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Abstract

In medical X-ray Computed Tomography (CT), the use of two distinct X-ray source spectra
(energies) allows dose-reduction and material discrimination relative to that achieved with only
one source spectrum. Existing dual-energy CT methods include source kVp-switching, double-
layer detection, dual-source gantry, and two-pass scanning. Each method suffers either from strong
spectral correlation or patient-motion artifacts. To simultaneously address these problems, we
propose to improve CT data acquisition with the Grating Oriented Line-wise Filtration (GOLF)
method, a novel X-ray filter that is placed between the source and patient. GOLF uses a
combination of absorption and filtering gratings that are moved relative to each other and in
synchronization with the X-ray tube kVp-switching process and/or the detector view-sampling
process. Simulation results show that GOLF can improve the spectral performance of kVp-
switching to match that of dual-source CT while avoiding patient motion artifacts and dual
imaging chains. Although significant flux is absorbed by this pre-patient filter, the proposed
GOLF method is a novel path for cost-effectively extracting dual-energy or multi-energy data and
reducing radiation dose with or without kVp switching.
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1 Introduction

Since its invention in 1971, X-ray CT has gone through major performance-improving
transitions [1, 2]. One is from single-slice fan-beam CT to multi-slice/cone-beam spiral CT,
dramatically reducing patient scan times and adding longitudinal dimension to CT images
[3-5]. A transition currently in progress is to enable X-ray energy-discrimination, adding a
spectral dimension to CT images [6, 7]. CT energy discrimination allows monochromatic
imaging and material decomposition to be performed, reducing X-ray radiation dose and
facilitating a number of important applications [6, 8, 9]. This emerging field will mature in
time and grow in importance to the clinical world [10-13].
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Current energy discriminating methods include kVp-switching [14], double-layer detection
[15], dual-source gantry [16], and simplistic two-pass scanning. Simple source-detector
sketches for these systems are illustrated in Fig. la—c respectively. Here we consider neither
two-pass scanning (because of its triviality and time delay) nor CT with photon-counting
detectors (because of the current high cost and immaturity of that detector technology). With
kVp-switching, the X-ray source rapidly alternates between low kVp and high kVp during a
scan so that low and high-energy data are collected nearly simultaneously and at nearly the
same gantry angle. With double-layer detection, a single high-kVp spectrum is emitted.
Low-energy X-rays are predominantly collected by a first detector layer while high-energy
X-rays are detected by both the first and second layers. These two methods each use a single
X-ray source with fixed X-ray filtration. In contrast, the dual-source gantry uses separate
low and high-energy imaging subsystems with associated sources operating at low and high
kVp settings. The two X-ray sources are independent and use different X-ray filters so that
the emitted low and high-energy X-ray spectra can be individually shaped and better
separated.

Figure 1d—f show simulations of typical low-energy and high-energy X-ray spectra, as they
would be detected with an “air shot” for the respective systems in Fig. la—c. With kVp
switching, Fig. 1d shows that the detected low and high spectra differ mainly in the high
energies and that there is no spectral overlap at energies above the low kVp energy limit.
With a double-layer detector, Fig. 1e shows that the low energies are predominantly detected
by the first layer. Fig. 1f shows that the dual-source system has the largest spectral difference
because (for example) a Tin filter with its associated K-edge can be used with just the high-
kVp source to attenuate the low spectral energies. This is not possible with conventional
kVp switching. However, a dual-source CT system is much more expensive and, because the
two sources are large and therefore at very different gantry angles, there is temporal
discrepancy between low and high-energy data acquisitions. Breath, heart beating and
patient motion will cause artifacts in reconstructed images, compromising material
decomposition and monochromatic imaging [17].

To improve the spectral separation with single-source CT, we propose the Grating Oriented
Line-wise Filtration (GOLF) method to rapidly alternate between two X-ray filters. As
discussed in more detail below, GOLF combines an absorption grating and a filter grating in
front of an X-ray source, and moves one grating with respect to the other for a nearly
instantaneous filter change. In one form of GOLF, the relative motion is small and can be
synchronized with source kVp-switching and/or detector-view sampling for collection of
well-aligned dual-energy datasets. One of the gratings can be moved by a high-precision
manipulator such as a piezoelectrical motor for rapid oscillation. If the rapid grating motion
can be made practical, this vibrational GOLF may be readily integrated with or even
retrofitted with current CT scanners. GOLF can also provide dual-spectrum imaging without
source kVp-switching, but the limited selectivity of X-ray filters limits the achievable
spectral separation.

Our GOLF technology is related to, but distinct from, the multiple-aperture device (MAD)
technology developed by Stayman et al. [18]. Both GOLF and MAD are for CT, but GOLF
is for X-ray spectral modulation while MAD is for X-ray intensity (fluence-field)
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modulation (FFM); i.e., as a dynamic bowtie attenuator that is not intended to alter the X-ray
spectrum. The MAD [19] uses two interfering absorption gratings such that small relative
grating motions will change the output spatial (fan) intensity distribution as desired during a
scan. They describe a design process to yield a MAD device that changes the X-ray intensity
field from an initial source distribution to a more desirable target distribution as a function of
CT gantry angle. A tungsten laser sintering process is utilized to make a MAD, and it was
integrated into an X-ray imaging platform. In [19], the MAD was numerically and
experimentally evaluated against traditional bowtie attenuators with good results. The
mechanical structure of a MAD and the proposed GOLF apparatus are similar, and this
implies that the GOLF gratings can be successfully manufactured. However, a MAD in [19]
involves low frequency motions associated with CT gantry rotation rates while GOLF
demands higher frequency motions associated with the detector view rate. The development
of a vibrational grating-movement system for GOLF is a challenge that is partially addressed
here.

The reminder of the paper is organized as follows. In Sect. 2, we describe technical details of
the proposed vibrational GOLF method and discuss an alternative rotational method. In Sect.
3, we show via numerical simulations that (1) properly sized GOLF gratings cause no
significant degradation of CT system resolution, and (2) that the CNR (contrast-to-noise
ratio) performance of GOLF is better than normal kVp-switching, approaching that of dual-
source CT systems. We then investigate the feasibility of vibrational GOLF. In Sect. 4, we
discuss relevant issues, potential extensions and draw conclusions.

2 GOLF Methods and Technical Details
2.1 Vibrational GOLF with Dual-Energy CT

Vibrational GOLF uses a thin-sheet absorption grating and a thin-sheet filter grating, as
shown in Fig. 2a. The gratings are overlaid and placed in the X-ray beam at the tube output,
as shown in Fig. 2b. The absorption grating consists of interlaced bars and open slits, with
the bars made of X-ray absorbing material such as Gold so that incident X-rays pass only
through the open slits. The filter grating consists of interlaced type-1 and type-2 filtering
strips with the two types chosen to yield significantly different filtered X-ray spectra. The
absorption and filter gratings are periodic and matched so that either of the two interlaced
filters can be imposed on the entire X-ray beam by shifting the filter grating by only one-half
period relative to the absorption grating. The grating period is typically smaller than the X-
ray source spot size. The purpose of the absorption grating is to provide a place for one of
the interlaced filters to hide (out of the X-ray beam), while the other filter intersects the X-
ray beam. Figure 2b shows the filter grating as the moved grating and places it after the
absorption grating on the X-ray path. However, either grating or both of them can be moved.
It may be most practical to move the one with the least mass.

When used with kVp-switching, GOLF can improve the spectral separation by placing a
high-pass filter in the beam when the tube voltage is high, and a low-pass filter in the beam
when the tube voltage is low. Contemporary kVp-switching toggles the tube voltage at the
end of every detector view period. Figure 3 shows how GOLF operates when the absorption
grating is stationary and the filter grating is moved. Figure 3a shows a plot of the flux output
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and composition versus time, where sinusoidal displacement is assumed. This displacement
waveform is realistic given the desired rapid detector view rate (~1 kHz or more) and the
inertia of the grating assembly. Figure 3b shows relative Z (vertical) positions of the
absorption and filter gratings associated with numbered times in Fig. 3a. In this case, the
filter moves only in the Z direction, while the distance between the absorption and filter
gratings, 4 is held constant as in positon 1. The green and yellow areas represent low-pass
and high-pass filtering, respectively. At position 3, all X-rays that pass the absorption grating
are low-pass filtered while at position 7, all X-rays are high-pass filtered. At all other filter
positons, the output X-ray spectrum is a mix of low- and high-pass filtered k\Vp switching
spectra. Integration of the X-ray flux occurs over the detector view period, and the changing
spectra yields spectral blur and reduced high and low spectral separation. Maximum
separation of the low and high GOLF output spectra is achieved by setting the filter
displacement frequency to one-half of the detector view rate and aligning filter positions 1
and 5 with the start of low-kVp and high-kVp views, respectively.

In the GOLF example of Fig. 3b, the absorption and filter gratings have the same spatial
period, their duty cycles are both 50%, and the peak-to-peak filter displacement is ¥ period.
However, other duty cycles and peak-to-peak displacements may be valuable. Some kVp-
switching systems may use long view periods for the low-energy spectrum and short ones
for the high-energy spectrum because the X-ray tube generates much less X-ray flux at low
voltage than it does at high voltage for the same anode current. For such a system, it would
be beneficial to lengthen the low-pass filter exposure and shorten the high-pass exposure.

The spectral blur resulting from a sinusoidal filter motion can be reduced by decreasing the
absorption-grating slit duty cycle. Figure 4 shows a GOLF arrangement similar to that in
Fig. 3, but with a significantly reduced absorption duty cycle. The filter grating and its
sinusoidal peak-to-peak motion are unchanged. With a narrower absorption slit, the filter
edges spend less time traversing the slits, meaning that each detector view integrates less
incorrectly filtered X-ray flux. However, the absorption-grating output flux is directly
proportional to the absorption-grating duty cycle. Therefore, reducing the duty cycle
improves spectral separation but reduces total output flux.

Figure 5 shows how the absorption-grating duty cycle, r, affects the amount of spectral
mixing during a view-period for the GOLF arrangement in Fig. 4. Figure 5a—b show the
“exposure window” for absorption-grating duty cycles of 7= 30% and r= 50% respectively,
where the exposure window plots the % correct filtering versus time, over one view period,
and filter 1 is the correct filter and filter 2 is the wrong one (contamination). Let ({9 and

MW H = 1 - ((J) be the time dependent % slit coverage by the correct and wrong filters
respectively. Also, let S7(£) be the energy-dependent (E) tube output spectrum during the
view, FA E) be the correct filter energy function, and F,(£) the wrong filter energy function.
Note that C(# depends only on the filter-motion as a function of time, which in this case is
sinusoidal. The average spectrum over a view period, A7, is then given by

Su(B)=S, (B) Fo( B) A+ Ful(E) (1-Aep)]. ()
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where Aggis the effective correct-filter time-slit area given by

AT
— T O(t)dt.

App=
T=AT

Figure 5¢ shows how Az (in %) depends on rwhen the motion is sinusoidal, and at the
same time shows the flux efficiency. See that when r=50%, the output spectrum is the sum
of 81% correctly filtered and 19% incorrectly filtered input spectra, and one half of the input
flux is lost (absorbed). As r approaches 0, spectral filtering becomes perfect (no blurring),
but the output flux goes to zero.

In Fig. 6, simulated low and high-energy spectra are shown for a kVp-switching source that
is augmented with the GOLF arrangement in Fig. 4. The kVp-switching is between 80 and
140 kV with equal periods, and the GOLF low and high-pass filter materials are Air and 0.5
mm of Tin, respectively. The GOLF output spectra (pre-patient) are calculated using Egs. (1)
and (2) above. Figure 6a—c show the output spectra when r = 70%, r = 50%, and r = 30%,
respectively. The narrower absorption-grating slit (r = 30%) yields largest mean-energy
separation.

It is important to note that filter blurring can be avoided with less flux loss by (1) using
vibration more like a square wave (non-sinusoidal) and/or (2) using a pulsed X-ray source
and properly phasing the source pulses with the GOLF filter positions. For example, staying
with the 50% absorption grating in Fig. 3a, the source can be turned on at times 2 and 6, and
turned off at times 4 and 8. This generates X-rays and illuminates the absorber slits only
when the filter is mostly of one type.

For a practical vibrational GOLF system, we assume that the gratings will each be a single
continuous grating (not segmented), and that the moved grating is planar and moved only in
the plane. Segmentation would likely cause boundary issues that we currently want to avoid,
and rapidly vibrating a non-planar grating seems very difficult. The gratings must work with
the large fan and cone angles of a CT system and, because the gratings have a significant
thickness, they should be “focused” on the source spot to avoid flux loss and spectral error.
Although the stationary grating could be curved, we assume both gratings to be planar and
very close together to minimize alignment issues. Figure 7 illustrates planar absorption and
filter gratings focused on a focal spot. For proper GOLF operation, the absorber and filter
grating periods must be properly related for the given grating separation, d. For small
separation, the periods are nearly equal. Furthermore, for small grating periods, the filter
grating will remain in focus when it is shifted (vibrated) by only the required % period.

For a real system, several GOLF design parameters must be set. For vibrational GOLF
where r = 50% as in Fig. 3, the key parameters are (1) absorption and filter grating materials
and thicknesses, (2) grating period, and (3) distance of the gratings from the X-ray source
spot. The absorber and filter materials and thicknesses are chosen to provide the required
absorption and spectral filtration for the given source spectra. With a gold absorber for 80
and 140 kVp source spectra, a gold thickness of 0.5 mm would be sufficient to block at least
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98% at all energy below 140 keV. With Air and Tin as filters, a filter-grating thickness of 0.5
mm will provide good spectral separation improvement as will be demonstrated in Sect. 3.

For vibrational GOLF, the grating period must be small enough to allow the rapid filter
displacement but not so small that the grating cannot be fabricated or mechanically
stabilized. Furthermore, it must not be too large relative to the source-spot size because the
absorption grating bars would cast undesirable non-uniform (pixel-location-dependent)
shadows on the detector (although they can be corrected), or for very large bars, completely
block some detector pixels. Figure 8 shows the source spot, absorption grating and detector
relevant geometry. As is discussed in [19], the extended spot size will beneficially blur the
image of the grating on the detector, and the grating period can be chosen to insure little or
no grating visibility in the detector image. Grating-induced flux variation across the detector
is avoided if the focal-spot size Fg, the source-to-grating distance SGD, the source-to-
detector distance SDD, and the absorber grating period p4 are related by

1 SGD
=—F, (1-=—2=
Pa=y 5( SDD> (3)

where nis a positive integer. With a parallel arrangement of the planar detector array and
planar gratings, every detector pixel has the same ratio SGD/SDD. When Eq. (3) is satisfied,
every detector pixel gets the same percentage of flux blocked by the grating. When Eq. (3) is
not satisfied, there is grating-induced flux variation across the detector array. As the integer
n grows larger, the grating-induced variations diminish even when Eq. (3) is not satisfied. If
necessary, this variation could be allowed to remain and be accounted in the common CT air
and spectral calibrations.

From the perspective of diffractive optics (http://hyperphysics.phy-astr.gsu.edu/hbase/
phyopt/sinslit.html), there is virtually no X-ray diffraction from the gratings. The diffraction
for an X-ray of wavelength A from an open slit of width £ (L » A) is a sinc? function with
maximum at 8= 0 (straight through, no bending) and first zeros at the positive and negative
angles given by

A
|Sind| I @

For 30 keV X-rays, A = 4.13E-10. With an open slit width of 50 um, Eq. (4) gives the
diffraction as bounded between + 8.26E-6 radians. Thus, all X-ray energies above 30 keV
stay within £+ 8.26E-6 radians on leaving any slit larger than 50 um. Therefore, X-rays
continue straight through the slit and, with an SDD of only ~1 m, there is little interaction
with radiation from other slits.

Approximate parameter values for a typical CT machine are: SDD = 0.9 m, FS = 0.8 mm
and a spot-to-tube-window distance of ~65 mm. The GOLF gratings are to be placed close
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to the source but outside of the X-ray tube (although this could change), and we add another
10 mm to get SGD ~75 mm. With these values, Eqg. (3) says that grating periods of 0.733,
0.367, 0.244, 0.183, 0.147, and 0.122 mm (for n = 1 through 6, respectively) will yield no
visible grating shadows on the detector. With thicknesses of 0.5 mm for a Gold absorption
grating, and 0.5 mm for a Tin filter grating, it is feasible to choose the n = 3 result above and
use a grating period of 0.244 mm. This choice yields an absorption-grating thickness/width
ratio of ~4 for the slits which may be manufactured. As shown in Fig. 3, the filter grating
would then need to be vibrated with a peak-to-peak amplitude of 0.122 mm.

2.2 Alternative GOLF Implementations

Vibrational GOLF as discussed above can be modified to avoid any mixing of the filter types
during each view period by inserting absorption bars into the filter grating between adjacent
filter types and narrowing the absorption-grating slits. The absorbers placed between the
different filter stripes allow only one filter type to be active in any absorber-grating slit at a
time. For such “spectrally pure” filtering, the slits in the absorber grating must not be larger
than the absorbers in the filter grating. For sinusoidal vibration (and without pulsing the X-
ray source), the best achievable flux efficiency is 15.9% when the absorber-grating duty
cycle is 25%.

Vibrational GOLF requires rapid vibration of either the filter or absorption grating. If
accurate vibration proves too costly or impractical, GOLF can be modified to a non-
vibrating spherically shaped rotating version as shown in Figs. 9 and 10. Figure 9 shows a
surface view of the absorber and filter grating sections flattened to disks for illustration
while Fig. 10 shows a side view of how the spherical sections are positioned relative to the
source. In Fig. 9, the two gratings are radially oriented with a constant angular grating
period and overlaid with their radial centers aligned. The absorption grating is small and
stationary while the filter section is larger and slowly rotated, with its center of rotation
placed outside of the beam footprint. For demonstration, the gratings in Fig. 9 are also
modified for spectrally pure filtering as mentioned above. The gratings are focused on the
source by placing the gratings so their centers of curvature are aligned with the focal spot.
Long CT scans are possible with no aberrated views if the entire filter grating has an integer
number of grating periods.

The size of the rotating filter depends on the spherical angle it spans, and it is desirable to
choose a size that has acceptable grating slit widths (while fitting within the CT machine).
As an example, let A be the chosen Z-direction offset of the filter rotation axis from the
beam footprint center and, from Eq. (3), we choose a filter grating period of p g4 = 0.244
mm at the corner of the beam footprint furthest from the filter rotation center. Furthermore,
we seek the filter spherical span angle and offset A that insure the minimum grating period
over the beam footprint, p £7in is no smaller than p 742 = 0.122 mm. Using spherical
trigonometry we can show that if 5= 7 deg is the half-cone span, d= 29 deg is the half-fan
span, and the filter surface is placed 75 mm from the source spot, then a spherical filter
section with a half-span of 45 deg and surface radial length of 59 mm will yield p g, =
0.122 at the edge of the footprint closest to the filter rotation center. These values are then
subtly adjusted to make an integer number of periods in one filter rotation. With an outer-
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edge grating period of 0.244 mm and 2 views per grating period, a 1000 view scan requires
122 mm of rotation at the filter outer edge, or 149 degrees per 1000 views. A CT view rate
of 3000 views per second would require this filter to spin at only 1.25 revolutions per
second. By maintaining contact between the absorber and rotating filter gratings,
susceptibility to gantry or tube vibrations may be minimized.

While the radial grating pattern of Fig. 9 is simple and allows the entire beam footprint to
experience the same filtration at any time, other patterns are feasible. For example, grating
rigidity may be improved by using absorber and filter spherical sections having a radial
“checkerboard” pattern, where the absorber and filter grating patterns in Fig. 9 are divided
into separate rings, and the rings phase-shifted relative to each other.

3 Experimental Results

3.1 Effect of the GOLF Gratings on the Image Resolution

In Sect. 2.1 it was shown via Eq. (4) that there is little diffraction of X-rays by the GOLF
gratings. This means that X-ray propagation can be modeled by geometric optics. The
grating bars will block some X-rays and, with a source focal spot that is larger than the
grating bars, each point on the detector will receive flux from those parts of the focal spot
that are not blocked. There is little blurring of the source spot.

A simulation experiment was performed to verify that the absorption grating causes no
change in the apparent spot size or loss of image resolution. The simulation setup is the
same as shown in Fig. 8. The focal spot size was set to 1 mm, and SGD and SDD were set to
100 and 1000 mm respectively. According to Eq. (3) with 7= 4, an absorption grating period
of 0.225 mm will give a uniform illumination on the detector array (after normalization for
intensity fall-off due to source-to-pixel distance). An ideal zero-thickness absorption grating
was used with a period of 0.225 mm and 50% duty cycle. X-rays were collected using an
ideal 888-pixel detector array of 1 mm pixels. Figure 11a shows the detected (distance
normalized) X-ray intensity profile across the detector array with and without the absorption
grating. The intensity profiles are uniform in both the cases, except that the profile with the
grating is just half of that without the grating.

The system point spread function (PSF) was measured by placing an ideal high-absorption
0.5 mm rod at the center of the imaging field of view. The PSF-convolved profiles account
for the focal spot distribution, the absorption grating, and the 0.5 mm-diameter rod. The PSF
with the grating is virtually identical to the PSF without the grating as shown in Fig. 11b.
There is no observable effect of the GOLF gratings on the image resolution.

3.2 Projection-Based Monochromatic Image Reconstruction

Monochromatic (single keV) X-ray images can be reconstructed from dual-kVp CT scan
data either in the projection domain or the image domain [8, 19]. This is based on the
assumption that any material can be represented as a linear combination of two basis
materials:
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u’=(ﬂ> p1+(l—> p2, i=L,H
P/ pP/a (5)

where “L” and “H” indicate low- and high-energy while “1” and “2” denote the two basis
materials respectively, and (o1, pp) are mass densities of the two basis materials. In the
projection domain (p) and image domain (), we have low- and high-energy datasets and
images (pt, pand L, 1), respectively. The monochromatic image CT{E) at any X-ray
energy E can be reconstructed from projections

P(E)=w(E) - P'+(1-w(E)) - P. ()
Specifically, we have
CT(E)=Recon(P(E)) (7)
and
CT(E)=w(E) - CT*+(1—w(E)) - CT", (g)
where the weighting factor is

_(B) -y —po(B) -l ik
w(E)= L., H_,H.,L . (E
MY - g —HY g p2(E) 9)

In our study, monochromatic images were reconstructed using Egs. (8) and (9) with filtered
backprojection. In the reconstruction of a low-kVp image C7% and a high-kVp image CT7%,
water-based beam-hardening correction was made (alternatively, p- and £/ can be directly
computed using a more complicated algorithm).

3.3 X-ray CT Image Simulation

The performance of kVp-switching vibrational GOLF was investigated for several
absorption-grating duty cycles via CT simulation with a simple thorax phantom. The image
quality associated with GOLF was also compared to that of normal kVp-switching CT and
dual-source CT. All three CT systems used 80 and 140 kV for the two source voltages, and
all simulations were performed in the same single-slice CT geometry: Point source (FS = 0),
Source-Iso-center distance (SID) = 500 mm, Source-Detector distance (SDD) = 900 mm,
and a source-centered detector arc with 888 square pixels of 1 mm per side.
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In the GOLF simulations, the planar gratings were simulated as perfectly focused on the
source and with a grating period and source distance satisfying Eq. (3) so that there is no
grating visibility in the projection domain. The absorber grating was 0.5 mm Gold while the
filter grating used Air and Tin with thickness specified for each simulation test. All the
simulations used 1440 views per full gantry revolution. For all the kVp-switching
simulations (including GOLF), a total flux (and associated Poisson-noise) of 1e6 photons
was generated at the filter output for each ray (source-to-pixel path). The source voltage was
instantly switched at the end of each view. In the dual-source simulations, only % flux (5e5
photons) was generated for each ray to normalize the dose for performance comparison with
the kVp-switching system. For image reconstruction, the field-of-view was set to 320 mm in
diameter, and reconstructed with 512 x 512 pixels and 0.625 mm pixel size.

Figure 12 shows the simulation phantom. The contrast-to-noise ratio (CNR) performance
was examined using the blood and water regions in the reconstructed monochromatic image.
The images were reconstructed according to Eq. (8). The contrast-to-noise ratio (CNR) is
defined as

(Kblue _Kred )

V Uib]ue +O’A‘irml (10)

where A is the average over a region of interest (ROI), and o is the standard deviation within
the ROI. For each simulation, the red (water) and blue (blood) boxes in Fig. 12 defined the
ROIs of 30 x 30 pixels. Note that the blood was in a barely visible circular region only
slightly denser than water.

Figure 13 shows how the GOLF CNR performance changed as the absorber-grating duty
cycle, r, was varied. Figure 13a shows the 100 keV monochromatic reconstruction when r=
50%, while Fig. 13b shows CNR vs rfor both 100 and 120 keV. It can be clearly seen that
the CNR is monotonically increasing with decreasing absorber duty cycle. This is expected
because the spectral separation monotonically improves when ris reduced, as discussed in
Sect. 2. CNR reached the lowest when r=100%. In this case, there was no absorber grating
because both filter types were always fully exposed. This filtration is equivalent to normal
(non-GOLF) kVp-switching but with two parallel filter paths, one in Air and the other in
Tin.

Dual-energy CT imaging can dramatically reduce beam hardening artifacts when the X-ray
absorption and scattering properties (Photoelectric and Compton) of each imaged material
can be accurately represented by a combination of the two basis materials. The thorax
phantom includes two Titanium rods with an X-ray absorption K-edge at 85 keV that is not
well represented by the basis materials (Water and Bone). However, the artifact can still be
reduced using X-ray energy filters that modify the source spectra in a way that reduces the
material representation error. Figure 14 shows 100 keVV monochromatic reconstructions of
the Titanium-rod region for duty cycles of 30, 50, 70, and 100% respectively. The artifact
was clearly reduced as the spectral separation improved (as rwas reduced), likely because
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the high-pass filter reduced the spectra at and below 85 keV relative to that at the higher
energies.

The simulated CNR performance of GOLF, normal kVp-switching, and dual-source CT
were compared in Fig. 15 using the thorax phantom and the system parameters as described
above for Fig. 13. Six different simulations were performed, two for each system type. For
both GOLF simulations, the duty cycle is r = 50%. Figure 15a shows the filter thicknesses
and system type for each simulation. Figure 15b shows the resulting CNR values. For
example, GOLF2 used Air as the low-pass filter for the 80 kVp views, and 0.7 mm Tin as
the high-pass filter for the 140 kVp views. The resulting water-blood CNR was 2.8, the best
of the simulation results. GOLF2 has produced significantly higher CNR than either k\VVp1 or
kVp2, and kVp2 had a dramatic low-kVp flux inefficiency due to attenuation by the 0.5 mm
Tin filter. Of course, with other filter choices, we expect that the CNR of a dual-source
system can always be made to match that of GOLF (e.g., by using the same two effective
filters as that used by GOLF).

Figure 16 shows reconstructions around the metal rods from all 6 simulations in Fig. 15 and
also for GOLF1 with r = 30% (from Fig. 14). Beam hardening with GOLF seems much less
than that with kVp switching, and nearly equals that of dual-source CT.

3.4 Feasibility of grating vibration

A vibrational GOLF module will be practical for CT only if it is effective, tolerant of gantry
G forces, and easily fit within the current CT envelope between the source and patient. To be
effective, the gratings must maintain their shape and alignment during a rapid vibration, and
the vibration must be sufficiently repeatable to allow calibration and avoid image artifacts.
These challenges have not yet been addressed with a real prototype, which is beyond the
scope of this initial paper, but candidate PZT actuators and power amplifiers have been
identified for testing a prototype set of vibrational GOLF gratings.

In Sect. 2.1, we considered a Tin filter grating that is 0.5 mm thick, has a 50% duty cycle
and 0.244 mm period, and is located 75 mm from the source spot. In the context, the filter
grating must vibrate with a peak-to-peak (p—p) amplitude of % of the grating period, or ~120
um at a 1 kHz rate. The Kinetic Ceramics A050120 PZT actuator provides a maximum
displacement of 120 um when 1000 V is applied. It has a self-resonant frequency of 12.3
kHz and, with very light loading, it will support 1 kHz sinusoidal operation with 120 um p—p
displacement.

To see that the actuator is lightly loaded, the forces required to vibrate the filter grating are
calculated as follows. If the filter is placed 75 mm from the source in a 64-slice CT machine
with a fan angle of 57° and a cone angle of 4°, then the filter grating must be approximately
82 mm in X and 6 mm in Z to filter the entire beam. The filter volume is then 246 mm3, half
Air and half Tin. With the density of Tin at 7.31 g/cm3, the resulting mass is only 0.9 g.
Assuming we allow another ~10 x mass for filter stiffening/stability, we have to vibrate ~10
g. With sinusoidal vibration, the filter position, velocity, and acceleration are given by
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d(t)=Dpearsin(2mft) (11)

U(f)ZQWpoeakCOS(27Tft) (12)

a(t)=—(27 )’ Dpearsin (27 f1)  (13)

where Dpeq = 60 um so that the peak acceleration is 2.4E + 03 m/s2. The peak force
required for this acceleration of ~10 g is 24 N. This is very small compared to the actuator
blocking force of 4500 N (Newtons) and will allow the actuator to achieve the desired 120
um of displacement at ~1000 V.

According to Kinetic Ceramics, the voltage and current required for sinusoidal displacement
are expressed as

7500Dpea/c .
(t)= 120 [1+sin(27 ft)] (14)
2500 CfD peq
I t)fTCOS(Z’TFft) (15)

where Dpeax is in microns and cannot exceed 120, fis in Hz and should be well below the
self-resonant frequency, and C = 1.18 uF is the PZT stack capacitance for the A050120
actuator. The resulting voltage and current waveforms are in Fig. 17a and b. The
instantaneous power required is the product of the voltage and current, as shown in Fig. 17c.
The average power required is near zero because the energy is alternately stored in and then
removed from the actuator capacitance and mechanical spring in the actuator. However, a
controller capable of sourcing and sinking 1 kW is needed. Inefficient controllers are
available that waste the stored energy, but new controller designs are being developed
(Kinetic Ceramics) to recover much of the energy.

The above analysis indicates that a PZT actuator can meet the vibrational GOLF motion
requirements. However, steps must be taken to prevent the vibration from coupling to other
CT system components (the tube, etc.) and/or making offensive audible noise. One method
to reduce unwanted coupling is to incorporate a counterweight in the GOLF module so the
net momentum of the GOLF module is zero. The absorption grating might make an effective
counter weight. To maintain the filter-grating character during vibration, a parallel stiffening
plate, captivating travel tracks, and mode dampening methods may be needed to avoid
travelling waves and/or out of plane vibrations within the grating. Section 2 focused on
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linear grating slits and bars, but unwanted vibration modes might be avoided using a
checkerboard grating instead. This would eliminate long unsupported regions of absorbing
bars within the grating.

4 Discussions and Conclusion

Dual-energy CT is a major advance in medical CT, and yet further improvements are
desirable [9, 20]. The key feature of dual-energy CT imaging is the use of two different
spectra to extract more information for material composition and monochromatic imaging.
The proposed GOLF approach, when combined with conventional kVp-switching
technology, should yield imaging results equivalent to that of dual-source CT, but without
the associated high cost and temporal discrepancy between low and high-energy data
acquisitions. Furthermore, GOLF can be used with single-kVp CT to add dual-energy
capability.

Our GOLF approach combines a filter grating of sub-millimeter-sized filtering strips with a
matching overlaid absorption grating. The gratings are placed between the X-ray source and
the patient and moved relative to one another to enable rapid filter changes using only a
small relative displacement of the gratings. The relative motion is synchronized with the
kVp-switching or view-sampling processes to provide the desired view-dependent spectral
filtering. With this micro-fabricated GOLF technology, the medical CT requirements for
large coverage (field of view) can be combined with rapid filter changes to yield superior
dual-energy spectral separation. The filter vibration, translation or rotation can be driven by
a piezoelectric device or alternative methods that are compatible with CT scanning.

However, a cost associated with the use of the absorption grating is loss of X-ray flux from
the source. The duty cycle of the absorption grating balances X-ray spectral separation and
X-ray flux utilization. According to our above-described results, better spectral separation
(narrower opening slit) leads to better quality of reconstructed monochromatic images. For
high-power CT scans (e.g., 100 kW), a pulsed X-ray source is highly desirable because it
can cut wasted flux in half. Nevertheless, the wasted flux does not contribute to patient
radiation dose. Since the current mainstream is toward low-dose (low-current) CT imaging
protocols, wasted flux should not be a major issue in moving our proposed technology into
practice.

As demonstrated in our feasibility analysis and simulations, GOLF presents improved
spectral separation for single-source dual-energy CT. With optimized piezoelectric devices
and narrow grating periods, the vibrational GOLF method should be implementable with the
high oscillation frequency needed for modern single-source CT scanners. However, it is
emphasized that other GOLF implementations may have practical benefits. For example,
other grating shapes and patterns can provide improved flux utilization and/or allow slower
grating motions. Also, more than two filtering material types can be introduced for multi-
energy X-ray imaging. Another interesting possibility is to take X-ray path lengths in the
patient body into account so that the final diagnostic performance will be optimized instead
of just increasing the spectral separation of X-rays prior to patient exposure.
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In conclusion, we have proposed a novel GOLF approach for single-source dual-energy CT
that may be quite valuable with kVp-switching or non-switching source techniques. The
proposed GOLF technology can be an independent device that may be added with small
overhead. With the proposed technology, the imaging performance can be improved in terms
of monochromatic image quality, material decomposition, and radiation dose reduction.
Although the absorption grating will decrease the efficiency of the X-ray source, it will not
increase the patient radiation dose, and is consistent with the trend of radiation dose
reduction.
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(d) (e) ®

Dual-energy CT systems with a kVp-switching, b double-layer detector, and ¢ dual-source
technologies respectively. Graphs d—f show the pre-patient low and high-energy X-ray
spectra for a—c respectively, with blue for low energy and red for high energy X-rays.
Horizontal axes in d—f show energy (keV) (Color figure online)
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Fig. 2.
Vibrational GOLF method for dual-energy CT. a Matched absorption and filter gratings, b
Grating placements relative to the X-ray tube
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Fig. 3.
GOLF stationary absorption and moving filter gratings with sinusoidal filter motion. a

Graph of filter output flux and filter composition versus time, and b Sequence of filter Z-axis
positions associated with numbered times in (a). The X-rays flow from /eftto right with a
constant absorption-filter separation, ¢
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Absorption grating  Filter grating at different Z positions

Fig. 4.
GOLF arrangement for reduced filter blur. Similar to Fig. 3, but with reduced absorption-

grating duty cycle (narrower slit)
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Fig. 5.

Irr?pact of absorption-grating duty cycle on spectral mixing for the GOLF arrangement of
Fig. 4 and sinusoidal filter motion. a Exposure window for r=30%, b Exposure window for
r=50%, and c percentage of the correct filtration (b/ue) and flux efficiency (red) as a
function of the absorption-grating duty cycle, r
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Air-shot spectral distributions using the GOLF method, with equal-period kVp-switching
between 80 and 140 kV, for different absorption grating duty cycles, r. Dotted lines indicate
corresponding mean energies
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Fig. 7.
Planar absorption and filter gratings focused on the source
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Focal Absorption Detector
spot grating

Fig. 8.

Geometric optics for source focal spot blurring of the absorption-grating image at the
detector. If Eq. (3) is satisfied and the grating duty cycle of 50%, then exactly ¥ of the focal
spot is blocked by the absorption grating for every point on the detector
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Fig. 9.
Spherical grating sections flattened to a plane for illustration
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Fig. 10.
Side view of a spherically-shaped rotating GOLF filter
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Fig. 11.
Simulated point spread functions (PSFs) with a perfectly absorbing 0.5 mm rod at the CT

iso-center with and without the GOLF absorption grating
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Fig. 12.
Thorax simulation phantom. Red (water) and b/ue (blood) boxes indicate the regions of

interest (ROIs) for CNR calculation (Color figure online)
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Fig. 13.
Monochromatic images reconstructed using the sinusoidal vibrational GOLF. a The 100 keV

image with the grating duty cycle = 50% and the window-level = [0, 0.06], and b the CNR
versus grating duty cycle for 100 and 120 keV reconstructions respectively
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r=100% (kVp-switching) r=70% r=50% r=30%

Fig. 14.
Beam hardening around the Titanium rods for several GOLF absorber-grating duty cycles.

Images are 100 keV monochromatic reconstructions, displayed with window-level = [0.01,
0.03]
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Fig. 15.
Water-blood CNR results for the thorax-phantom simulations with the GOLF (r = 50%),

dual-source, and normal kVp-switching CT systems using various low-pass and high-pass
filter thicknesses
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Fig. 16.
Metal areas from Fig. 15. Images are displayed with win-lev = [0.01, 0.03]
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Mechanical feasibility of grating vibration. a \oltage, b current, and ¢ power waveforms for

driving the Kinetic Ceramics A050120 PZT actuator
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