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Abstract

Goal—In K-edge tomographic imaging with photon counting detectors, the energy window
width of photon counting detectors significantly affects the signal-to-noise ratio (SNR) of
measured intensity data and the contrast-to-noise ratio (CNR) of reconstructed images. In this
paper, we present an optimization method to determine an optimal window width around a K-edge
for optimal SNR and CNR.

Methods—An objective function is designed to describe SNR of the projection data based on
the Poisson distribution of detected X-ray photons. Then, a univariate optimization method is
applied to obtain an X-ray energy window width.

Results—Numerical simulations are performed to evaluate the proposed method, and the
results show that the optimal energy window width obtained from the proposed method produces
not only optimal SNR data in the projection domain but also optimal CNR values in the image
domain.

Conclusions—The proposed method in the projection domain can determine an optimal
energy window width for x-ray photon counting imaging, and achieve optimality in both
projection and image domains.

Correspondence to: Ge Wang.
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Significance—Our study provides a practical way to determine the optimal energy window
width of photon counting detectors, which helps improve contrast resolution for x-ray K-edge
tomographic imaging.

Index Terms
X-ray CT; photon-counting detector; K-edge imaging; optimal energy window width; SNR; CNR

| Introduction

K-edge imaging has recently attracted much attention for material decomposition and other
applications. The X-ray attenuation characteristic of matter is energy-dependent, and K-edge
describes a sudden increase in the X-ray attenuation [1, 2]. K-edge imaging can be applied
to identify and quantify elements with high atomic number Z within a specimen, an animal,
or a patient. Some elements with a high-atomic number Z serve as contrast agents for
diagnostic X-ray imaging, such as iodine, barium, gadolinium and gold solutions. They are
promising contrast agents because of high attenuation contrast and relatively low toxicity, in
particular when properly coated. The K-edges of iodine, barium, gadolinium, are 33keV,
37keV and 50keV, respectively, which are indicated in Fig. 1. A current focus in K-edge
imaging research is to improve the detectability and quantification of those contrast agents in
preclinical and clinical studies.

The physical foundation of K-edge imaging is the strong energy dependence of a contrast
element attenuation around a K-edge. The enabling technology is an energy-discriminating
X-ray photon-counting detector [3]. With the emergence of X-ray photon counting detectors,
there is a new opportunity to utilize K-edge characteristics of contrast agents for material
decomposition. Photon-counting detectors are energy sensitive and discriminative with the
ability to count individual X-ray photons in different energy windows, defined by various
energy thresholds [4-8]. Hence, it is feasible to capture X-ray photons on two sides of a K-
edge respectively.

In the absence of a K-edge, a linear attenuation coefficient can be decomposed into two
components: Compton and Photoelectric effects [9-11]. Roessl et al. modified this
formulation in the presence of a substance with a K-edge [12-14]. The optimization of the
energy thresholds is clearly important for K-edge imaging. An initial effort was made by He
et al. to optimize K-edge imaging in the image domain [15, 16]. This method needs to use
reconstructed images for determination of the optimal energy window widths. This
procedure is often difficult to perform in many applications.

In this paper, we propose a new criterion to determine an energy window for optimal
contrast resolution and signal-to-noise ratio (SNR). In the next section, we will describe our
approach for energy window determination. In the third section, we report numerical
simulation results. In the last section, we discuss relevant issues and conclude the paper.
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ll. Spectral window optimization in K-edge imaging

To perform structural or functional imaging of biological tissues with high contrast, contrast
agents offer excellent contrast resolution in image reconstruction, and are extensively
employed in practice. For example, iodine, barium, and gadolinium solutions are important
agents for K-edge imaging, and have a long history in a wide range of biomedical
applications as contrast enhancers for X-ray imaging. The attenuation coefficients of several
kinds of contrast agents are available for different X-ray energies in the databases released
by the National Institute of Standards and Technology (NIST) [17]. Hence, for a specific
width of the energy window, we can compute the average attenuation coefficient within the
energy window before and after the K-edge jump:
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where [(E) is the attenuation coefficient of a contrast agent (such as gadolinium, iodine, etc.)
atenergy E, K~ and K* are the energy levels right before and after the sudden increment in
linear attenuation, respectively. Hence, the attenuation contrast between the left and right
energy windows is formulated as
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From (3), the attenuation contrast Ugpnzasd®) relies on the energy window width, and is
monotonically decreasing with respect to the variable . In fact, the derivative of U ontrasd®)
can be expressed as
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With the K-edge characteristics of a contrast agent, the attenuation coefficient is
monotonically decreasing in the left and right energy windows of the K-edge, respectively,
as shown in Fig. 1. Hence, we have
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In other words, the narrower the energy window width, the larger the linear attenuation
coefficient difference across the K-edge, and the higher the contrast (as defined in equation
(3)), not considering any noise arguments [18]. The appropriate energy window selection
around the K-edge jump is a key step for X-ray spectral imaging. A narrower energy
window gives a better contrast than a wider energy window [19]. However, narrower
windows would result in fewer photons to be detected in each energy window, significantly
reducing the image signal-to-noise ratio (SNR). Thus, we need to find an optimal width of
the energy window to achieve the best contrast-to-noise (CNR) ratio, or the best combination
of high contrast and low noise.

All the above arguments are related to the image domain and don’t consider the actual CT
measurements and the reconstruction process. In the X-ray K-edge imaging process, the X-
ray intensity recorded by photon counting detectors in left and right energy windows can be
respectively formulated as
K E)d
L= [ IE)e/rEEdr g
K——w (7)

Kt4w
I= [ I(E)eJHrEdr ;g
R Kf+ 0( ) (8)

where fy(£) is the number of photons emitted from an X-ray source, u(s;, £) is the
distribution of attenuation coefficients of an object, o is energy window width of the left and
right windows of a K-edge.

In this study, we assume that the same energy window width o is used for both the left and
right sides of the K-edge, the contrast agent distribution in an object can be reconstructed
based on the following equation (see [20] for a detailed derivation) :
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detectors for the left and right energy windows respectively, Ugssue(f; £) is the distribution of
attenuation coefficients of the background of object, W agen{ £) is the contrast agent
attenuation coefficient, and a 4gesA7) is the contrast agent volume fraction [21, 22].

The first term represents actual measurements. As detailed in [20], /; and /pare the
normalized measured X-ray intensities left and right of the K-edge. The second term is a
correction term to eliminate the contribution from all other structures (other than the contrast
agent). Uyssue(r; E) can either be estimated from a first scan without contrast agent or can be
computed by alternating minimization. The right-hand side of (9) is the Radon transform of
the contrast agent volume fraction, weighted by WAr). Using an inverse Radon transform
method, the image V/)a agend7) can be reconstructed from the projection values computed
by the left-hand side of (9), from measured data obtained from K-edge imaging. After
reconstructing WMra agend 1), We can divide by A1) to obtain the contrast agent volume
fraction image aagend”).

We now present a quantitative analysis for the SNR related to the energy window width.
When an X-ray source irradiates an object, the number of detected photons is a random
variable, obeying a Poisson distribution [23]. Hence, the number of detected photons /;
within a left energy window of the K-edge can be expressed by a Poisson distribution with a
mean value A, :P{I, =n}=e"*r % and the number of detected photons /5 within a right
energy window of the K-edge also obeys a Poisson distribution with a mean value

/\ n
ApiP{I,=n}=e’r % To achieve the optimal signal-to-noise ratio (SNR) of the
measured signal for image reconstruction, we define the SNR in the projection domain as

E <1n(7L)’XL) - E (ln(TR)’XR)

SNR(w)=
\/02 (ln(TL),X ) +o0? (ln(f ) XR) (10)
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where
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From (13), the SNR is a function of the energy window width « and the attenuation
background pissue(; £). In other words, for a given X-ray source spectrum and attenuation
background, SNR(®) can be estimated and maximized with respect to the window width .
Similar to the image-domain contrast U pnsasd®), the projection-domain contrast or the
difference in attenuation left and right of the K-edge

~ Kk —
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In(7;) — In(/5) depends on the energy window width and is monotonically decreasing with
respect to the variable . When the energy window width becomes sufficiently larger, the
normalized number of photons acquired in the left energy window would be less than that in
the right energy window, so the calculated attenuation would be higher than that in the right
energy window, leading to a negative SNR value. On the other hand, when the energy
window width is very small, the number of photons acquired in each energy window would
yield a very high standard deviation in the noise level. Clearly, there is an optimal energy
window width « over the range of (0, mmax) SO that SNR(w) reaches a maximum value,
where wmax IS @ maximum energy window width, as we will demonstrate numerically in the
next section.

Empirically (in reference to Fig. 3), Eq. (13) seems a convex function which can be
effectively solved via a univariate optimization process, such as a Quadratic Interpolation
Search used in our implementation [24]. The main steps for each iteration of this
optimization process deal with several objective functions, which are listed as follows:
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Step 1: Given an energy window width o, calculate XZ and M_?from Egs. (11)
and (12), which are the normalized mean photon numbers detected by
detectors respectively in the left and right energy windows of photon counting
detectors;

Step 2: Calculate the Poisson distribution:

— () k - 3 \F (A K 5\ )"
log(k)e 'z % log(k)e r (Ag!) , (log(k))%e % (log(k))*e*n %

k=1,2,...;

Step 3: Take results from Steps 1 and 2 into Eq. (13) to calculate the objective
function SNR(®).

[1l. Numeric simulations

A. One-dimensional experiment

We assumed a simplified situation with a representative attenuation scenario and a single x-
ray beam. We consider a total path length L, a path length through tissue only (L1 and L3)
and a certain path length through tissue with contrast (L2), as shown in Fig. 2. Note that the
order in which the different tissues occur does not impact the result. While this is only a 1D
analysis, it is representative for a 2D or 3D scenario with a circle-symmetric or cylinder-
symmetric phantom. It can also be used based on the average path lengths of a 2D or 3D
geometry. Later in this paper, we will show that the 1D results are well correlated to the
more complicated 2D and 3D results.

With lodine, Barium, and Gadolinium contrast agents as examples, we numerically studied
the objective function SNR(w) for different energy window widths. The volume fractions of
these contrast agents were chosen based on the biomedical imaging literature [15, 25-28]:
0.9 % for lodine, 1.5 % for Barium and 0.5 % for Gadolinium. We performed the
optimization of the energy window width for photon counting detectors at a representative
projection path. We assumed a total path length L of 20 cm and a contrast path length L2 of
4 cm. In this case, the expected numbers of photons A; and A are only related to the tissue
thickness and the contrast length, which are defined as: dssye = u;,-ssue x[Ly+ L3+ (1-
p)Lo]= u[_,-ssue X [L = pLp] and dagens= p;gemx p x L, respectively. The average attenuation

1

P
coefficients of tissue and contrast agents below the K-edge are ﬁtissuc:; J Hissue(E)dE

K~ —w

1 K-
and ﬁagcnt:;K iw”ﬂgent(E)dE respectively, and p is the concentration of the contrast
agent. For different energy window widths, we computed the expected numbers of
attenuated photons L, and A in the left and right energy windows for a projection, and SVR
(w) in (13). The variation curves of SNR (w) for contrast agents lodine, Barium, and
Gadolinium are shown in Fig. 3. The objective functions SNR (w) are concave, and the
optimal energy window width can be easily found using a univariate optimization method.

We found the optimal energy widths to be 3.9keV, 5.4keV and 6.299keV, respectively.
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We also numerically evaluated the optimal energy widths by computing the SNR from a
large number of noise realizations. From the numerical data, the relationships are plotted
between the optimal energy width, the tissue length, and the contrast agent length for
gadolinium, iodine, and barium solutions respectively. Fig. 4 presents a 2D plot showing the
optimal energy window width as a function of the total tissue path length and the contrast
agent path length. First of all, Fig. 4 serves as a guideline for selecting not only the energy
window width but also the type of contrast agent in a specific application. In a real
application, we can setup a database to optimize K-edge imaging with photon-counting
detectors. Also, Fig.4 can tell which situation is effective for K-edge reconstruction. It can
be seen in Fig. 4 that with the increase of contrast length, which will result in the increase of
photon attenuation, the optimal energy width will grow for a sufficiently strong signal.
When tissue thickness is too large relative to contrast length for a specific contrast agent, the
effect of the K-edge becomes weak for reconstruction of the contrast agent distribution.

B. Cylindrical phantom

In the next part, we show that the optimal energy widths selected using the above-described
approach in the projection domain are closely correlated to the results after image
reconstruction. First, we used three tissue-simulating phantoms (phantoms 1, 2, 3) to test the
approach with three contrast agents respectively. The cylindrical phantoms have 20cm
diameter and 20cm height and have six embedded tubes of 2cm diameter, filled with tissue
and contrast agent solution, as shown in Fig. 5. The design of this phantom is to mimic
simple biological samples with different contrast agents.

A GE Maxiray125 source with a 140kV and 80kV spectra respectively was utilized in the
simulation, which was modeled using a free program (Spectrum GUI). The tube was
equipped with a 3.0mm Al filter [29]. The photon counting detectors measured X-ray
intensities in spectral windows around each K-edge.

The detector efficiency n(£) was 90% and X-rays irradiated a cross-section of the phantom.
The cross-section was discretized into a 512x512 matrix for image reconstruction. Parallel-
beam projections were acquired over a 1807 range with a 0.5 angular increment in every
energy window. Each projection was covered by 512 detector cells. To perform K-edge
imaging, the filtered back projection (FBP) method was employed. The image quality was
quantified with CNR. The CNR is defined as [23]:

5

5 (14)

oNR=% — %l
g

where acand ag are respectively mean reconstructed concentration of the contrast agent
and background regions, and o g is the standard deviation of the background in the
reconstructed concentration image.

We tested with different contrast agents in phantoms 1, 2, and 3 respectively, and calculated
CNR values in the tubes containing different contrast agents in the K-edge tomographic
images. According to the above-described optimization scheme, we found that the optimal
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energy window widths would be 5.4keV for 1.5% barium solution, 3.9keV for 0.9% iodine
solution and 6.299keV for 0.5% gadolinium solution. It can be seen in Fig. 6 that the
maximum values of all the CNRs for different contrast solutions are reached around the
optimal window widths calculated according to the SNR in the projection domain. Also, Fig.
6 indicates that our results from the projection domain analysis are consistent with the image
domain observation.

C. Anthropomorphic phantoms

To verify our optimization method in a realistic situation, we used a new simulation
environment for x-ray computed tomography, called CatSim, which was developed by GE
Global Research Center. CatSim incorporates polychromaticity, realistic quantum and
electronic noise models, finite focal spot size and shape, finite detector cell size, detector
cross-talk, detector lag or afterglow, bowtie filtration, detector efficiency, non-linear partial
volume, scatter (variance-reduced Monte Carlo), and absorbed dose [30]. The CatSim
simulation model is given by Eq. (15):

2 : . 2 : 1 § : scatter
Yi= [ Ek -PO]SSOH(D QE ALk : EGXP(— liso,uok') + Yik e )] .fCONV +Norrna‘l(a'electronic)
k s o

(15)

where yjis the detector signal with a sinogram index i, k is the energy index, s is the beam
sub-sampling index, Ajx is the number of photons arriving at the detector without attenuator
in the energy bin indexed by k, /s, is the intersection length between the line with an index s
and an object with an index o, g is the linear attenuation coefficient of the object o in the

energy bin &, yscatter js the scatter signal, computed by the Monte Carlo simulation, DQE is
the detector quantum efficiency, fcony/is a factor to convert from keV to the number of
electrons, and o gjectronic 1S the standard deviation of the electronic noise [30]. Photon
counting detectors have the additional benefit of being less sensitive to electronic noise, by
using a threshold to discriminate charge pulses from the noise floor of the detector and
associated electronics [31]. While electronic noise will alter the energy attributed to a given
x-ray photon, the number of counts is preserved and photon-counting detectors are expected
to maintain better overall low-signal performance.

In this simulation, we used the FORBILD thorax phantom (phantom 4) with a 1.5%
Gadolinium solution enhanced region in the heart area [32]. The phantom was of 40cm x
40cm with an enhanced region of 1cm in diameter. We performed a numerical simulation
with phantom 4 [30]. For the phantom 4, the energy width were respectively set to 2keV,
5keV (optimal width), 15keV for 1.5% gadolinium solution. Concentration maps were
produced with those energy window widths, as shown in Fig. 7. The CNR of the
concentration map with the 5keV energy window width was 16.4305, which is better than
CNRs associated with the energy window widths of 2keV and 15keV. Therefore, our
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optimization method seems working well in a realistic situation with most actual factors
incorporated.

Then, we used a human body phantom (phantom 5) and a mouse phantom (phantom 6) to
test the approach in clinical and preclinical scenarios respectively. Both the human body
phantom of 40cm x 40cm and the mouse phantom of 2.5cm x2.5cm were discretized in a
512 x 512 matrix. The human body phantom contains liver, tissue, lung, and vertebra
regions, as well as a contrast enhanced region of 4cm diameter. The mouse phantom
contains heart, lung, and tissue regions, along with a contrast enhanced region of 0.2cm
diameter. Gadolinium solution (0.5%) was used as the contrast agent to analyze the K-edge
based concentration reconstruction in an ROI inside the liver region in the clinical
application, and another ROI inside the heart region in the preclinical application.

The numerical evaluation was performed with phantoms 5 and 6. For the phantom 5, the
energy window widths were respectively set to 2keV, 4.1keV (optimal width), 15keV for
0.5% gadolinium solution. For the phantom 6, the energy window widths were 2keV, 5.8keV
(optimal width), 15keV for 0.5% gadolinium solution. All the candidate window widths
were used to perform the concentration mapping as shown in Figs.8 and 10. The
corresponding plotted profiles are shown along the broken lines in Figs. 9 and 11. For better
visualization, Fig. 12 gives a zoomed presentation demonstrating details indicated by the red
boxes in Figs. 9 and 11.

We reconstructed concentration images of contrast agents as shown in Figs. 7, 8 and 10. By
visual inspection, the energy width of 2keV contains apparent noise comparing with that of
the optimal energy width, which will impair the recognition of the contrast agents. The
images of energy width of 15keV had too much background content, making it difficult to
identify the concentration map of contrast agents. In contrast, the images with the optimal
energy width had not only a better noise condition, but also less background interference.
For quantitative measurement, the CNRs with the optimal energy width are the best among
various energy windows, as listed in Table I11. The optimal energy window widths gave least
fluctuation of concentration in ROIs, as shown in Fig. 12.

V. Conclusion

In the earlier studies [15, 16], the optimization was made in the image domain for K-edge
imaging. According to He et al. (2012), the signal difference to noise ratio (SDNR) was the
criterion to optimize the energy window width on both sides of the K-edge. Their work
needs reconstructed images before the optimal energy window width could be calculated.
Our proposed approach starts from the physics of the CT measurements and does not rely on
the selection of a reconstruction method. Numeric evaluation of CNR as a function of
window width shows that the optimal window width indeed results in superior SNR.

In the image domain, we used CNR as the criterion for evaluation of the reconstructed
images of contract agent concentration. As indicated in Figs. 7, 8 and 10, the concentration
maps with the optimal energy window widths generally produced more desirable results. For
example, our optimized images gave weaker noise measures than with the less energy width
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(2keV), and better contrast in the ROI than with the larger energy width (15keV). The
profiles in Figs. 9, 11 and 12 illustrate that the optimal window widths achieved an excellent
tradeoff between the attenuation coefficient contrast and SNR.

With the Poisson distribution of X-ray photons, we have used the signal-to-noise ratio (SNR)
of projection data in the objective function to optimize the width of the X-ray energy
window. This noise model could be improved to better reflect the data acquisition process.
With a more generalized noise model, we would need to re-examine the properties of the
objective function and see if and how the objective function will achieve the maximum SNR.

A further research topic is to evaluate if there is any significant benefit in using different
energy window widths on the left and right sides of a K-edge. It is hypothesized that the
optimal window widths must produce similar noise variances for the estimated line integrals
on the left and right sides of the K-edge. A full formulation would involve significantly more
steps and a new reconstruction algorithm. Hence, this work is considered beyond the scope
of this feasibility paper.

In conclusion, we have proposed a practical method to determine the optimal width for the
energy windows to the left and right of an X-ray K-edge. Our numerical results have verified
that the proposed approach can achieve an optimal SNR of the projection data, and as
expected, an optimal CNR in reconstructed images of contrast agents as well. The proposed
optimization method is accurate and robust against data noise.
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Fig. 1.
Linear attenuation coefficient curves for lodine (black), Barium (red), and Gadolinium
(blue) respectively.
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Fig. 2.
A representative one-dimensional attenuation scenario.
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Fig. 3.

Curves between the energy window width (x-axis) and the normalized SNR (y-axis). Each
of the three contrast agents has its optimal energy window width for the maximum SNR: for
0.9% iodine solution (black), the optimal width is 3.9keV; for 1.5% barium solution (red),
the optimal width is 5.4keV; and for 0.5% Gadolinium solution (blue), the optimal width is

6.299keV.
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2D Plots for the optimal energy widths with respect to tissue thickness and contrast length.

(a)—(c) Optimal energy width plots for gadolinium, iodine, and barium solutions,

respectively.
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(a) Contrast Agents + Tissue
3 Tissue

(d)

Fig. 5.

NSmericaI simulation phantoms; (a) a numerical tissue-simulating phantom with six
embedded contrast tubes (Phantom 1, 2, 3), (b) the FORBILD thorax phantom (phantom 4),
where the sub region are defined in table I, (c) a numerical human body phantom with a
contrast enhanced region of 4cm diameter (phantom 5), and (d) a numerical mouse phantom
with a contrast enhanced region of 0.2cm diameter (phantom 6).
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Fig. 6.
Normalized CNR values for the tubes containing different contrast agents. The energy

window widths in accordance with the maximum CNR are 4keV for 0.9% iodine solution
(black), 6.1keVfor 1.5% barium solution (red), and 7.1keV for 0.5% gadolinium solution
(blue) respectively.
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(a) (b) (€)

Fig. 7.
K-edge tomographic concentration images containing 1.5% gadolinium solution. (a) The

image corresponding to energy width of 2keV with CNR of 9.8129; (b) the image
corresponding to 5keV (optimal width) with CNR of 16.4305; and (c) the image
corresponding to 15keV with CNR of 15.1031. The display window is [-5e-3, 5e-3]
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(a) (b) (c)

Fig. 8.

K-edge tomographic concentration images containing 0.5% gadolinium solution. (a) The
image corresponding to energy width of 2keV; (b) the image corresponding to 4.1keV
(optimal width) with; and (c) the image corresponding to 15keV. The display window is
[-1e-3, 1e-3].
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Fig. 9.
Profiles along the dotted line in Fig. 8. (a) The profiles along the horizontal dotted line and

(b) the counterparts along the vertical dotted line.
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Fig. 10.
K-edge tomographic concentration images containing 0.5% gadolinium solution. (a) The

image corresponding to energy window width of 2keV; (b) the image corresponding to
5.8keV (optimal width); and (c) the image corresponding to 15keV. The display window is
[-5e-4, 5e-4]

IEEE Trans Biomed Eng. Author manuscript; available in PMC 2016 August 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Meng et al. Page 23

(0p) HONE.NUIINO))

(0p) HOpE.HRUIIUO))

(x10°
= Phantom

Al :-IIIIIIIIIIIIl —Energy Width 2keV

. ~— Optimal Energy Width § Skel’
I . Esergy Width 15keV

:
2
[
24 Y

I 1 4 - "
45 =4 100 450 "
Pixel number

(a)

.".J
==Phantom
SEEREEEERNNnD —M"“Ih\'
¢ - - ~—Optimal Energy Width § SkeV
3 -~ ~~Energy Width 15keV
- .
4 . "

2
‘ h
oo 250 300 350 100 450 <00
Pixel number
(b)
Fig. 11.

Profiles of the dotted line in Fig. 10. (a) The profiles along the horizontal dotted line and (b)
the counterparts along the vertical dotted line respectively.
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Fig. 12.
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Profiles for (a) the zoomed region of (a) in Fig. 9; (b) the zoomed region of (b) in Fig. 9; (c)

the zoomed region of (a) in Fig. 11, and (d) the zoomed region of (b) in Fig. 11.
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TABLE |

Material Types of the Phantom Sub Regions Shown In Figure 5

Number

Material

0 N o o B~ W N -

air
lung
tissue
heart(blood)
ROI(1.5%Gadolinium+98.5%Blood)
artery(blood)
bone

marrow

IEEE Trans Biomed Eng. Author manuscript; available in PMC 2016 August 01.

Page 25



Page 26

Meng et al.

8'G 70 ST %S0 wniujopes 9

124 14 ov %S0 wniutjopes) [

g T or %S'T wniujopes ¥

69 4 0z %S0 wniujopes €

i 4 0z %S'T wnieg 14

6°€ 4 0T %60 auipoj T

0} (wo)  (wo) Wby

fewndo € 7 UOlleljusOu0D  BBIUOD  ON

I 371avL

Author Manuscript Author Manuscript

SWwiolUBYd [ea1IsWNN ay1 Jo uonduiassq

Author Manuscript

Author Manuscript

IEEE Trans Biomed Eng. Author manuscript; available in PMC 2016 August 01.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Meng et al.

TABLE Il
CNR FOR Various Energy Windows

Phantom  Width of 2kevV  Optimal  Width of 15keV

Number width
4 9.8 16.5 15.1
5 9.7 16.4 10.8
6 9.5 13.6 11.8
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