facus

Figure 5-5. Principle of the two-step calibration approach.

1.2.2.1 Measurement of the image distortion

The projected beads of the grid are automatically determined in each
projection image and the functional relation between the imaged grid points
and the real grid points is determined by modeling the distortions along the
x-axis and the y-axis by bivariate polynoms® independently for each
projection view. Once the distortion coefficients are known, each projection
image is warped by means of bilinear interpolation before reconstruction.

1.2.2.2 Focal spot determination

The automatically recognized points of grid 2 are matched to a circle in a
least-square-fit. From the diameter of the determined circle and its location
relative to the detector, the position of the focus spot is estimated
independently for each view. A typical measurement of the focal spot
position is shown in Figure 5-6 for a half circular trajectory. The average
error in the determined focal spot position is in the order of 0.1mm.
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1.2.2.3 Geometrical projection parameter determination

After automatic extraction of the projected beads, a comparison between
the forward projected position of the known phantom beads with known
projection orientation and the real projection of the phantom is used for
determination of the projection direction. For performing a sufficient least
squares error fit, all 23 beads of the object are considered during the
optimization. A typical outcome of the measurement of the projection
geometry is shown in Figure 5-6.
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Figure 5-6. Typical values for the tube position (left), projection orientation (middle) and the
iso-center measurement (right) for a 180° trajectory.

1.2.3 Reconstruction

After distortion correction, the knowledge of the accurate projection
geometry is used to apply a 3D cone-beam reconstruction from the
projection data. It can be shown that the inverse Radon transformation
results into a simple three-dimensional convolution back projection in case
the projection data are acquired on a circular trajectory. This so-called
Feldkamp reconstruction technique was introduced in 1984 by Feldkamp,
Davis, and Kress*'. The original Feldkamp algorithm is described by:

o)1 (2 pltoloos )it o 0

Here, (5,¢,¢) describes the detector element at (s,¢) acquired with angle ¢
of the circular trajectory, 7y is the angle between the vector from the source to
the center of the detector and the vector from the source to the detector
element (5,2), h(s) describes the convolution kernel, D is the distance from
the origin to the position of the source and d is the length of the vector from
the source to the voxel under consideration projected onto the central ray.
h(s) is chosen as a pure band-limited ramp filter tangential to the ideal
source-detector trajectory as
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h(s):%sinc(s)—%sincz(%j : [11]

In equation [10] a perfectly circular trajectory with equiangular spacing
of the source position along the trajectory is assumed. These conditions are
not met for a typical 3D-RX acquisition. In order to compensate for the
deviations from the ideal trajectory, three modifications to the original
Feldkamp algorithm must be applied®:

e Consideration of the true detector and source position as measured during
the calibration process. Since the deviations from a planar circular
trajectory are usually small, a modification of the filter direction is not
required. It is kept parallel to the projection of the source trajectory onto
the detector.

e Compensation for an uneven sampling density along the circular
trajectory, caused by the acceleration and the deceleration of the gantry
during the rotational acquisition. This is achieved by calculating the
sample distance of projection measurements along the source trajectory.
Each projection measurement represents a certain part of the acquisition
path and its relation to the complete path length yields the corresponding
weight.

¢ Finally, for acquisition paths, which represent a circular arc with more
than a half circle plus the fan angle, a Parker weighting is applied in
order to compensate for rays measured redundantly®.

1.2.4 System performance

Due to certain system limitations such as the improperly filled Radon space
caused by the circular trajectory, the limited dynamic range, spatial extent
and speed of the current detectors, and limited suppression of scatter, the
volume imaging performance in 3D-RX does not yet meet the standards of
CT. However, analysis of the imaging performance reveals®** that the small
pixel size of the X-ray detectors down to 165*um” enables volume imaging
at unique isotropic spatial resolution of up to 30lp/cm in all spatial
directions. Furthermore, utilizing the high dynamic range of up to 14Bit in
case of the recent flat panel detectors enables significantly improved contrast
resolution below 30 Hounsfield units* (Figure 5-7).
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Figure 5-7. Modulation transfer function (left) and contrast-resolution (right) of 3D-RX
performed on a Philips Allura FD10 X-ray system. The curve on the left shows the average
MTF of all spatial dimensions. The image on the right shows an image of the soft-tissue
section (CTP515 of the Catphan 500, The Phantom Laboratory, Cambridge, USA). Data
courtesy of Dr. Georg Rose, Philips Research Aachen.

1.3 Future directions

Future directions in 3D-RX are aiming for providing CT-like image
quality on interventional C-arm systems. Major targets are the improved
compensation for projection truncations™ and the complete filling of Radon
space by using dedicated trajectories, which perform rotations around more
than a single axis®’. Further work focuses on the reduction of the impact of
scatter™®.

Furthermore, so-called hybrid systems combining some CT components
such as closed gantry concepts with X-ray components such as real two-
dimensional detectors are currently entering clinical evaluation®.

2. CLIINICAL EXAMPLES

In the following, some examples of the use of 3D-RX in the current
clinical environment are given. The current application can roughly be
categorized into high-contrast applications, in which the contrast between
the object and the background is typically in the order of several hundred
HU, and medium- to soft-tissue contrast applications, in which the contrast
difference may go down close to 20 HU. For all applications, currently
circular trajectories covering an angular range of about 220° are utilized.
Major differences results from the number of projections utilized for the
projections and the exposure settings. For high contrast objects, typically
less projections and higher kV settings are used.
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Figure 5-8. Examples of typical vascular application of 3D-RX. Examples show
reconstruction of an AVM (upper left), stent planning for intracerebral stenting (upper
middle), carotid stenosis with calcified plaque (upper right), abdominal aortic aneurysm
(AAA) with calcified plaque (lower left), stent planning for AAA (lower middle) and stent
visualization after deployment (lower right).

2.1 High contrast applications

The use of 3D-RX for providing high-quality three-dimensional angiograms
is still the paramount clinical application. Here, a typical high-contrast
protocol is applied since the vascular structures are selectively enhanced by
direct injection of the contrast media into the vascular structure under
investigation. Most applications are in the field of interventional neuroradiology
for improved assessment of three-dimensional vessel structures and quantitative
assessment of vascular and aneurysm properties. Furthermore, due to the
intrinsic high contrast of calcium, the angiographic information can be
augmented by superposition of the calcified structures. With deeper clinical
penetration of the techniques, application in the fields of abdominal aortic
aneurysm as well as for other abdominal and peripheral arterial structures
have become more common. Some typical examples of the usage of 3D-RX
in the vascular field are shown in Figure 5-8.

Besides the angiographic application, the application of 3D-RX for bone
imaging in the field of surgery and orthopedics is getting more and more
attention. Here the projection data is normally obtained on mobile surgery
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C-arm systems with motorized propeller rotation. Main anatomical

targets are the head, spine, joints and extremities. Figure 5-9 and 5-10 show
the application of 3D-RX on a surgical system for providing anatomic
information prior to ear-nose-throat (ENT) surgery and for guiding a cochlea
implant implantation procedure.

Figure 5-9. Comparing of conventional CT to of an intact post mortem head to 3D-RX on a
mobile surgery X-ray system (upper row). From left to right a CT, 3D-RX high quality (375
projections) and a 3D-RX normal quality (151 projections). Data courtesy of Prof. Dr. med.
et Dr. med. dent. Beat Hammer, Cranio-Faciales-Centrum, Hirslanden Clinic, Aarau,
Switzerland.

Figure 5-10. Example of the intra-surgical use of 3D-RX during the implantation of a cochlea
implant. (Data courtesy of Dr. B. Carelsen, AMC, Amsterdam, The Netherlands).

2.2 Medium- to soft-tissue contrast applications

With the introduction of the new flat panel detectors providing up to 14
bits of dynamic range, the application of 3D-RX in the field of medium- to
soft-tissue contrast resolution is approached. Recent studies proved the
applicability of 3D-RX for the assessment of e.g. fresh intra-cerebral
bleedings as depicted in Figure 5-11.
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Figure 5-11. Comparison 3D-RX (left) with CT (right) for imaging of fresh intra-cerebral
bleeding. (Data courtesy of Prof. Moret, Foundation Ophthalmologique de Rothshild, Paris,
France).

3. DISCUSSION

In conclusion, three-dimensional imaging on X-ray systems (3D-RX) has
dramatically progressed over the last years. The application of 3D-RX in the
field of interventional neuroradiology has entered clinical routine. New
application of 3D-RX, especially in the field of surgery and orthopedics, are
on the horizon and initial clinical evaluations show promising results. The
extension of 3D-RX to other fields demanding medium- to soft-tissue
contrast is a continuous process, which will likely be accelerated by the
introduction of new X-ray systems.

From the current perspective, 3D-RX will remain in the realm of
interventional imaging providing three-dimensional information during
interventional procedures without the need for additional imaging equipment
such as MRI or CT.

The major advantage of 3D-RX results from the huge two-dimensional
detectors, which enable full organ coverage during a single rotation at very
high spatial resolution. Whether that will motivate its application to
diagnostic imaging may be questioned, especially since the ever increasing
number of detector elements in CT systems will get close to the X-ray
detectors.
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