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Abstract—We present some extensions to the recently pub-
lished “DBP-0” method which are important for making the
algorithm more suitable for clinical routine. These extensions are
(i) an incorporation of the slice thickness into the reconstruction
process, (ii) a way of reconstructing a region of interest smaller
than the FOV, (iii) the possibility to reconstruct from flying focal
spot data and (iv) a frequency apodization scheme for influencing
the resolution vs. noise level during reconstruction.

We furthermore present an evaluation of the DBP-0 method
against the approximate Weighted FBP (WFBP) algorithm in
terms of resolution, noise and subjective appearance of recon-
structed images.

I. INTRODUCTION

IN recent years, several analytical approaches for image
reconstruction from helical Cone-Beam CT (HCBT) data

have been developed, see e.g. [1]–[4]. They can be divided into
two groups: Mathematically exact methods and approximate
methods. The second group has been preferred for use in
commercial CT systems up to now. Their performance, how-
ever, decreases with increas in the cone angle, so that image
quality can be significantly affected by cone beam artifacts for
scanners with a large number of rows. This is not a problem for
the group of exact methods, but, compared with approximate
algorithms, the exact methods lack the ability of handling
redundant data and are therefore less efficient in terms of
dose usage and image noise suppression. Yet, with increasing
cone angles in commercial CT scanners they might become
the method of choice for routine image reconstruction.

We present a comparative evaluation of a mathematically
algorithm against one from the group of approximate algo-
rithms. For the exact algorithms we chose the “DBP-0” variant
of the two-step Hilbert HT-DBP reconstruction which works
on rebinned data [5]. From the second group we picked the
Weighted FBP (WFBP) as one example of the approximate
algorithms currently used in commercial CT scanners [4].

We first present a short outline of the DBP-0 method.
Subsequently, some important extensions to the DBP-0 method
will be studied. These extensions are aimed at making the
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algorithm more suitable for practical use in clinical scanners
and include (i) incorporation of the slice thickness into the
reconstruction process, (ii) a way of reconstructing a region of
interest smaller than the FOV, (iii) the possibility to reconstruct
from flying focal spot data and (iv) a frequency apodization
scheme for influencing the resolution vs. noise level during
reconstruction. For evaluation purposes we then compare res-
olution, noise and the subjective appearance of reconstructed
images.

II. THE DBP-0 RECONSTRUCTION METHOD

A. Data acquisition geometry

We use a standard data acquisition geometry with a curved
detector consisting of Nrows × Ncols elements. The CT mea-
surements of a volume f(x) are given as g(λ, γ, w) where γ
is the fan angle and w the detector row index. The source
position on the vertex path is given as

a(λ) = [R0 cos(λ + λ0), R0 sin(λ + λ0), z0 + hλ] , (1)

where λ is the rotation angle of the source in the interval
[0, λmax], R0 is the helix radius and 2πh the helix pitch. The
vertex path is adjusted by λ0 and z0 such that at λ = 0 the
source is located at angle λ0 in the plane z = z0.

B. DBP-0

1) Backprojection geometry: DBP-0 is a variant of the
differentiated backprojection [5] and thus does not result
directly in a theoretically exact reconstruction of f(x). Instead
it yields its Hilbert transform (Hf)(x) along certain lines
within the volume. The exact location and direction of these
lines can be chosen by adapting the backprojection algorithm
accordingly. If the geometry is chosen correctly, an inverse
Hilbert transform can then be performed along those lines fol-
lowed by a final coordinate transform to Cartesian coordinates
to obtain f̂(x), the theoretically exact reconstruction of f(x).

DBP-0, which received this designation due to the lack
of a backprojection weight, works on so called “π-lines”,
i.e. lines which intersect the vertex path twice with both
intersections being located less than one helix turn from each
other. Without loss of generality, DBP-0 can be restricted to
working on π-lines having a positive slope. For backprojection,
the π-lines are arranged into several surfaces such that the π-
lines within one surface have their projections onto the (x, y)-
plane parallel and equidistant to each other. One such surface
is depicted in fig. 1.
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Fig. 1. Sketch of a surface of π-lines for a fixed λfilt.

Each surface is indexed by a vertex position λfilt, where
a(λfilt) denotes the starting point of a π-line which intersects
with the z-axis. All π-lines on a given surface have their
projections on the (x, y)-plane parallel to each other, and λfilt

defines the direction of these lines. Note, however, that by
construction π-lines defined by the same λfilt are not parallel
in the z dimension. Yet, using proper interpolation can still be
performed reconstruction using these surfaces.

For indexing onto each π-line surface a (s, τ)-grid is
used which is obtained by rotating the x- and y-axes such
that s denotes a signed distance of the projections of the
π-lines onto the (x, y)-plane from the origin, and τ is a
coordinate along those projections. The z-position of a point
indexed by (s, τ, λfilt) is given by

z = z0 + h

(
λfilt +

π

2
+

τ (π/2 − arcsin (s/R0))√
R2

0 − s2

)
. (2)

For a given desired volume (x, y, z), this equation also allows
to determine the range of λfilt over which backprojection
should be carried out to cover the volume of interest.

2) The algorithm: The DBP-0 algorithm is based on a
rebinning of the measured data to the pseudo-parallel “wedge”
geometry according to

ϑ(λ, γ) = λ +
π

2
− γ, sr(λ, γ) = R0 sin γ, (3)

with w remaining untouched during rebinning. This approach
offers the advantage of reducing the filtering to a single deriva-
tive ∂/∂sr and furthermore of neither requiring a backpro-
jection distance weight nor a voxel-dependent backprojection
range for voxels within any given surface of π-lines.

The backprojection formula after rebinning can be shown
to be

(Hf)(x) = − 1
2π

∫ ϑfilt+π

ϑfilt

D · ḡrb(ϑ, s∗r (ϑ, x), w∗(ϑ, x))√
D2 + (w∗(ϑ, x))2

dϑ

(4)
with

ḡrb(ϑ, sr, w) =
∂

∂sr
grebin(ϑ, sr, w), (5)

s∗r (ϑ, x) = x cos(ϑ + ϑ0) + y sin(ϑ + ϑ0), (6)

w∗(ϑ, x) =
D (z − z0 − h (ϑ − π/2 + arcsin (s∗r/R0)))

y cos(ϑ + ϑ0) − x sin(ϑ + ϑ0) +
√

R2
0 − s∗r

2

(7)
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Fig. 2. The three different weighting schemes.

and ϑfilt = λfilt + π/2 and ϑ0 = λ0 + π/2.
The inverse Hilbert transform is performed the way it is

described in [2] using the method first suggested by Soehngen
[6] with a rectangular apodization window and a half-pixel
shift of the output to avoid aliasing artifacts.

III. SOME EXTENSIONS TO THE DBP-0 METHOD

We have developed some important extensions to the DBP-0
method which are aimed at making it more suitable for
practical use in clinical scanners. These extensions are the
incorporation of the desired slice thickness, the ability to limit
computational effort when reconstructing a region of interest
smaller than the FOV and the ability of using flying focal spot
data.

A. A slice thickness method for DBP-0

The DBP-0 method does not yield a direct reconstruction
of f(x) in Cartesian coordinates but on the π-line surfaces
described in section II-B1 instead. Thus, reformatting the data
is necessary to finalize reconstruction. This reformatting is per-
formed in two steps: In the first step, we bilinearly interpolate
from the (s, τ, λfilt) coordinates of the π-line surfaces to an
intermediate (x, y, λfilt) coordinate system. In the second step
these intermediate data (which are non-linearly spaced in the
z direction) are reformatted to Cartesian coordinates.

A simple method for the second step is performing a
linear interpolation between the two samples closest to the
desired z location. A more sophisticated approach can be
developed by adapting the slice thickness reformating method
presented in [7] for the AMPR algorithm. This approach is
based on building a weighted sum of all samples within a
certain distance in z from the desired slice. Three different
weighting schemes are applied: triangular, trapezoidal and
edge-enhancing. A sketch of those three schemes is shown
in fig. 2. The trapezoidal scheme is used for thick slices
(dslice > 2drow, with dslice denoting the desired slice width and
drow the width of the detector rows measured at the isocenter),
the edge-enhancing scheme for very fine slices (dslice < drow).
Sample reconstructions of a very thick slice and a thin slice
are shown in fig. 3.

There is a computational cost cost associated with using this
scheme, which arises from the need to use finer sampling of
π-line surfaces during reconstruction, as it has to be made sure
that the distance between two samples (and thus surfaces of
π-lines) in z is smaller than or equal to the desired slicewidth
everywhere within the desired volume. This means that more
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Fig. 3. Reconstruction results of the FORBILD thorax phantom using the
slicewidth concept: (left) results with drow = 0.75 mm, dslice = 5 mm
(trapezoidal weighting scheme); (right) results with dslice = 0.5 mm (edge-
enhancing weighting scheme). Window: −25 . . . 25 HU

surfaces of π-lines have to be reconstructed for the same
desired range in z. We use a λfilt spacing of

Δλfilt =
dslice

h ·
(

1 + π/2+arcsin RFOV/R0√
1−(RFOV/R0)2

) (8)

when using the slice thickness method compared to

Δλfilt =
Δz

h
(9)

when using simple linear interpolation with Δz denoting the
desired voxel size in z. For RFOV = 25 cm, R0 = 57 cm, a
helix pitch of 6.58 cm and dslice = Δz this yields a factor of
3.25 between the two different methods.

B. ROI DBP-0

If the reconstruction range in the (x, y)-plane is confined
to a circular, possibly off-center, region of interest (ROI) it is
not economical to perform reconstruction over the whole FOV
first and then cut out the ROI. We thus have developed some
ways to limit computational effort when reconstructing a ROI
using DBP-0.

An obvious and efficient way to reduce computational effort
is to exclude those π-lines from the reconstruction process
which do not intersect the ROI and thus don’t contribute to
the final volume. In other words, the backprojection range in s
direction gets confined to those values which correspond to π-
lines intersecting the ROI. It then varies whith λfilt according
to the location of the ROI. Confining the backprojection range
in τ , in contrast, is generally not possible, as the inverse
Hilbert transform has to be carried out over the function
support; in practice this usually means over the full FOV. Thus
the backprojection range in τ has to cover the whole FOV as in
non-ROI reconstruction. A sketch of the set of π-lines needed
for reconstruction of a certain ROI for two different values of
λfilt is shown in fig. 4.

A further approach of reducing computational load can be
found in the fact that for reformatting the reconstructed data
from the surfaces of π-lines to Cartesian coordinates a certain
overhead in terms of number of slices needed for a desired
volume in z is necessary. For reconstruction confined to a
ROI smaller than the FOV it is usually possible to reduce this
overhead by a certain amount. This amount varies greatly and

x

y

ëfilt,1

s ( )ëfilt,1

ô ë( )filt,1

x

y

ëfilt,2

s ( )ëfilt,2

ô ë( )filt,2

Fig. 4. Sets of π-lines for reconstruction of a certain ROI for two different
values of λfilt.

Fig. 5. Reconstruction result of the FORBILD thorax phantom for a ROI
with RROI = 10 cm centered on (10, 0) (left). Corresponding part of a
reconstruction performed over the full FOV (right). Window: −25 . . . 25 HU

depends strongly from the exact location and size of the ROI,
with a greater reduction being possible for ROIs which are
small or located close to the center of the FOV.

Summarizing those adaptations, one should expect back-
projection time being able to be reduced by at least the
factor between the number of π-lines being needed per surface
of π-lines for ROI reconstruction vs. reconstruction of the
full FOV. This factor can be computed as 1 − RROI/RFOV,
where RROI and RFOV denote the radius of the ROI and
the FOV, respectively. During our investigations we found
that assumption to be true. In cases with a great reduction
of the backprojection overhead an even greater reduction of
backprojection time (up to five times that factor) was being
observed. An example of a region reconstructed with the
backprojection confined to a certain ROI vs. that same region
reconstructed with the backprojection range covering the full
FOV is shown in fig. 5.

C. DBP-0 and flying focal spot data

A desirable feature for clinical practice is the ability to
process flying focal spot (FFS) data. Due to the rebinning
nature of the DBP-0 algorithm, this is easily possible for a data
acquired with a flying focal spot in lateral direction (i.e. in
direction of the fan angle γ) as well as with an FFS in z
direction. When doing so, processing of the FFS data takes
place during rebinning with the backprojection itself remaining
unchanged. After rebinning, a flying focal spot in z results
in a doubling of the number of rebinned data rows, and a
laterally flying focal spot results in a doubling of the number
of channels within each rebinned data row.
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Fig. 6. Reconstructions of a thorax phantom from real data measured with
an experimental 64-row scanner: no FFS (top), FFS in both z and γ directions
(bottom). Window −200 . . . 200 HU. Note that the FFS data was measured
with drow = 0.6 mm whereas the non-FFS data was measured with drow =
1.2 mm and thus the noise level of the two reconstructions is not directly
comparable due to a difference in z resolution.

Our experiments have shown that a notable reduction of
windmill artifacts can be achieved when using data acquired
with a FFS in z. Furthermore, resolution can be enhanced
by using data with an FFS in γ. Sample reconstructions of a
thorax phantom from real data measured with an experimental
64-row scanner with and without the flying focal spot are
shown in fig. 6.

D. Frequency apodization during reconstruction

We have developed an easy way of setting a desired level of
smoothness during the reconstruction process by filtering the
data along the rows after rebinning and before performing the
differentiated backprojection. By either enhancing or decreas-
ing high frequency values we thus either enhance resolution
and increase the noise level or lower both resolution and noise
of the reconstruction result.

IV. COMPARISON OF DBP-0 WITH WFBP

In the following we present a comparison of DBP-0 against
WFBP, an approximate algorithm currently used in clinical CT
scanners [4]. We have performed this comparison by means
of evaluating resolution vs. noise and by visual inspection of
the reconstruction results.

For measuring resolution we used a FORBILD thorax
phantom into which we placed a spherical lesion of radius
0.5 cm at point (0,−1 cm, 0). Filtering the ground truth
using a 3D Gaussian filter, we use the set of σ2 values for
which the difference between the reconstruction outcome and
the filtered ground truth is minimal as resolution values in each
radial, tangential and z direction. Noise values were obtained
using the FORBILD thorax phantom without the sphere by
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Fig. 7. Resolution vs. noise for DBP-0 (blue) and WFBP (red) in each radial,
tangential and z direction. Note that we applied the “apodization” filter only
along the rows of the rebinned data, so z resolution remains largely unaffected
by this approach.

averaging the standard deviation of seven noise realisations
over a spherical region of radius 0.5 cm around the point
(0,−1 cm, 0). We varied the desired resolution vs. noise
level over several reconstructions of the same phantom using
the technique described in section III-D and thus obtained
a resolution/noise plot for each the radial, tangential and z
resolution. Those plots are shown in fig. 7. Note that despite
the data being plotted in three separate plots, one has only
one degree of freedom in choosing those parameters. (One
can e.g. choose a desired radial resolution, which delivers a
corresponding noise level. From this noise level one then can
obtain the corresponding tangential and z resolutions from
their respective plots).

For a visual inspection of reconstruction results, we provide
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Fig. 8. Reconstructions of the FORBILD thorax phantom using DBP-0 (left)
and WFBP (right). Top: slice z = −0.8 cm, Middle: slice y = 0, Bottom:
slice x = 0. Window: −25 . . . 25 HU.

reconstructions of the FORBILD thorax phantom from both
methods in fig. 8. As one expects from an exact reconstruc-
tion algorithm, there are no cone-beam artifacts visible in
the DBP-0 reconstruction result, whereas severe cone-beam
artifacts can be observed in the WFBP reconstruction results.

V. DISCUSSION AND CONCLUSION

We have presented some extensions to the DBP-0 recon-
struction method: a reconstruction method taking the desired
slice thickness into account, ROI reconstruction, a way of in-
corporating flying focal spot data and a frequency apodization
scheme. We have shown that using these extensions the DBP-0
method gains flexibility, making it more suitable for the use
in clinical scanners. We also have shown images which were
reconstructed from real data using DBP-0 and have compared
DBP-0 reconstruction results to reconstructions obtained with
WFBP, an approximate method currently used in clinical CT
scanners. Our results show that WFBP features a slightly better
resolution vs. noise level due to a better utilization of the
detector data. However, this difference is qualified by the fact
that DBP-0, in contrast to WFBP, does not show cone-beam
artifacts in the reconstructed image.
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