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A system and method that comprises an X-ray source

configured to emit an X-ray beam; an object positioned to
receive the X-ray beam; a detector configured to receive an

attenuated beam of the X-rays through the object for mea-
suring projection data from various orientations that can be

used to generate spectral images in terms of energy-depen-

dent linear attenuation coefficients, and a detector, as
described above, comprising one or more energy-integrating

detector elements and one or more photon counting detector
elements in one or more detectors array or separate detector

arrays. The photon counting detector elements may also use
dynamic thresholds to define energy windows.
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HYBRID DETECTOR MODULES AND

DYNAMIC THRESHOLDING FOR

SPECTRAL CT

CROSS-REFERENCE TO RELATED

APPLICATIONS

This application claims the benefit U.S. Provisional

Application No. 61/814,867, filed Apr. 23, 2013 and herein
incorporated by reference.

STATEMENT REGARDING FEDERALLY

SPONSORED RESEARCH OR DEVELOPMENT

This invention was made with government support under

Grant No. RO1 HLO098912 awarded by the National Insti-
tutes of Health. The government has certain rights in the

invention.

INCORPORATION-BY-REFERENCE OF
MATERIAL SUBMITTED ON A COMPACT

DISC

Not Applicable.

BACKGROUND OF THE INVENTION

Field of the Invention

The present application concerns the field of spectral

computed tomography (CT). It also relates to the detection

of x-rays and other radiation for applications in whichit is
desirable to obtain information regarding the energy of the

detected radiation. The present invention also has applica-
tions in medical imaging, non-destructive testing and analy-

sis, security applications, and other applications where

energy discrimination capabilities are useful.
The attenuation properties of matter for x-rays are both

energy and material dependent. At present, the x-ray detec-
tion technology is based on energy-integration in which

electrical. signals, from interactions between x-ray photons
and the scintillator, are accumulated over the entire energy

spectrum, ignoring photon spectral information.

Traditional CT systems provided image data representa-
tive of the x-ray attenuation of an object under examination.

These systemsare limited in the ability to provide informa-
tion about the material composition of the object, the color

of the object and are costly to construct and configure.
One way to obtain information is to measure the energy

of the detected radiation through the use ofphoton counting,

detectors. Exemplary photon counting detectors include
scintillator-based detectors such as those based on lutetium

orthosilicate, bismuth germanate and sodium iodide together
with photodetectors such as photodiodes or photomultiplier

tubes. Still other scintillator materials such as lanthanum
bromide are also known. Cadmium zinc telluride (CZT)

based detectors are an example of direct conversion photon

counting detectors.
The advantages of photon-counting detectors are evident

relative to current-integrating (also referred to as energy-
integrating or sometimes photon-integrating) counterparts.

First, the photon-discriminating capability reveals spectral
responses of materials that are invisible to the current-

integrating process. In current-integrating detectors, low-

energy photons carry more contrast information but receive
lower weights due to beam hardening. Photon-counting

detectors typically do not have such a weighting bias.
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2
Photon-counting detectors can reveal elemental composition
of materials by K-edge imaging, support novel contrast-

enhancedstudies and have other uses for functional, cellular

and molecular imaging. Further, photon-counting detectors
have an inherently higher signal-to-noise ratio (SNR) by

utilizing spectral information.
Photon counting techniques, however, are not without

limitations. For example, the technique is not particularly
suited for use over the count rates and input dynamic ranges

typically encountered in CT and other x-ray applications.

Onetechnique for addressing this issue is described in Kraft,
et al., Counting and Integrating Readoutfor Direct Conver-

sion X-ray Imaging Concept, Realization anti First Proto-
type Measurements, 2005 JEEE Nuclear Science Sympo-

sium Conference Record, which discloses a counting and
integrating pixel (CIX)structure for use with CZT detectors.

A photon counter counts the photons received by a detector

pixel during a reading period. An integrator simultaneously
integrates the total signal current over the reading period.

The described technique claims to extend the available
dynamic range beyond the limits of photon counting and

integration techniques taken individually, and also yields
spectral information in terms of mean photon energy in the

region where the operating ranges of the photon counting

and integration regimes overlap.
U.S. Pat. No. 7,885,372 discloses an energy-sensitive

computed tomography system that includes a detector con-
figured to receive a transmitted beam of the X-rays that

works in conjunction with a filter. The filter uses an alter-
nating pattern of multiple attenuating materials disposed

between the X-ray source and the detector to facilitate

measuring projection data that can be used to generate both
low-energy and high-energy spectral information.

Other solutions are set forth in U.S. Pat. No. 7,894,576
which provides an x-ray sensitive detector element which

generates a time varying signal in response to x-ray photons

received by the detector element, a photon counter which
counts x-ray photons received by the detector element

during a reading period, and a photon energy determiner
which measuresa total energy of the counted x-ray photons.

The photon energy determiner measures a change in the
detector signal during each of a plurality of sub-periods of

the reading period.

Other advancement in the area of energy-discriminative
photon-counting x-ray detectioninclude photon-counting

detectors known as the Medipix developed by CERN (Euro-
pean Organization for Nuclear Research), Medipix-2 is a

photon-counting readout ASIC, each element has a pixel
size of 55x55 um”. The performance of Medipix-2 is limited

by charge sharing over neighboring pixels, compromising

energy resolution. Medipix-3.0 is a photon-processing chip.
Tt has circuitry for each pixel and allows charge deposition

to be analyzed. The readout logic supports eight energy
thresholds over 110x110 um?. Sensor materials can be Si,

GaAs or CdTe for preclinical and clinical x-ray imaging,
respectively. The photon-counting detectors with multiple

channels can be used to differentiate the attenuation char-

acteristics of various materials.
Statistical reconstruction methods have also been devel-

oped to account for the polychromatic characteristics of
x-ray photon-integrated signals in the image reconstruction

process. A penalized weighted least squares (PWLS) algo-
rithm has recently been studied for polychromatic energy-

differentiated x-ray CT. Also, studies have shownthat pho-

ton-counting spectral CT, as compared to conventional CT,
outperforms conventional CT in contrast enhanced scans

with iodine, gadolinium, and other known contrasts.
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BRIEF SUMMARY OF THE INVENTION

The present invention addresses the above problems and

improves upon the current designs described above. In

accordance with one embodiment of the present invention,

the invention combinestraditional energy-integrating detec-

tor elements and Photon counting detector elements in the

same detection array or module. In another aspect, the

present invention provides a hybrid detector with simulta-

neous energy-integration and photon counting modes using

dynamic thresholds.

In another embodiment, a CT detector array is provided

that uses current-integrating/photon-counting, elements or

modules in an interlacing fashion that synergistically com-

bines and utilizes the strengths of each detector type. Gray-

scale detector modules are used to acquire regular raw data

in a large dynamic range cost-effectively. In addition, spec-

tral detector modules are used to sense energy-discrimina-

tive data in multiple energy bins. The apertures for current-

integrating and photon-counting detectors may be different

to compensate for different counting rates due to the differ-

ent working principles of these two types of detectors.

The invention has a real value for emerging CT applica-

tions in terms of cost-effectiveness and enhancedversatility.
Also disclosed is a design of a spectral detector with a

dynamically changing threshold setting. In contrast to the
current spectral design methods in which the energy win-

dowsare pre-fixed for all detector elements over the period

of spectral imaging, the present invention provides a spatial
and/or temporal variation of the energy windowsdefined by

voltage thresholds. Utilizing compressive sensing methods
allows for the recovery of full spectral information from

spectral data collected via the dynamically changing or

spatially randomized thresholds. By doing so, dualor triple
energy windows maycover the same amountof information

as what can be done with more energy windows such as 8
energy windows.

BRIEF DESCRIPTION OF THE SEVERAL

VIEWS OF THE DRAWINGS

FIG. 1A schematically illustrates a hybrid detector array

where stippled elements denote grayscale detector elements
and white elements denote spectral detector elements

respectively arranged in an evenly alternating pattern.
FIG.1B illustrates a hybrid detector with merged spectral

elements.
FIG. 1C illustrates a hybrid detector arranged such that

the spectral elements are centralized.

FIG. 1D illustrates a hybrid detector arranged such that
the spectral elementsare randomly arranged.

FIG. 2 showsthe thorax phantom where the sub-regions
are defined in Table 1.

FIG. 3 showsthe attenuation coefficient of the phantom
materials. The ROI (region of interest) curve shows a

K-edge at 33-34 keV for one embodimentofthreshold levels

that may be used with an embodimentof the invention.
FIG. 4 showsthe partition of the x-ray spectrum into 8

energy channels.
FIG. 5 shows PSNRasa function of Pr for the thorax

phantom with no noise after 5 iterations.
FIG. 6 shows SSIM asis function of Pr for the thorax

phantom with no noise after 5 iterations.

FIG. 7A showsthe original image.
FIG. 7B showsa reconstructed image from noise-free data

at Pr=1.
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4
FIG. 7C showsa reconstructed image from noise-free data

at Pr=3.

FIG. 7D shows a reconstructed image from noise-free

data at Pr=5.
FIG. 7E showsa reconstructed image from noise-free data

at Pr=7.
FIG. 7F showsa reconstructed image from noise-free data

at Pr=9.

FIG. 76 showsa reconstructed image from noise-free data
at Pr=11.

FIG. 8 shows PSNRas a function of Pr for the thorax
phantom with noise after 5 iterations.

FIG. 9 shows SSIM as a function of Pr for the thorax
phantom with noise after 5 iterations

FIG. 10A showsthe original image.

FIG. 10B shows a reconstructed image from noise-free
data at Pr=1.

FIG. 10C shows a reconstructed image from noise-free
data at Pr=3.

FIG. 10D showsa reconstructed image from noise-free
data at Pr=5.

FIG. 10E showsa reconstructed image from noise-free

data at Pr=7.
FIG. 10F shows a reconstructed image from noise-free

data at Pr=9.
FIG. 10G showsa reconstructed image from noise-free

data at Pr=11.
FIG. 10H shows a reconstructed image from noise-free

data at Pr=13.

FIG. 11 is a schematic illustrating dynamic triple energy
windows, with energy windowsonthe left, middle, and right

respectively.
FIGS. 12A and 12B show representative results recon-

structed from dynamic thresholding into 3 energy windows

and fixed thresholding into 8 energy windows (Medipix
setting).

FIG. 13 depicts spectral regions covered by a dual-
energy-window detector element.

FIG. 14A depicts a detector arrangement that may be used
by an embodiment of the invention.

FIG. 14B showsthe detector arrangement of FIG. 14A at

a different orientation.
FIG. 14C showsthe detector arrangement of FIG. 14A at

a different orientation.
FIG. 14D showsthe detector arrangement of FIG. 14A at

a different orientation.

DETAILED DESCRIPTION OF THE
INVENTION

This description is not to be taken in a limiting sense, but
is made merely for the purpose of illustrating the general

principles of the invention. The scope of the invention is
defined by the appendedclaims.In a preferred embodiment,

as shown in FIGS. 1A-1D,the present invention includes an
integrated grayscale and spectral detector elements or mod-

ules configured as a single detector array. In addition, the

invention contemplates the use of one or more arrays.
As shown,current-integrating detectors 100 and photon-

counting detectors 102 may be interlaced in various patterns
within the same detector array. The detectors may be

arranged into an energy-sensitive or spectral computed
tomography system, that comprises an X-ray source config-

ured to emit an X-ray beam, an object positioned to receive

the X-ray beam and a detector, comprising one or more
arrays, configured to receive an attenuated beam of the

X-rays through the object for measuring projection data
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from various orientations that can be used to generate
spectral images in terms of energy-dependentlinear attenu-
ation coefficients. As stated above, the detector comprises
one or more energy-integrating detector elements and one or
more photon counting detector elements in the same detector
array or separate detector arrays.

To solve any associated flux-matching problems, one
solution presented by one embodiment of the invention
places the attenuators in front of the spectral elements.
Another approach covered by the invention is to use a
smaller spectral detection aperture so that the number of
photons reaching a given spectral element can be reduced.
For this configuration, only a relatively small fraction of
conventional detector elements are replaced by spectral
elements. Hence, the cost to construct the device will be
lower and at the same time the device will have the ability
to acquire both grayscale and spectral information. As
discussed in further detail helms, there is an optimal ratio
between the numberof spectral elements and the numberof
grayscale elements for which the hybrid detector array will
perform as well as a full-width spectral detector array.

For geometrical symmetry, an evenly alternating pattern

may be used to form a hybrid detector array as shown in
FIG. 1A. The optimization parameters should include the

ratio ofthe numberofgrayscale modules over the numberof

the spectral detector modules, the number of detector ele-
ments in each module, and others. A parameter to be

consideredis the ratio between the total number of grayscale
elements and the total numberof spectral elements because

it determines the amountof spectral information andthe cost
of the hybrid detector array.

Another characteristic is the arrangement of spectral

elements for a given ratio Pr. An evenly alternating pattern
is illustrated in FIG. 1A. Variants are illustrated in FIGS.

1B-1D. FIG. 1B illustrates a hybrid detector with merged
spectral elements. FIG. 1C illustrates a hybrid detector

arranged such that the spectral elements are centralized.

FIG. 1D illustrates a hybrid detector arranged such that the
spectral elements are randomly arranged.

When a monochromatic x-ray beam passes through an
object, the x-ray intensity attenuation obeys the Beer-Lam-

bert law

"1 a)KE) = 1Bexe{-f uly, E) a|
¥0

where I,(E) is the blank intensity for the x-ray energy

level E on the spectral detector without any object in the

beam, and p(y,E) is the linear attenuation coefficient for an
energy level Eon a position y. A conventional grayscale

detector accumulates all photons over an entire energy
spectrum, and reports the reading as

EM yy (2)

lerey = f 1(Bee-f uy, Pydy)ae
¥0

where EM is the maximum energy. After discretization for

the inner integration, we have

(3)‘YY N

f u(y, Edy = >) mu(E)
YO i=l
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6
where w, is the weighting factor accounting for the

imaging geometry, and 1,(E) is the linear attenuation coef-

ficient of a pixel at energy E. Inserting Eq. (3) into Eq. (1),

provides

N (4)
HE) = Les-Y Ht, (E)

1

 

If the whole spectral range of x-rays is discretized into

multiple bins E,, j=1, 2. . . EM, then the grayscale mea-

surement can be expressed as

(6)EM N

Ieray = ) o,stéssa-)) wiHi(E,)
= 1

 

where Q, is a weighting factor, or the energy-dependent

detector response. For conventional grayscale CT, the mea-

sured intensity on a detector is explained by an effective

attenuation coefficient distribution, which is

N (6)

ley = bx vs
=

where I is the blank intensity reading on the grayscale

detector without any object in the beam. Thatis,

EM (7)

1=>* O,lo(E,)
gl

From Equations(5), (6), and (7), the following is obtained

EM Ny (8)

I=» o,meenl-Y wil(E,) -1
=F =I

As the difference \1,(E,)-11, is very small compared to the

attenuation coefficients when an object is relatively small or

weakly attenuating, Eq. (8) can be approximated as

9)EM N

[=» ome - wince~aa|
yal wl

Then, with Eq. (6) we have

(10)
 

N EM
» »,S Q,lo(Ey o(E,)
= vl

 

Ivflgray
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which can be written in the matrix form

qd)
A =Y 5

 

EM

») GKE,)
yl

 

where A is the system matrix, W(E,) is a vector which
consists of spectral dependentcoefficients) u,(E,) at energy
E,, G=Q1,(E,) and Y, contains data I In

(Fa)Tgray

computed from measured grayscale data.
Eq. (11) gives a linear relationship between the spectral

dependent coefficients and the grayscale data.
For another embodiment of the invention, the below

linear model may be used for the reconstruction of the

spectral dependent attenuation coefficients. In addition,

other solutions knownto those ofskill in the art may be used
as well. For projection data measured with spectral detec-

tors, Eq. (11) can be converted to the following, linear
system

AWE)=¥,f=1.2, 0,EM

10

 

15

20

25

(12)

where 1(E,) is the attenuation coefficientin the j-th energy

bin, and Y,=Ind,(E,)/I(E,)) is the sinogram in the j-th energy
bin.

According to one embodiment of the present invention,

the grayscale and spectral detector elements may be inte-
grated into a single full-width detector array, making for

differences in the system matrixes for grayscale data and
spectral data. Denoting the systems matrix for grayscale data

as A, and the system matrix for spectral data as A,, the
image reconstruction for spectral CT earn be formulated as

the following optimization problem

30

35

40

EM

D>) cullAce(E,) = YIP +
yl

(13)

  

 

  

min EM 2

AEs)! eg ofS G,mE,)| -Yol] +
y=l 45

CS(u(E,), HEL), os HEE)

8
where CS(-) represents the constraints on images from

priori information in the compressive sensing framework.

Dueto the correlation among spectral dependent attenu-

ation coefficients and imagesparsity, a PRISM algorithm, as

disclosed by Gao, H., Yu, H., Osher, S. & Wang G. 2011,

Multi-energy CT based on a prior rank, intensity and

sparsity model (PRISM) Inverse problems, 27, 115012

(http://www.ncbi.nlm.nih.gov/pme/articles/PMC2349839/)

the entirety of which is incorporated herein by reference

may be used to reconstruct the hybrid spectral CT as

follows:

EM

>) cullac(E,) - YIP +
yal

(14)

  

 

  

: EM 2
argmn A G,ulE,)|- ¥HE, co {5 HE) ol] +

A, LowRank(u(E1), H(E2), ... » #(Eew)) +

AQTV(u(E1), H(E2), -.. » #(EEu))

Note that there could be other PRISM variants as well.

Next, the following variables may be used:

XHWE,), X={X,, ksEM}, y={¥,, ksEM}, Y,=AX,
and p=AX (15)

The reconstruction of spectral dependent attenuation

coefficients is reduced to the following optimization prob-

lem:

EM 2 (16)
Ac) GX, -Yo +Ailxl, +nro
I

silat - yl? + co
    

This optimization problem may be solved using the

split-Bregman methodset forth in Chu, J., Li, L., Chen, Z.,

Wang, G., & Gao, H. 2012. Multi-Energy CTReconstruction

Based on Low Rank and Sparsity with the Split-Bregman

Method (MLRSS). 2012 IEEE Nuclear Science Symposium

and Medical Imaging Conference Record (NSS/MIC), M09-

42, pp. 2411-2414, the entirety of which is incorporated

herein by reference.

Set forth below is an algorithm to solve Eq. (16):

 

Algorithm 1: Algorithm to solve Eq. (16)

 

Step 1.

Step 2.

argmin||AX) — YI+ co

a
Denote the variables D = X, B, = FX, B=

i

a
ai

Define V,W,,W, to represent the differences:

23

Ac) GX, Yo
Fl

+Ay[D] «+m |ID -X - VIB +
    

a 2

An (Bil + Bal) +4 By — ae7 ; +
      

B oy ew.2 3i 2
  J
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-continued

10

 

Algorithm 1: Algorithm to solve Eq. (16)
 

Step 3. Set the initial value X° = D° = V° = B,° = B,° = W,° = W,° = 0
Step 4. Perform the following tasks until one of the stopping criteria

. =A) sc ce
= or ————. <€| is met.feos OFTT

3 2

X41 = argminy A(X) — Yl} + col[Ac>) GX, — Yo] + mill! - X -
Fl    

Vt22 + w2Bit — ddiX — W1122 + B2t — djX — W2122

D*! = argming 1,|[D - X"*! - V4)? + A, IDI*
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Each of the above steps is solvable in polynomial time

using available methods suchas set forth in (C et al., 2012)

above.

Whenan object is large, there is a nonlinearrelation of Eq.

(5) between the spectrally dependent coefficients u,(E,) at

energy E,j=1, 2, ..., EM) and measured grayscale data

Lovave
° The image reconstruction for spectral CT can be formu-

lated as the following nonlinear optimization problem:
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where CS(-) represents the constraints on images from

priori information in the compressive sensing framework.

This optimization can be solved using a nonlinear Conjugate

gradient or quasi Newton methods. Generally speaking, the

computational time will be longer with a more general

object model. Nevertheless, the same imaging principle

applies.
Another embodimentofthe present invention provides an

innovative device and method to perform spectral CT imag-
ing using a spectral detector module with controllable

threshold(s) to define two or more energy bins or windows

dynamically. A full-length detector array may consist of such
modules. The energy ranges defined by the thresholds can be

implemented by setting reference voltages. This allows for
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the counting of x-ray falling in one of the defined energy

windows. In one embodiment, dynamically changing thresh-

old may be used to perform dual-energy detection.

In another embodiment, two adaptive thresholds to define

three energy window, one of which may be narrow, is

provided. Another implementation of the invention is to

provide diversified energy thresholds within a detector array

and to keep them intact during scanning. The thresholds may

also be dynamically changeable and or spatially different

from detector to detector. In addition, the thresholds may be

spatially different form one or more photon counting detec-

tor elements to one or more photon counting detector

elements.

The dynamic thresholding scheme allows spectral char-

acteristics to be sensed in a random fashion. Such data can

be reconstructed into spectral images in a compressive

sensing framework. By doing so, energy windowing can be

done in a retrospective fashion. Hence, spatially varying
optimization of energy windows becomespossible.

The imagereconstruction algorithm described above may
be used to handle dynamically thresholded data in the ease

of a relatively small or weakly attenuating object. The only
difference lies in that the number of energy windows is

relatively small, such as 2 or 3, and the energy window

settings may change from it detector to detector, and from
view to view.

To evaluate the embodiments described above, a thorax-
like phantom, FIG. 2, was employed, that is the Forbild

thorax phantom defined on http://www.imp.uni-erlangen.de/
forbild. The phantom of 20 cmx20 cm wassealed down to

make the linear approximation Eq. (9) valid, and discretized

into a 256x256 spatial grid, with a pixel size of 0.078125
cm. This leads to a linear system in the form of Eq. (11). The

task then becomesthe inversion of the system Eq. (11) by
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solving the objective function Eq. (16) using the above-

described split-Bregman Algorithm 1. The objects and

attenuation coefficients are detailed in FIG. 2, Table 1 and

FIG.3.

TABLE1
 

Material types of the phantom sub regions shown in FIG.2. 

 

Number Material Density (g/cm?)

1 Air 0.00

2 Lung 0.26

3 Tissue 1.00

4 Heart (Blood) 1.06

5 ROI 1.00

(0.9% Iodine + 99.1% Blood)

6 Artery (Blood) 1.06

7 Bone 1.50

8 Marrow 0.98

 

The x-ray spectrum was simulated assuming a 1.5 mm Al

and 0.5 mm Cu filter, from 1 keV to 120 keV. In the

simulation, the spectrum was discretized into 120 intervals,

each of which may be 1 keV in length. With a Medipix

detector, 8 energy Channels were measured and then com-

bined to realistically simulate projection from 120 into 8

energy channels, as shown in FIG.4.

Projection data was synthesized from the linear detector

array of 256 elements via ray tracing, in a fan-beam geom-

etry. Equi-angular 180 projections over a full scan were

acquired. One simulation had no noise, and another one was

corrupted by Gaussian noise to yield a signal-to-noise ratio

of -20 dB in the projects. The basic parameters are indicated

in Table 2.

TABLE 2
 

Nominal parameters of the imaging geometry before scaling

down in the numerical simulation. 

 

Parameter Value

Distance between the object and the x-ray 50 cm

source
Distance between the object and the detector 50 cm

array
Length of the detector array 45 cm

Phantom side length 20 cm

Pixel size 0.078125 cm

Detector size 0.1 cm

Numberof detectors 256

Numberof viewing angles 180
 

An evenly alternating pattern, as shown in FIG. 1A, may

be used for the detector modules to form a hybrid detector

array. Various Pr values were studied, which is the ratio

between the number of the grayscale elements and the

numberof spectral elements. A recursive method was used

to find an optimal Pr. Pr from 1, 2,3... to 20 were tested,

and image reconstruction was performed with suflicient

iterations. For a specific ratio Pr, both the peak signal-to-

noise ratio (PSNR) was calculated to obtain the structural

similarity index measure (SSIM)betweenthe true phantom

image and the reconstructed image.

Given a reference image f and a test image g, both of

MxN, the PSNR between f and g is defined as:
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255°MN (17)

M
s

PSNR(f, g) = 10 “

 

N
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A higher PSNR value is generally desirable. On the other

hand. SSIM detects image distortion by combining three

factors that are loss of correlation, luminance distortion and

contrast distortion. The SSIM is defined as:

QfMg + C1 2aog + C2 Ope + C3 (18)

SSIM(f, g) =
HE +R + Cy
 

oF +O24C, TfTg tC

wand pW, are the mean values, o,and o, are the standard

deviations, o,, is the covariance between f and g, C,, C, and
C; are constants to avoid null denominators. A higher SSIM

value suggests a better image quality in a way complemen-
tary to PSNR.

FIGS. 5-6 provide PSNR and SSIM values as a function
of Pr for the thorax phantom without noise. Generally, the

more spectral elements there are, the better image quality is.

For an iterative method, performing more iterations will
normally improve the image quality. Using a Split-Bregman

iterative reconstruction, 5 iterations were found to provide
sufficient and adequate image quality.

FIGS. 7A-7H present the original and reconstructed tho-
rax phantom without noise for Pr=1, 3, 5, 7, 9, 11, 13. The

image windowis from 0 to the largest value in the original

image. FIG. 7A shows the original image which has poor
colors and sharp edges. The colors are based on 8 energy

channels. Areas 112-116 represent regions of interest
(“ROT”).
From the profiles and images, it can be seen that for Pr<9

the SSIM is larger than 0.99, which we consider acceptable.
Note that when Pr is large (>11), the ROI region will be

blurry, and some “ghosts” may appear due to the lack of
spectral detectors.

FIGS.8 and 10A-10H show similar results with the thorax
phantom and noisy data (SNR=20 dB). From the projection

data with Poisson noise, good images (SSIM>0.99) were

still obtained over the ROI in the cases of Pr<9.
Numerical simulation was also performed for spectral CT

with a dynamic thresholding scheme such as is shown in
FIGS. 11 and 14A-14D. A representative study is presented

in FIGS. 12A-12B (an the same simulation conditions
described above, except for different thresholding schemes),

which show that dynamically configuring the detector to use

3 dynamic energy windows or thresholds allows similar
spectral CT reconstruction in 8 fixed energy windows

(which is the Medipix setting). The 3 dynamic energy
windows may be configured as shown in FIG. 11 which

illustrates a tri-value detector that has 3 dynamically change-
able photon counting regions, bins, areas or windows. The

first area, region, bin or window 110 is established and

bounded by afirst energy level 150 and a second energy
level 160. Second area, region, bin or window 120 is

bounded by energy levels that are lower than first energy
level 150. A third area, region, bin or window 130 represents

energy levels that are greater than second energy level 160.
FIG. 13 shows yet another embodiment providing dual-

energy-window detector elements, in this embodiment,

threshold 200 is used and defines a first photon counting
region, bin, area or window 220 and a second 230.Asstated,

the thresholds and corresponding windows may be dynami-
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cally changed. In addition, 2, 3 or more windows may be
used as well as additional windows depending on the

numberof energy channels desired.

Counting photons in a window and out of to window
generates projection data. The window can be changed

randomly during scanning, and different detectors may have
different windows in different angles. Each position of the

window is an energy channel. This results in the creation of
a complex system matrix; utilizing the relationship among

different energy channels,it is possible to reconstruct images

in high quality.
As shown in FIGS. 14A-14D, the system and method

comprise an X-ray source 300 configured to emit an X-ray
beam 320-326; an object positioned to receive the X-ray

beam 315; a detector 350 configuredto receive an attenuated
beam of the X-rays through the object for measuring pro-

jection data from various orientations that can be used to

generate spectral images in terms of energy-dependentlinear
attenuation coefficients. The detector, as described above,

comprises one or more energy-integrating detector elements
330, 331, and 333-335 and one or more photon counting

detector elements 132 and 336 in one or more detector arrays
or separate detector arrays.

In addition, the detectors described above may be

arranged such that different detectors have differ it windows
at different angles, which may be randomly selected as

shown in FIGS. 14A-14D. As shown, various orientations
may be deployed and even encircle an object. Accordingly,

in one preferred embodiment, the above-described teachings
may be used to configure an energy-sensitive or spectral

computed tomography system for use in the applications

described above such as in applications herein the object
comprises a human being, an animal, baggage, a specimen,

industrial part.
The system may further be configured such that the

energy-integrating detector elements and the photon count-

ing detector elements arranged in alternating, merged, cen-
tered or random patterns. The system mayuse a ratio where

the numberof energy-integrating elements and said photon
counting elements is no more than 11 to 1.

Other configurations include photon counting elements
including two, three or more thresholds including embodi-

ments where of or more thresholds define one or more

windowsand the one more photon counting elements count
the photons in the window or windows and out of the

window or windows. The thresholds and corresponding
windows may be dynamically changeable as desired and the

windows may have different orientations such as having
windowsat different angles with the viewing angles being

360 in some embodiments so as to encircle an object.

The above described system and method may beconfig-
ured to further comprise a detector module operable con-

figured for receiving localized projection data through a
region of interest (ROI); reconstructing the ROI into a

spectral image from local spectral data, with or without an
individualized grayscale reconstruction of an entire field of

view, including the ROI. An algorithm for image reconstruc-

tion that may be used with the system is the split-Bregman
technique described above. Other algorithms and programs

may be used as well such as iterative, non-iterative or
optimization techniques for image reconstruction.

For another preferred system and method to perform
energy-sensitive or spectral computed tomography, the

above-described teachings mayalso be used in applications

wherein the object comprises a human being an animal,
baggage, a specimen or industrial part. The system and

method comprising air X-ray source configured to emit an
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X-ray beam; an object positioned to receive the X-ray beam;
one or more detectors configured to receive attenuated beam

of the X-rays through the object for measuring projection

data from various orientations that can be used to generate
spectral images in terms it energy-dependent linear attenu-

ation coefficients. The one or a more detectors comprise one
or more detector elements with dynamically adjustable

thresholds which may be one or more windows (for each
detector element) or spatially randomized energy thresholds

(along a detector array) to capture spectral information. The

number of energy windowsspecified may be dynamically
adjustable adjustable or randomized and 2-3 thresholds n be

used for each detector element at a given time instant. above
described system and method may be configured to further

comprise a detector module operably configured for receiv-
ing localized projection data through a region of interest

(ROI): reconstructing the ROI into a spectral image from

local spectral data, with or without an individualized gray-
scale reconstruction of an entire field of view, including the

ROI. An algorithm for image reconstruction that may be
used with the system and method is the split-Bregman

technique described above. Other algorithms and programs
may be used as well such as iterative, non-iterative or

optimization techniques for image reconstruction.

Other configurations for the above-described embodiment
include photon-counting elements including one, two, three

or more thresholds including embodiments wherethe thresh-
old is a window andthe photon counting elements count the

photons in the windowandout of the window or windows.
The windows may be dynamically changeable as desired

and the windows may have different orientations such as

having windowsat different angles with the viewing angles
being 360 in some embodiments to encircle an object.

Whatis claimedis:
1. An energy-sensitive or spectral computed tomography

system comprising:

an X-ray source configured to emit X-ray beams at an
object;

one or more detectors configured to receive attenuated
beams of the X-rays from an object for measuring

projection data to generate spectral images in terms of
energy-dependent linear attenuation coefficients; and

said one or more detectors comprising one or more

energy-integrating detector elements and one or more
photon counting detector elements in one or more

detector arrays; and
at least one of said photon counting elements count the

photons within a window and out of a window,andsaid
window defined by one or more dynamically change-

able thresholds to capture spectral information in one or

more dynamically changeable windows, said windows
defined by said thresholds during a scanning process.

2. The system of claim 1, wherein said projection data is
received from a plurality of orientations to sample an object

from different orientations using different energy thresholds.
3. The system of claim 1, wherein said elements are

arranged in alternating, merged, centered or random pat-

terns.

4. The system of claim 1, wherein the ratio of the number

of said energy-integrating elements to said photon counting
elements is no more than 11 to 1.

5. The system of claim 1, wherein said thresholds are
spatially different from said photon counting detector ele-

ment to said photon counting detector element.

6. The system of claim 1, wherein the system has one
dynamically changeable threshold that defines two energy

windows.
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7. The system of claim 6, wherein image reconstruction is

performed using polychromatic physical model.

8. The system of claim 1, wherein the system has two

dynamically changeable thresholds that define three energy
windows.

9. The system of claim 1, further including one or more

detector modules operably configured to receive projection
data through a region of interest (ROI); reconstructing the

ROIinto a spectral image, with or without an individualized
grayscale reconstruction.

10. The system of claim 9, wherein the algorithm used for

image reconstruction is the split-Bregman technique.

11. The system of claim 9, wherein image reconstruction
is performed using iterative or non-iterative techniques.

12. An energy-sensitive or spectral computed tomography

system comprising:

an X-ray source configured to emit X-ray beams at an
object;

one or more detectors configured to receive attenuated

beams of the X-rays from an object for measuring
projection data to generate spectral images in terms of

energy-dependent linear attenuation coefficients; and

one or more detectors comprising one or more detector
elements, said one or more detector elements having

one or more dynamically changeable thresholds defin-
ing windows to capture spectral information in view

dependent energy windows defined during scanning.
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13. The system of claim 12, wherein one or more thresh-

olds are used for each detector element at a given time
instant.

14. The system of claim 12, wherein the system has one
dynamically changeable threshold that defines two energy
windows.

15. The system of claim 12, wherein the system has two
dynamically changeable thresholds that define three energy
windows.

16. The system of claim 12, further including one or more
detector modules operably configured to receive projection
data through a region of interest (ROI); reconstructing the
ROIinto a spectral image, with or without an individualized
grayscale reconstruction.

17. The system of claim 16 wherein image reconstruction
is performed using polychromtic physical model.

18. The system of claim 16, wherein the algorithm used
for image reconstruction is the split-Bregman technique.

19. The system ofclaim 16, wherein image reconstruction
is performediteratively or non-iteratively.

20. The system of claim 12 wherein one or more detectors
comprising one or more photon counting detector elements.

21. A radiation detector system, comprising:
one or more detectors comprising one or more detector

elements, said one or more detector elements having

one or more dynamically changeable thresholds defin-
ing windowsto capture spectral information in view-

dependent energy-bins defined during scanning.

* * * * *


