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ABSTRACT

Chord-based algorithms can eliminate cone-beam artifacts in images reconstructed from a clinical computed
tomography (CT) scanner. The feasibility of using chord-based reconstruction algorithms was evaluated with
three clinical CT projection data sets.

The first projection data set was acquired using a clinical 64-channel CT scanner (Philips Brilliance 64) that
consisted of an axial scan from a quality assurance phantom. Images were reconstructed using (1) a full-scan
FDK algorithm, (2) a short-scan FDK algorithm, and (3) the chord-based backprojection filtration algorithm
(BPF) using full-scan data. The BPF algorithm was capable of reproducing the morphology of the phantom
quite well, but exhibited significantly less noise than the two FDK reconstructions as well as the reconstruction
obtained from the clinical scanner.

The second and third data sets were obtained from scans of a head phantom and a patient’s thorax. For both
of these data sets, the BPF reconstructions were comparable to the short-scan FDK reconstructions in terms of
image quality, although sharper features were indistinct in the BPF reconstructions.

This research demonstrates the feasibility of chord-based algorithms for reconstructing images from clinical
CT projection data sets and provides a framework for implementing and testing algorithmic innovations.

Keywords: Computed tomography (CT), image reconstruction, algorithms

1. INTRODUCTION

The latest trend in the fast evolving field of multi-detector computed tomography (CT) has been to increase
the number of detector rows to 256 slices and beyond. The motivating factor for using such a large number of
detector rows is the expanded extent of the axial coverage in the z-direction. By increasing the axial coverage of
current 64-slice scanners by factors of 2 or more, these large detector scanners can image entire organs such as the
heart and brain with only one gantry rotation instead of the multiple rotations required by current scanners. As
a result, overall scan time and patient dose can be reduced, and the performance of cardiac CT can be improved
for arrhythmic patients.

However, the traditional reconstruction algorithms often used in clinical systems may not be optimal for these
systems. The reason is that the cone-beam artifacts which affect traditional reconstruction algorithms, such as
those based on the Feldkamp, Davis, and Kress (FDK) algorithm,1, 2 are increasingly pronounced in systems
with greater axial coverage. These artifacts, which manifest themselves as large intensity drop-offs in transverse
planes far above and below the central plane in circular scans, can adversely affect radiologists’ interpretations
of clinical images.

Fortunately, new algorithms capable of reconstructing mathematically exact images have been developed.
These exact methods, which include Katsevich’s algorithms3, 4 and chord-based algorithms,5–7 are clinically
significant, because they can produce 3D images without cone-beam artifacts from helical and more general
scanning trajectories. As a result, they represent attractive alternatives to traditional FDK-based algorithms for
these large detector CT systems. The chord-based backprojection filtration (BPF) algorithm also has the added
benefit of being able to reconstruct exact images from transversely truncated data sets, which are often obtained
from larger patients.8, 9
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Our group at the University of Chicago has played a substantial role in elucidating many of the the theoretical
aspects of chord-based reconstruction algorithms. We are now interested in researching potentially significant
clinical applications that involve these algorithms. The application of chord-based algorithms to projection data
sets from the clinical CT scanners at our hospital and elsewhere represents an important first step in our efforts
to develop these applications, as these clinical projection data sets have recently become available for research
purposes. The purpose of this abstract is to detail our initial experiences in reconstructing images from clinical
projection data sets using traditional FDK-based algorithms and innovative chord-based algorithms.

2. RECONSTRUCTION ALGORITHMS

The FDK algorithm and the chord-based BPF algorithm used in this study assume that cone-beam projections
are obtained from a counter-clockwise source trajectory

�r0(λ) = (R cosλ, R sinλ,
h

2π
λ), (1)

where λ is the scanning angle; R represents the distance from the source to the center-of-rotation; and h is the
absolute pitch. The cone-beam projections are obtained on a focus-centered cylindrical detector array P (λ, γ, α),
where γ represents the fan angle associated with a given detector channel in the horizontal direction, and α is
the cone angle between a given detector row in the vertical direction and the central plane of the cone-beam
projection. This cone angle can be related to the vertical distance between a given detector row and the central
plane of the cone-beam projection by v = D tan α, where D is the length of all rays between the source and
detector elements within this central plane. The unit vector for an individual ray emanating from the source at
an angle λ to a particular detector element (γ, α) can be written as ϕ̂λ,γ,α.

2.1. FDK algorithm

A generalized FDK algorithm applicable to both circular cone-beam and helical cone-beam scanning trajectories
was used for reconstructing images in this study.2 This algorithm reconstructs images directly on the Cartesian
coordinate system, and is given as follows

f (−→r ) =

∫ λmax

λmin

dλ L−2 (−→r )

∫ γmax

−γmax

dγ′h (γ − γ′)P (λ, γ′, α)ωFFBP (λ, γ′)D cos γ′ cosα, (2)

where

L (−→r ) = (−→r − �r0(λ)) • ϕ̂λ,γ,0; (3)

h(γ) =
∫
∞

−∞
dν |ν| ej2πνγ is the spatial representation of the ramp filter; and ωFFBP (λ, γ) is a weighting

function satisfying the well-known fan-beam redundancy condition ωFFBP (λ, γ) + ωFFBP (λ + π + 2γ,−γ) = 1.
A weighting function of 0.5 is used for images reconstructed with full-scan data (FS-FDK) spanning ∆λ =
λmax −λmin = 2π. Parker’s weighting function can be applied when reconstructing images with short-scan data
(SS-FDK) covering ∆λ = π + 2γmax.10, 11

2.2. Chord-based BPF algorithm

The chord-based BPF algorithm reconstructs images on chords, which are straight line segments connecting two
points on the source trajectory �r0(λ). The two points on the source trajectory connected by the chord can be
specified using angles λa and λb. The direction of a chord can be expressed as

êc =
�r0(λb) − �r0(λa)

|�r0(λb) − �r0(λa)|
, (4)

and the parameter τc can be used to identify individual points within this chord. The three parameters
(τc, λa, λb), which serve as chord coordinates, are related to the spatial vector �r in Cartesian coordinates by the
following expression
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Quality
Assurance
Phantom
(Body)

Head
Phantom

Thorax

Voltage (kVp) 120 120 140
mA 250 174 395

Pitch (mm/rev) 0 23.20 31.85
Collimation 16 x 2.5 64 x 0.625 40 x 0.625

Table 1. Relevant acquisition parameters for the three projection data sets used in this study.

�r (τc) =
�r0(λa) + �r0(λb)

2
+ τcêc. (5)

Suppose that f (τc, λa, λb) represents an image on a chord. Furthermore, suppose that the two ends of the
compact support of this chord are specified by τa and τb, whereby f (τc, λa, λb) = 0 for τc /∈ [τa, τb]. The BPF
algorithm can be written as follows

fc(τc, λa, λb) =
1

2π

1√
(τb − τc)(τc − τa)

[2πPc (λa, γa, αa)

+

∫
R

dτ ′

c

τc − τ ′

c

√
(τb − τ ′

c)(τ
′

c − τa)

× gc(τ
′

c, λa, λb)] , (6)

where τ ′

c ∈ [τa, τb] and Pc (λa, γa, αa) is the projection of the ray coinciding with the chord segment (λa, λb).
The backprojection term gc(τ

′

c, λa, λb) can be obtained from the derivative of the projection data function
P ′

c (λ, γ′

c, α
′

c) through the following expression

gc(τ
′

c, λa, λb) =

∫ λb

λa

dλ
1

|�r (τ ′

c) − �r0(λ)|
P ′

c (λ, γ′

c, α
′

c) . (7)

An expression for the derivative of the projection data function P ′

c (λ, γ′

c, α
′

c) is provided in Eqn. 26 of Ref .
7. For axial scans, full-scan (FS-BPF) and short-scan (SS-BPF) versions of the BPF algorithm can be obtained by
using weighting functions ωBPF (λ, γ) that satisfy the redundancy condition ωBPF (λ, γ)−ωBPF (λ + π + 2γ,−γ) =
1. One method of applying these weighting functions is to multiply them directly with the projection data func-
tion Pc (λ, γc, αc) prior to the computation of the data derivatives.8

3. MATERIALS AND METHODS

3.1. Projection data sets

Images were reconstructed from three projection data sets. The first data set was an axial scan of the body
portion of a quality assurance (QA) phantom. The phantom consisted of a 300 mm diameter nylon cylinder
containing a high contrast Teflon pin and a low contrast water hole. The second data set was a helical scan of
a head phantom, and the third data set was a helical scan of a thorax from an anonymized patient. Relevant
acquisition parameters for all three projection data sets are given in Table 1.
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Quality
Assurance
Phantom
(Body)

Head
Phantom

Thorax

FOV (mm) 350 318.7 460.8
Pixel size (mm) 0.684 0.622 0.9

Slice thickness (mm) 5.0 0.625 0.9
Slice spacing (mm) 5.0 0.622 0.9

Table 2. Relevant reconstruction parameters for the three projection data sets used in this study.

Background Teflon Pin Water Hole

FS-FDK 96.0 ± 13.9 906.7± 16.5 −2.1 ± 12.3
SS-FDK 96.1 ± 19.2 907.9± 20.6 −1.7 ± 18.4
FS-BPF 92.7 ± 8.7 901.6± 10.8 −5.9 ± 8.0
CLIN 93.0 ± 12.5 883.1± 14.0 −3.1 ± 10.6

Table 3. Means and standard deviations of elliptical ROIs placed within the body portion of the QA phantom.

3.2. Projection data transfer

The projection data set for the QA phantom was acquired from the Philips Brilliance 64-channel CT scanner
at the University of Chicago. The data set was extracted from the reconstruction server and copied onto an
external hard drive with the help of an engineer from Philips Medical Systems. The files were then loaded onto
a computer in the laboratory environment. In the process of the projection data transfer, a series of applications
were used to process the data set so that it was compatible with the reconstruction algorithms used in the
laboratory. Adjustments to the reconstruction algorithms were also made so that the acquisition geometry of
the clinical scanner could be accommodated. Important details such as the detector offset and the dual focal
spot needed to be taken into account in order for high quality images to be obtained with our reconstruction
algorithms.

3.3. Image reconstructions

Images of the QA phantom data set were reconstructed using the full-scan FDK (FS-FDK), short-scan FDK
(SS-FDK), and the full-scan BPF (FS-BPF) algorithms. The reconstruction parameters shown in Table 2 were
used. These reconstructed images were compared to those provided by the clinical scanner (CLIN), and evaluated
qualitatively for uniformity and the presence of readily apparent image artifacts. Mean and standard deviation
measurements of region-of-interests (ROIs) placed within the background (nylon cylinder), the Teflon pin, and
the water hole were also obtained. The respective sizes of the elliptical ROIs used for the background, Teflon
pin, and water hole were 14, 000± 1000, 100 ± 10, and 100 ± 10 mm2.

Images were reconstructed from the second (head phantom) and third (thorax) data sets by use of the SS-
FDK and BPF algorithms. Reconstructed images were compared and evaluated against one another for the
presence of noticeable image artifacts.

4. RESULTS

In Fig. 1, FS-FDK, SS-FDK, FS-BPF, and CLIN images of an axial slice near the mid-plane of the body
portion of the QA phantom are shown at the same window and level. All images of the phantom appear rather
uniform and without the appearance of readily visible artifacts. Table 3 contains means and standard deviations
of the elliptical ROIs measured in this phantom for all reconstructions. For all three regions of the phantom,
standard deviations within the elliptical ROIs were consistently greatest for the SS-FDK image and lowest for
the FS-BPF image. Mean values within these regions were relatively close to one another, signifying that all
three reconstruction algorithms were capable of reproducing high contrast objects quite well.
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(a) (b)

(c) (d)

Figure 1. Axial images through the mid-plane of the body portion of the QA phantom. Images were obtained using the
(a) FS-FDK, (b) SS-FDK, (c) FS-BPF, and (d) CLIN reconstruction algorithms. L: 100 HU/W: 100 HU.

Axial, sagittal, and coronal slices of SS-FDK and BPF reconstructions of the head phantom are shown in
Figure 2. As seen in these images, the BPF reconstructions are quite comparable to the FDK reconstructions in
terms of image quality. However, certain high contrast bony features in the BPF reconstructions do not appear
as sharp as those in the FDK reconstructions.

Figure 3 contains corresponding slices of SS-FDK and BPF reconstructions from the thorax data set. These
corresponding slices also appear quite similar to one another. However, the anatomical features shown in the
BPF reconstructions are somewhat smoother than those seen in the FDK reconstructions.

5. CONCLUSION

In this study, we have presented our initial experiences in reconstructing images from clinical projection data sets
by use of the chord-based BPF algorithm. With respect to image quality, the BPF reconstructions of the QA
phantom, head phantom, and thorax data sets were quite comparable to the FDK reconstructions. However, the
BPF reconstructions often appeared smoother than the other reconstructions. Although BPF reconstructions
were less noisy than the other reconstructions, as evidenced by the low standard deviation measurements obtained
in the QA phantom image, these reconstructions often seemed to exhibit lower spatial resolutions as well.

More work is needed in order to understand how specific metrics of image quality such as spatial resolution,
noise, and contrast resolution, are affected by differing implementations of the BPF algorithm. Variant imple-
mentations of the BPF algorithm may include alternative methods for calculating projection data derivatives,
and the application of different weighting functions in axial scans. Additional work may also be concerned with
exploring the application of the BPF algorithm to clinical data sets that contain transverse truncations. The
preliminary results presented in this research are significant, in the sense that they can provide the basis for
numerous other studies that involve clinical projection data sets.
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Figure 2. Slices of the head phantom in the (a)-(b) axial, (c)-(d) sagittal , and (e)-(f) coronal planes. The images in
(a), (c), and (e) were obtained from the SS-FDK algorithm. The images in (b), (d), and (f) were obtained from the BPF
algorithm. L: 100 HU/W: 500 HU.
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Figure 3. Slices of the thorax phantom in the (a)-(b) axial, (c)-(d) sagittal , and (e)-(f) coronal planes. The images in
(a), (c), and (e) were obtained from the SS-FDK algorithm. The images in (b), (d), and (f) were obtained from the BPF
algorithm. In (b), a solid white arrow points to a shading artifact possibly due to motion. L: 100 HU/W: 500 HU.
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