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ABSTRACT

Novel geometrical designs of computed tomography (CT) scanners in combination with novel image reconstruc-
tion algorithms promise to reduce ionizing radiation exposure to the patient in CT scans. While the sampling
density of the Field Of View (FOV) is retained, the image quality can even be increased in contrast to conven-
tional CT scanners. In this study, we present first images obtained with a novel CT scanner that we developed
in our working group. In this open CT system with irradiation within a fan beam, parallel Radon data are
directly obtained for image reconstruction using the OPED (Orthogonal Polynomial Expansion on the Disk)
algorithm. This algorithm uses Radon data directly, i.e., without any further data processing such as rebinning
and interpolation. We experimentally test theoretical predictions for this system by quantifying image quality
parameters in comparison with corresponding parameters that are derived from the images of a conventional
scanner of the 3™ generation. The modulation transfer function (MTF) and noise power spectrum (N PS) are
determined using a test phantom. The novel CT system quantitatively shows the same noise property as the
conventional scanner. The resolution that is reached in the center of a reconstructed image is nearly identical for
both scanner types. But we found that the resolution that is achieved in the novel CT system does not depend
on the image position while the MTF of the conventional scanner decreases for radially outer regions of the
image.

Keywords: computed tomography (CT), CT design, micro CT, image reconstruction algorithm, FBP, OPED,
image quality, MTF, NPS

1. INTRODUCTION

CT has strongly accelerated and improved medical diagnosis. Although the resolving power of CT scanners
has impressively increased for all dimensions in the recent decade, the number of concerns of scientists about
the disproportionate increase of radiaton exposure due to CT diagnostics has increased. In fact, the radiation
exposure that is obtained in radiological applications has increased by more than 20% in Germany during the
recent decade, and this development can solely be ascribed to CT diagnostics as the effective dose resulting
from other radiological applications has even decreased.!'® In Germany, more than 90% of the man-made
collective effective dose of ~2.0 mSv/year can be ascribed to medical applications from which 56% results from
CT diagnostics. However, only 7% of all German radiological applications arise from CT investigations. In other
industrialized countries the radiation exposure from CT scans has similarly increased.’ ¢

Therefore, an exact coverage of the medically interesting target volume by the radiation field, reasonably low
exposures, and the application of alternative diagnostic methods beyond CT diagnostics should be considered.b
Moreover, there are novel scanner designs and image reconstruction algorithms that promise to reduce the
ionizing radiation exposure of patients in clinical practice without reducing the diagnostic value of CT images.
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Figure 1. In the watch geometry, the object starts at position A and moves on a circular trajectory around the source.
The dotted lines represent some sampling steps of a single projection whose line integrals are acquired by subsequent
readouts of the same detector element k (k € [0; Naet]). It is characteristic for the OPED algorithm that the distances of
subsequent sampling steps decrease close to the limitations of the radiation field.

The potential advantages of the OPED image reconstruction algorithm in acquiring and reconstructing to-
mographic data sets were presented in previous SPIE Medical Imaging conferences.”® OPED is a numerically
stable algorithm. Images that were reconstructed with OPED are characterized by a small global error and high
resolution. Furthermore, the image reconstruction made with OPED can be implemented with a number of
operations of the same order as the conventionally used Filtered Back Projection (FBP) algorithm. The number
of operations in the OPED algorithm can even decrease.

Two novel CT scanners, i.e., the CT with Dual Optimal Reading (CT D’OR) and another CT scanner design
that is based on the “watch geometry” have recently been developed and constructed.” ! These novel CT
designs are adapted to the OPED algorithm.!? In comparison with conventional methods, previous theoretical
studies have predicted a dose reduction for these novel CT systems. The image quality can simultaneously be
retained or even increased by contrast enhancement for a constant sampling density of the FOV.11:13

The potential advantages that were theoretically predicted for the novel CT design that is based on the
“watch geometry” are experimentally quantified in this study. In Sect. 2.1, we present the basic design of the
novel scanner while the assembly of our lab model is precisely described in Sect. 2.2. The methods used for the
characterization of the scanner and our experimental set-up are shown in Sect. 3. The results of our measurements
of quality parameters are presented and discussed in Sect. 4 before a final conclusion is derived in Sect. 5.

2. NOVEL CT DESIGN
2.1 The watch geometry and trajectory

The inner surface of a half ring detector system of the CT design that is presented in this study is continuously
covered with detector elements (Fig. 1). The X-ray source is fixed in the center Cp of the detector ring while
the orientation of the radiation field with a fan angle @ accompanies the object on its circular way around the
source. The focal spot of the source rotates in Cp. The spatial orientation of the investigated object is fixed. The
object starts at position A and ends at position Z, i.e., the object covers an arc length of (7 + «) x SOD during
a scan. Corresponding to conventional methods, an arc angle of (7 4 «) is sufficient for image reconstruction
using the OPED algorithm. The Source-Object-Distance SOD of the trajectory can easily be modified in
subsequent scans resulting in an increase/decrease of the projection size of an object on the detector and,
therefore, in a modification of the spatial resolution before image reconstruction. The exposure dose of the object
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Figure 2. The basic components of the lab model of the novel CT scanner, i.e., the half-ring detector and the central
X-ray tube are shown in the photography. The distance between object, source, and detector can be modified to change
resolving power. An acryl glass cylinder on a rotary table is scanned in the photography.

is simultaneously changed considering the quadratic decrease of the exposure dose with increasing distance from
the source.

A half ring screen in the center can prevent the irradiation of the object in the lower semicircle region where no
detector element exists. Any detector element k of the upper semicircle region (k € [0; Nget]), where Nget is the
number of detector elements on the detector ring, acquires all the parallel data for a specific projection angle.
The distances of subsequent sampling steps of a projection decrease close to the limitations of the radiation
field.”"® Such a tomographic sampling mode is the outcome of a scan with the novel CT scanner as well as
of a conventional scanner after data reordering. This tomographic sampling mode is required by the OPED
algorithm. But the image that is obtained from a scan in the watch geometry can also be reconstructed using
the FBP algorithm.'% 1%

We finally have to mention that the identical tomographic data set can also be acquired by the alternative
scan process where the object, e.g. a person/animal, is fixed while the source detector system moves on a circular
orbit around the object.!!

CT scanners available on the market contain either a form of the 3¢ generation scanner system, a flat panel
detector, or an X-ray camera for data collection. The novel CT geometry that is based on the watch geometry
has advantages over existing CT systems. Using parallel projections instead of a fan beam geometry, the data
samples exactly fit the line integrals required by the OPED algorithm. Therefore, data processing such as
rebinning and interpolation that is generally necessary for image reconstructions using the conventional FBP
algorithm is omitted in the novel geometry.'®

2.2 The scanner assembly

The concept for the novel CT scanning geometry described in the previous section is realized in a demonstrator
of a one-slice micro CT scanner in our laboratory. A photography of the assembly is shown in Fig. 2.

The detector consists of a steel housing that is shaped as a ring segment with an arc angle of 240° and an inner
radius of SDD = 23 cm. The housing contains 13 photosensors (Texas Advanced Optoelectronic Solutions Inc.,
Plano, TX, USA) coated with YAG:Ce scintillation layers (Crytur Ltd., Turnov, Czech Republic). To prevent
the detection of ambient light, we covered the front of the sensor modules with a thin (~20 ym) aluminum foil.

Each sensor module consists of 768 photodiodes with a pixel spacing of 63.5 um. A pixel has a size of
63.5 pm x 55.5 um. The pixels of a single module thus cover an angle of 12.1° on the ring detector. Due to the
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design of the sensor modules, there is a gap of 3.5° between their sensitive areas. The 13 sensor modules cover
the central 200° of the detector ring in a polygonal fashion where sensitive areas alternate with detector gaps.
The gaps in the data set of a single scan can be filled by another data set that is obtained from a subsequent
scan where the orientation of the object at the start position is slightly changed by more than the gap angle of
3.5°. Then, both data sets are interlaced using the correlation relation in Fourier space.!” The latter method is
tested by a corresponding routine in position space.

We choose a detector integration time of 100 us. Subsequent readouts start after a dead time of another
100 ps. To eliminate characteristics of the detector modules in the data sample, each scan FE is flatfielded using
an air scan Ej after exposures B of the dark current have been subtracted. The same scan parameters were used
for E, Ey, and B. The attenuation coefficient p can thus be derived from

FEy—B
= logyg (h) : (1)

The scanner assembly further consists of two rotary tables. A micro focus X-ray tube (Oxford Instruments
X-Ray Technology Inc., Scotts Valley, CA, USA) is fixed on a primary rotary table (MiCos GmbH, Eschbach,
Germany). The X-ray spot is supposed to have a diameter of 17 um. The center of the primary table, i.e., the
focus of the X-ray tube coincides with the center Cp of the detector ring. The secondary table (MiCos GmbH,
Eschbach, Germany) that carryies the object is mounted at Cs at a radius of SOD = 12.7 cm in our experiments.
In the watch geometry, the primary and secondary tables counterrotate with an angular velocity of w = 0.25°/s.
When operating as a 3'¢ generation CT-scanner, only the secondary table rotates with a velocity of w (Sect. 3.2).
The accuracy of the alignment of the source detector system is in a range of 0.1 mm.

In our experiments, the X-ray tube has a beam quality of 60 kVp. The anode material of the tube is tungsten.
A maximum power of 60 W can be reached. The fan angle of the radiation field is ~41°. After the passage through
a 245 ym beryllium window, radiation additionally passes a 300 um Al absorber to reduce the spectral width
which would otherwise result in beam hardening artifacts in the reconstructed images.'®

3. METHODS
3.1 Image quality parameters

The formation of an image I can mathematically be described by a sum of the noise function N, artifacts A,
and the object function O that is convolved with the Point Spread Function PSF, i.e.,

I=0%PSF+N +A. (2)

The PSF is determined by the sampling density, the image reconstruction algorithm, and the FOV shown by
the reconstructed image.'® The term N is a sum of quantum noise and detector noise. Anatomical noise is not
considered in our experiments. As anatomical noise can exceed the level of detector noise and quantum noise, the
noise component that is derived in our experiments is assumed to be a lower limit.?° Artifacts are not subject
matter in this study.

The quantities PSF and N are analyzed in frequency space after their Fourier transformation to the Mod-
ulation Transfer Function (MTF') and the Noise Power Spectrum (N PS), respectively. We assume a linear,
space-invariant system, but we have to mention that these requirements are only locally fulfilled.?'23

There are several approaches to determine the resolution that is modified in the image formation chain. The
spatial resolution of the reconstructed image is conventionally derived from an image of a small diameter metal
wire.?* However, as the MTF of the image is also limited by the sampling pitch, including detector pitch and
pitch of the displayed matrix, we propose to determine the presampled MTF by using an edge device from that
the Edge Spread Function (ESF) can be derived.?® A slightly tilted edge in the digitized CT image allows a
finer sampling and, therefore, the determination of the presampled MTF.?527 Using such a method, the effective
sampling distance becomes smaller than the original pitch of the digitized image and the effect of digitization
is reduced. The ESF is differentiated to obtain the Line Spread Function (LSF). This approach has to be
mathematically corrected for the frequency passband of the finite-element differentiation of the sampled data.??
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The proposed method using an edge device for the determination of the MTF corresponds to the methods of
quality characterization in projection radiography.2’

A potentially homogeneous region of the reconstructed N, x N,-sized CT image I(x,y) is used for the
determination of the NPS. In order to correct for potential, global nonuniformities caused by the Heel effect,
we fit a second-order polynomial S(z,y) to I(x,y). This polynomical S(z,y) is subtracted from I(z,y).?0 After
a subdivision of the resulting Region Of Interest (ROI) in 32 x 32 pixel-sized regions, the two-dimensional NPS
can be computed using the autocorrelation function

32 32

poZ .
NPS(u,v) = 2% 32| ; 2—21 (i, i) — S(xi, yr)] exp[—2mj (uizi + viyr)] |, (3)

where j is the imaginary unit.3! The parameters p, and p, stand for the pixel pitches of the image I(z;,y;). The

parameters v and v are coordinates in Fourier space. The one-dimensional N PS can finally be obtained from the
two-dimensional NPS. For this, 14 adjacent rows/columns of the axes of the two-dimensional N PS are interlaced
to an one-dimensional vector. For each (u,v) coordinate pair of these rows/columns, the corresponding spatial
frequency is determined using vu? + v2. Corresponding to previous approaches, the axes of the two-dimensional
NPS are omitted.3°

3.2 Experimental set-up

Parallel data sets can directly be obtained by the watch trajectory. But in a subsequent scan, the CT design and
the object trajectory can be modified to produce the conventional fan data set that is identical to a conventional
3'4 generation scanner. The images are reconstructed using the OPED and the FBP algorithm, respectively. For
the FBP algorithm, the default saw tooth reconstruction filter is applied. We use a commerically available FBP
routine for the image reconstructions from the conventional fan data sets.

Due to a maximum rotation angle of the rotary table of the object of <360°, only a ~240° scan of the 3"
generation geometry can finally be obtained in our experiments. The missing data for a full 360°-set is completed
by the corresponding data that are obtained at projection angles of <180°. Such an approach is possible after
the fan data set were resorted to the corresponding parallel data set by the FBP algorithm. Parallel data at a
projection angle 6 and ray ¢ corresponds to data at a projection angle of 6 + 180° and ray —t. For the latter
relation it is necessary that the center line, i.e., the line that always crosses the same point of the FOV during
the scan, crosses the center of the detector unit of the 3! generation geometry.

As the sampling density of the FOV should be identical, the number of views and rays (detector elements)
of the 3™ generation scan should be adapted to the number of read-outs (projections) and detector elements of
the scan of the watch trajectory. Furthermore, the total dose emitted during the scans should be identical. To
reduce noise in the resulting images that is caused by the low power of the X-ray source, rows and columns in
both resulting data sets are rebinned. Scan parameters and the size of the resulting data sets that are used for
image reconstruction are listed in Table 1.

We use a potentially homogeneous ROI within the 1cm x 1cm-sized cross section of an acrylic glass cube
for the determination of the NPS in both geometries. An image of this cube that is slightly tilted by ~4° is
used for the determination of the ESF's. In subsequent scans, the cube is located at different positions within
the FOV to determine the dependency of MTF and NPS on the position in the reconstructed image. Figure 3
shows the resulting images from the watch scans and the 3' generation scans. Circular artifacts result from an
incomplete elimination of different sensor characteristics of the 13 photodiodes by the corresponding flatfields
Eo (Sect. 2.2). Radial artifacts at the edges of the cube arise from scattering.

4. RESULTS

Figure 4 shows the MTF derived from scans of the watch geometry and the conventional 3'4 generation geometry.
The images were reconstructed using the OPED algorithm and the FBP algorithm, respectively. The noisy
MTFs at larger spatial frequencies (> 15mm™1!) arise from the low power of the X-ray tube used. Therefore,

Proc. of SPIE Vol. 7622 762230-5

Downloaded From: http://proceedings.spiedigitallibrary.org/ on 08/02/2016 Terms of Use: http://spiedigitallibrary.or g/ss/'TermsOfUse.aspx



Table 1. Parameters of the 3'¢ generation scans and the scans that are based on the watch trajectory are listed in this
table. The symbols Npro; and Nge; describe the number of views in the 3™ generation scan and read-outs in the watch
scan as well as the number of detector elements, respectively. They correspond to the number of rows and columns in
the data sets. The number of detector elements within the fan beam « for the 3'@ generation scans and on the whole
detector ring (within 200°, Sect. 2.2) for the scan in the watch geometry are listed. The abbrevation SDD is an acronym
for Source Detector Distance.

3'd generation watch geometry

SDD 23.0cm
SOD 12.7cm

a 41°

Px 0.0055 cm

Pz 0.0063 cm
Nproj 1257 261
Naet 261 1257

we determine an averaged ESF from the FSFs derived from a single edge of the cube before its Fourier
transformation to the MTF.3?

In the center position of the cube in the image, the MT F's of the different geometries only slightly differ (panel
MTF-2). But the MT F's derived from the off-center position of the cube strongly depends on the scan geometry
(panel MTF-1). The local maxium at ~15mm~! of the MTF from the conventional scan of the excentric cube
position can probably be ascribed to noise.

We conclude that the MTF's that are derived from the images of the watch geometry (light gray lines in
Fig. 4) does not depend on the position in the corresponding image. But the MTF's that are derived from
the conventional scans radially decreases as it has already shown by a previous study.?®> This finding can be
explained by the interpolation of the fan data set to the Cartesian grid of the image. Such an interpolation is
omitted for the watch geometry as it is adapted to the OPED algorithm. Indeed, samples of fan data generate a
nonuniform grid in parallel beam coordinates, and its nonuniformity is even higher when the fan angle becomes
larger. The fan data of the conventional scan is commonly parallelized for reducing computation time and
increasing numerical stability. A sinusoidal relation whose zero point is centered at the center line is used for
the parallelization.'®'® As a consequence, the sampling density of the FOV remains constant for smaller ray
angles within the fan angle and does not correspond to the actual density of the data acquired. Information of
the original data can be lost and the contrast at a discontinuous transition of a sharp edge at outer ROIs of the
FOV can be reduced, therefore.

As mentioned in Sect. 2.1, the sampling density at off-centered projections in-creases in the watch geometry
that theoretically results in an increase of the MTF.”8 However, such an effect cannot be noticed by the
measurements (Fig. 4) probably because of noisy data and the low number of projections used (Table 1).

Figure 5 shows the NPS derived from scans of the watch geometry and the conventional 3" generation
geometry for different positions of the homogeneous acrylic cube in the image. The NPS only slightly depends
on the image position where the NPS is derived. The NPS of the conventional scan that is determined in
the image center is slightly larger than the other NPS for smaller spatial frequencies. Remnants of detector
characteristics that could not completely be removed by the flatfield Fy in the central region (Sect. 2.2, Fig. 3)
could be responsible for this increase.

5. CONCLUSION

In this study, we presented physical image quality measurements of a novel CT system that is based on the
watch geometry. In this scanner system, a parallel data set is directly obtained before the corresponding image
is reconstructed using the OPED algorithm. The novel CT system is adapted to this algorithm although image
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watch geometry watch geometry

3 generation geometry 3" generation geometry

NPS-2

Figure 3. These images show the reconstructed images derived from scans that are based on the watch trajectory (upper
row) and 3™ generation trajectory. The right images are reconstructed from scans where the acrylic cube is centered in
the FOV. Dark gray and light gray framed boxes represent ROIs that are used for the determination of NPS and MTF
derived at different positions in the image. See Sect. 3.2 and Sect. 4 for further explanations.

reconstructions are also possible using the FBP algorithm. We scrutinized the characteristics of the watch
geometry and the corresponding object trajectory. The components of the scanner assembly that we used for
our experiments were also listed.

We determined image quality parameters such as the MTF and NPS of the novel CT system. The results
were compared with corresponding parameters that were derived from scans based on the conventional 3™
generation geometry. The same scanner assembly was used for all the scans but the trajectory of X-ray tube,
object and detector were modified. An identical sampling density and radiation exposure were applied for the
different scanning geometries.

Our approach has shown that the theoretical predictions for the novel CT systems such as contrast en-
hancement at outer image regions can eventually be kept. This is a consequence of an optimized acquisition of
tomographic data without any data processing. Differentiations and classifications of tissues outside the center
can be done with a higher statistical confidence, therefore. Moreover, any quantifications such as the determina-
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Figure 4. The MTFs that result from different geometries (light gray line: watch geometry, dark gray: 3'4 generation
geometry) and from different image positions of the edges used for the determination of the ESFs. The titles of the
panels, grayscales, and linestyles correspond to the numbers, scales, and styles used in Fig. 3.

tion of the density of the tissues should become more accurate. We conclude that the combination of the novel
geometry with the OPED algorithm provides a higher radiation dose efficiency.

As the distance between object and X-ray source can be modified, the resolving power of the novel CT
scanner is changed. The resolving power, i.e., the MTF is determined by the distance of the center Cs of the
object table from the source. Protocols can be performed that start with an overview scan of a larger ROI of the
investigated object. Many different scans of smaller ROIs can follow. This is important for the differentiation of
smaller papules of tumorous tissues, for instance.

Using our demonstrator and a simulation tool that is based on the Monte-Carlo approach,'! we aim to develop
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Figure 5. This figure shows the NPS derived from scans of the watch geometry (light gray line) and the conventional
3™ generation geometry (dark gray line). Solid and dashed lines correspond to the image positions where the NPS are
determined. The grayscales and linestyles correspond to the grayscales and styles used in Fig. 3.
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methods to correct noise in images derived from the novel CT scanner. Another future objective is to replace the
detector system by a more powerful device to produce less noisy images. Furthermore, future investigations that
are based on more complex clinical studies where more realistic, anthropomorphic phantoms are used, should be
used to test other figures of merits of the novel CT system.
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