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SCATTER CORRECTION TECHNIQUE FOR
USE WITH A RADIATION DETECTOR

BACKGROUND

[0001] Embodiments of the present specification relate
generally to radiation detectors, and more particularly to
scatter technique approaches for use with radiation detec-
tors.

[0002] In an imaging system, such as a computed tomog-
raphy (CT) imaging system, a fan shaped X-ray beam is
emitted towards an object such as a patient or a piece of
luggage to image a region of interest in the object. The beam
is typically attenuated by the object. Subsequently, the
attenuated beam is incident on a CT detector having an array
of detector elements. In response to the attenuated beam, the
detector elements of the array generate respective electrical
signals representative of internal information of the object.
These electrical signals are processed by a data processing
unit to generate an image representative of the region of
interest in the object.

[0003] Reconstruction of images from the acquired data is
generally based upon the assumption that X-ray photons
have traveled in a straight path from the X-ray emission
focal spot to the detector element at which the respective
photon is detected. However, some number of X-ray photons
may be deflected or otherwise travel in a non-linear path
(i.e., scattered) before reaching the detector elements on
which they generate a signal. Such scattered photons gen-
erate an aberrant indication of attenuation at the detector
element that may manifest as noise or other image irregu-
larities (i.e., artifacts) in the reconstructed image. Thus, it
may be of interest to find approaches for addressing scatter-
related signal in an X-ray image acquisition.

BRIEF DESCRIPTION

[0004] Certain embodiments commensurate in scope with
the originally claimed subject matter are summarized below.
These embodiments are not intended to limit the scope of the
claimed subject matter, but rather these embodiments are
intended only to provide a brief summary of possible
embodiments. Indeed, the invention may encompass a vari-
ety of forms that may be similar to or different from the
embodiments set forth below.

[0005] In one implementation, a method is provided for
reducing scatter signal in a computed tomography (CT)
system comprising an X-ray source and a pixelated detector.
In accordance with aspects of this implementation, for each
respective segment of a detector element comprising a
plurality of segments, a respective response signal is
acquired. For the detector element, a primary signal sub-
stantially free of scatter signal is estimated based on readout
signals from one or more of the segments of the detector
element. Based upon the estimated primary signal, a scatter
signal at one or more segments of the detector element is
estimated and corrected for at the one or more segments to
generate scatter-corrected readout signals.

[0006] In a further implementation, a computed tomogra-
phy (CT) imaging system is provided. In accordance with
aspects of this implementation, the CT imaging system
includes a radiation source configured to emit radiation and
a pixelated detector configured to generate signals in
response to the emitted radiation. The pixelated detector
comprises a plurality of detector elements, each detector
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element comprising a plurality of segments offset in the
direction of radiation propagation. At least a portion of the
detector elements are separated by radiation blocking plates
in at least one dimension. The CT imaging system further
includes a processing component configured to receive
signals read out from the pixelated detector, wherein a signal
is read out for each segment of each detector element. For
each detector element the processing component: estimates
a primary signal substantially free of scatter signal based on
readout signals from one or more of the segments of the
detector element; based upon the estimated primary signal,
estimates a scatter signal at one or more segment of the
detector element; corrects for the estimated scatter signal at
the one or more segments to generate scatter-corrected
readout signals for the detector element; and for the com-
bined scatter corrected readout signals from each detector
element, reconstructs an image using the scatter corrected
readout signals.

[0007] In an additional implementation, one or more non-
transitory computer-readable media storing processor-ex-
ecutable instructions are provided. In accordance with
aspects of this implementation, the instructions, when
executed by one or more processors, cause the one or more
processors to perform acts comprising: for each respective
segment of a detector element comprising a plurality of
segments, acquiring a respective response signal; for the
detector element, estimating a primary signal substantially
free of scatter signal based on readout signals from one or
more of the segments of the detector element; and based
upon the estimated primary signal, estimating a scatter
signal at one or more segment of the detector element and
correcting for the estimated scatter signal at the one or more
segments to generate scatter-corrected readout signals.

DRAWINGS

[0008] These and other features and aspects of embodi-
ments of the present invention will become better under-
stood when the following detailed description is read with
reference to the accompanying drawings in which like
characters represent like parts throughout the drawings,
wherein:

[0009] FIG. 1 is a block diagram representation of a
computed tomography (CT) system, in accordance with
aspects of the present disclosure;

[0010] FIG. 2 depicts a side-sectional view of a segmented
pixelated detector, in accordance with aspects of the present
disclosure;

[0011] FIG. 3 depicts collimation effects of plates sepa-
rating detector elements of the detector of FIG. 2, in accor-
dance with aspects of the present disclosure;

[0012] FIG. 4 depicts combined primary and scatter sig-
nals of a segmented detector, in accordance with aspects of
the present disclosure;

[0013] FIG. 5 depicts combined primary and scatter sig-
nals of a segmented detector, in accordance with aspects of
the present disclosure;

[0014] FIG. 6 depicts geometrics aspects of scatter with
respect to a segmented detector, in accordance with aspects
of the present disclosure;

[0015] FIG. 7 is a flow chart of a method for scatter-
correction, in accordance with aspects of the present disclo-
sure
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[0016] FIG. 8 depicts aspects of scatter with respect to a
segmented detector with alternating collimation, in accor-
dance with aspects of the present disclosure; and

[0017] FIG. 9 depicts a two-dimensional collimation grid,
in accordance with aspects of the present disclosure.

DETAILED DESCRIPTION

[0018] One or more specific embodiments will be
described below. In an effort to provide a concise description
of these embodiments, all features of an actual implemen-
tation may not be described in the specification. It should be
appreciated that in the development of any such actual
implementation, as in any engineering or design project,
numerous implementation-specific decisions must be made
to achieve the developers’ specific goals, such as compli-
ance with system-related and business-related constraints,
which may vary from one implementation to another. More-
over, it should be appreciated that such a development effort
might be complex and time consuming, but would never-
theless be a routine undertaking of design, fabrication, and
manufacture for those of ordinary skill having the benefit of
this disclosure.

[0019] When introducing elements of various embodi-
ments of the present invention, the articles “a,” “an,” “the,”
and “said” are intended to mean that there are one or more
of the elements. The terms “comprising,” “including,” and
“having” are intended to be inclusive and mean that there
may be additional elements other than the listed elements.
Furthermore, any numerical examples in the following dis-
cussion are intended to be non-limiting, and thus additional
numerical values, ranges, and percentages are within the
scope of the disclosed embodiments.

[0020] While aspects of the following discussion may be
provided in the context of medical imaging, it should be
appreciated that the present techniques are not limited to
such medical contexts. Indeed, the provision of examples
and explanations in such a medical context is only to
facilitate explanation by providing instances of real-world
implementations and applications. However, the present
approaches may also be utilized in other contexts, such as
tomographic image reconstruction for industrial Computed
Tomography (CT) used in non-destructive inspection of
manufactured parts or goods (i.e., quality control or quality
review applications), and/or the non-invasive inspection of
packages, boxes, luggage, and so forth (i.e., security or
screening applications). In general, the present approaches
may be useful in any imaging or screening context or image
processing field where a set or type of acquired data under-
goes a reconstruction process to generate an image or
volume.

[0021] Embodiments of the present disclosure relate to
scatter correction algorithms for use with a signal generated
by a radiation detectors. In particular, the systems and
methods disclosed herein facilitate scatter correction for
signals generated using a detector having vertically-seg-
mented detector element, such as may be present in energy-
resolving, photon-counting CT imaging system.

[0022] As discussed herein, in certain implementations,
the radiation detector is an energy-resolving, photon-count-
ing CT imaging system that includes a detector having
vertically-segmented detector elements (i.e., pixels) from
which signals are readout from the respective segments at
different depths. The vertically-segmented detector elements
typically employ shielding that separates the detector ele-
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ments from one another in at least one dimension, effectively
providing some degree of scatter absorption along the length
of the detector element. As a result, the scatter-to-primary
(SPR) ratio (defined as

scatter signal ]
primary signal

observed at different segments within the detector element
varies based on depth, with higher segments (i.e., those
closer to the X-ray source) experience more scatter (i.e.,
have a higher SPR) than those segments that are lower, i.e.,
further from the X-ray source. The present approach lever-
ages this difference in SPR at different depths within the
detector element to correct for scatter within different seg-
ments of each detector element.

[0023] With this in mind, as used herein, the terms “pixel”,
and “segmented detector” are used equivalently to denote
detector elements of a pixelated detector. As used herein, the
term “gain factor” refers to a gain value that is applied to a
response signal of a segmented detector. Further, as used
herein, the term “scattering signal” refers to a component of
a detector signal representative of X-ray photons that have
undergone a directional change in their flight between the
X-ray source and detector. Furthermore, the term “pile-up”
refers to a detector response exhibiting a saturating response
when the density of X-ray photons increases beyond a
threshold value. As used here, the term “channel” is used
equivalently and interchangeably to refer to a combination
of a plurality of segments and corresponding read-out elec-
tronics of a detector, where the combination is configured to
generate a response signal. The term “response” refers to a
response signal obtained from a segmented detector. In the
case of the segmented detector, the response signal includes
a plurality of photon counts corresponding to a plurality of
energy bins, e.g., different discrete energy ranges corre-
sponding to the energy of a respective X-ray photon. Each
of the photon count values among the plurality of photon
counts is generated by a photon counter associated with a
segment of the segmented detector

[0024] With the preceding discussion in mind, FIG. 1
illustrates an embodiment of an imaging system 10 for
acquiring and processing image data using segmented detec-
tor elements and anti-scatter correction in accordance with
structures and approaches discussed herein. In the illustrated
embodiment, system 10 is a computed tomography (CT)
system designed to acquire X-ray projection data and to
reconstruct the projection data into volumetric reconstruc-
tions for display and analysis. The CT imaging system 10
includes one or more X-ray sources 12, such as one or more
X-ray tubes or solid state emission structures which allow
X-ray generation at one or more energy spectra during an
imaging session.

[0025] In certain implementations, the source 12 may be
positioned proximate to a pre-patient collimator 22 that may
be used to steer the X-ray beam 20, to define the shape (such
as by limiting off-angle emissions) and/or extent of a high-
intensity region of the X-ray beam 20, to control or define
the energy profile of the X-ray beam 20, and/or to otherwise
limit X-ray exposure on those portions of the patient 24 not
within a region of interest. In practice, the filter assembly or
beam shaper 22 may be incorporated within the gantry,
between the source 12 and the imaged volume.
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[0026] The X-ray beam 20 passes into a region in which
the subject (e.g., a patient 24) or object of interest (e.g.,
manufactured component, baggage, package, and so forth) is
positioned. The subject attenuates at least a portion of the
X-ray photons 20, resulting in attenuated X-ray photons 26
that impinge upon a pixelated detector array 28 formed by
a plurality of segmented detector elements (e.g., pixels)
arranged in an mxn array. The detector 28 may be an
energy-integrating detector, a photon-counting detector, an
energy-discriminating detector, or any other suitable radia-
tion detector. By way of example, the detector 28 may be an
energy-discriminating photon-counting detector, whose out-
put signals, generated in response to X-rays incident on the
detector, convey information about the number and energy
of photons that impact the detector at measured positions
and over a time interval corresponding to a scan or imaging
session. For example, the output signals of the elements of
the detector 28 may constitute photon counts for each of a
plurality of energy bins (i.e., energy ranges) for a given
acquisition interval. The electrical signals are acquired and
processed to generate one or more projection datasets. In the
depicted example, the detector 28 is coupled to the system
controller 30, which commands acquisition of the digital
signals generated by the detector 28.

[0027] A system controller 30 commands operation of the
imaging system 10 to execute filtration, examination and/or
calibration protocols, and may process the acquired data.
With respect to the X-ray source 12, the system controller 30
furnishes power, focal spot location, control signals and so
forth, for the X-ray examination sequences. In accordance
with certain embodiments, the system controller 30 may
control operation of the filter assembly 22, the CT gantry (or
other structural support to which the X-ray source 12 and
detector 28 are attached), and/or the translation and/or
inclination of the patient support over the course of an
examination.

[0028] In addition, the system controller 30, via a motor
controller 36, may control operation of a linear positioning
subsystem 32 and/or a rotational subsystem 34 used to move
the subject 24 and/or components of the imaging system 10,
respectively. For example, in a CT system, the radiation
source 12 and detector 28 rotate about the object (e.g.,
patient 24) to acquire X-ray transmission data over a range
of angular views. Thus, in a real-world implementation, the
imaging system 10 is configured to generate X-ray trans-
mission data corresponding to each of the plurality of
angular positions (e.g., 360°, 180°+a fan beam angle (a), and
so forth) covering an entire scanning area of interest.
[0029] The system controller 30 may include signal pro-
cessing circuitry and associated memory circuitry. In such
embodiments, the memory circuitry may store programs,
routines, and/or encoded algorithms executed by the system
controller 30 to operate the imaging system 10, including the
X-ray source 12 and/or filter assembly 22, and to process the
digital measurements acquired by the detector 28 in accor-
dance with the steps and processes discussed herein. In one
embodiment, the system controller 30 may be implemented
as all or part of a processor-based system.

[0030] The source 12 may be controlled by an X-ray
controller 38 contained within the system controller 30. The
X-ray controller 38 may be configured to provide power,
timing signals, and/or focal spot size and spot locations to
the source 12. In addition, in some embodiments the X-ray
controller 38 may be configured to selectively activate the
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source 12 such that tubes or emitters at different locations
within the system 10 may be operated in synchrony with one
another or independent of one another or to switch the
source between different energy profiles during an imaging
session.

[0031] The system controller 30 may include a data acqui-
sition system (DAS) 40. The DAS 40 receives data collected
by readout electronics of the detector 28, such as digital
signals from the detector 28. The DAS 40 may then convert
and/or process the data for subsequent processing by a
processor-based system, such as a computer 42. In certain
implementations discussed herein, circuitry within the
detector 28 may convert analog signals of the detector to
digital signals prior to transmission to the data acquisition
system 40. The computer 42 may include or communicate
with one or more non-transitory memory devices 46 that can
store data processed by the computer 42, data to be pro-
cessed by the computer 42, or instructions to be executed by
image processing circuitry 44 of the computer 42. For
example, a processor of the computer 42 may execute one or
more sets of instructions stored on the memory 46, which
may be a memory of the computer 42, a memory of the
processor, firmware, or a similar instantiation. By way of
example, the image processing circuitry 44 of the computer
42 may be configured to generate a diagnostic image. In one
embodiment, the diagnostic image is a real-time image
obtained using image reconstruction techniques applied to
the plurality of scatter-corrected signals obtained from the
plurality of pixels 102. In one embodiment, the diagnostic
image is a scatter-corrected CT image displayed on a display
device 50 for assisting a medical practitioner.

[0032] The computer 42 may also be adapted to control
features enabled by the system controller 30 (i.e., scanning
operations and data acquisition), such as in response to
commands and scanning parameters provided by an operator
via an operator workstation 48. The system 10 may also
include a display 50 coupled to the operator workstation 48
that allows the operator to view relevant system data,
imaging parameters, raw imaging data, reconstructed data
(e.g., soft tissue images, bone images, segmented vascular
trees, and so on), material basis images, and/or material
decomposition results, and so forth. Additionally, the system
10 may include a printer 52 coupled to the operator work-
station 48 and configured to print any desired measurement
results. The display 50 and the printer 52 may also be
connected to the computer 42 directly (as shown in FIG. 1)
or via the operator workstation 48. Further, the operator
workstation 48 may include or be coupled to a picture
archiving and communications system (PACS) 54. PACS 54
may be coupled to a remote system or client 56, radiology
department information system (RIS), hospital information
system (HIS) or to an internal or external network, so that
others at different locations can gain access to the image
data.

[0033] With the preceding discussion of an overall imag-
ing system 10 in mind, and turning to FIG. 2, a detector 28
for use in accordance with the present approach is shown in
greater detail. In particular, in one embodiment the detector
28 may be a direct-conversion type detector (i.e., a detector
that does not employ a scintillator intermediary), such as a
detector based on semiconductor materials as the active
material, such as cadmium telluride/cadmium zinc telluride
(CdTe/CZT) or silicon, that generate a measurable signal
when the semiconductor sensor is itself exposed to X-ray
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photons. In certain implementations discussed herein, a
detector 28 employing segmented silicon strips as the detec-
tor elements (i.e., pixels) is described.

[0034] By way of example, and turning briefly to FIG. 2,
each of the plurality of pixels 102 includes a detector
element (such as a silicon strip) having a plurality of
segments 106 (e.g., 4, 5, 6, 7, 8, or 9 segments) disposed at
a plurality of depths with respect to the path of the emitted
X-rays 26 with respect to the surface of the pixels 102 facing
the source 12. It may be noted that, for the purpose of
simplicity the depicted silicon strips are depicted as being
contiguous. However, in practice, the silicon strips may be
formed using two or more silicon wafers so as to allow a
space between the two wafers to facilitate cooling and
placement of electrical circuitry. Such discontinuities
though, if present for practical manufacturing or fabrication
concerns, do not impact the concepts presently presented.

[0035] As used herein, the direction traveled by the X-rays
26 (i.e., the direction of X-ray propagation) with respect to
the source-facing surface of the pixels 102 may be denoted
as “vertical” (corresponding to the Y-dimension in FIG. 2)
and/or may construed as corresponding to a depth dimension
s0 as to provide a geometric frame of reference, hence such
a segmented detector element may be described as vertically
segmented. As will be appreciated, however, such geometric
characterization does not necessarily denote absolute posi-
tion or orientation information, but is merely intended to
simply discussion by providing a consistent contextual
framework.

[0036] As may be appreciated, in the context of a pixelated
detector 28 for use in CT, the detector 28 includes a plurality
of such pixels 102 in two dimensions for each angular
position among the multiple angular positions at which
X-rays are incident on the detector 28. The plurality of
vertical segments 106 within a pixel 102 may have different
heights and/or thicknesses and generate response signals that
may be used for reducing effect of artifacts in signals
generated by the pixels 102 of the pixelated detector 28.
Further, as shown in FIG. 2, the pixels 102 are separated
laterally by anti-scatter plates 160 formed of an X-ray
blocking material (e.g., a 20 um sheath of tungsten) along
the X-axis. The plates 160 help to prevent internal scatter
within the detector, as discussed herein and effectively act to
collimate the X-rays traveling through the detector pixels
102 such that segments 106 closer to the surface facing the
X-ray source are more likely to experience scatter events
than those further from the surface. Additionally, in the
depicted example, an anti-scatter grid or collimator 18 is
positioned proximate to the surface of the detector 28. As
may be appreciated, both the anti-scatter grid 18 and plates
160 may be made of a material or materials that absorbs or
otherwise block X-ray photons. Thus, X-ray photons strik-
ing the septa of the anti-scatter collimator 18 or the plates
160, after being reflected or deflected by the object 24, or
otherwise moving at an angle relative to the septa of the
anti-scatter collimator 18 or plates 160, are stopped in their
path. Conversely, X-ray photons traveling in a relatively
straight path from the X-ray source 12 to the detector 28 are
unimpeded by the anti-scatter collimator 18 and plates 160.
It may be noted that, due to the presence of the plates 160
within the body of the detector 28 which serve to collimate
the X-rays 26, in other implementations, the anti-scatter grid
18 having septa 162 may be excluded or, alternatively, may
be significantly smaller than a conventional anti-scatter grid
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due to the collimation provided by the internal plates 160. In
one such embodiment where a separate anti-scatter grid 18
is omitted, the plates 160 may extend (for example 5 mm to
10 mm) above the surface of the uppermost segments 106 to
remove the scatter signal.

[0037] While the present example, depicts the pixels 102
as being laterally separated by plates 160 in the X-dimen-
sion, the pixels 102 may, in one implementation, be sepa-
rated along the Z-dimension by electrical bias. By way of
example, an implementation of a pixel 102 may measure
~0.4 to 0.5 mm in the X-dimension and 0.5 mm in the
Z-dimension and have an absorption length of between
about 20 mm to about 80 mm (e.g., 30 mm or 60 mm) in the
Y-dimension, though other configurations are possible and
fall within the scope of the present disclosure.

[0038] In the depicted example, the detector elements in
the form of pixels 102 are segmented such that the segments
106 at different depths are of different thicknesses. For
example, in the depicted example the segments 106 increase
in thickness as their depth in the Y-direction increases.
Thickness of segments 106 in the Y-dimension may be based
on obtaining uniform count rates along the length of the
pixel 102.

[0039] In accordance with present approaches, the seg-
ments 106 at different depths each correspond to a different
readout channel. Thus, in this example, there are four
segments 106 (i.e., readout channels) for any given pixel
102. As discussed in greater detail below, each segment 106
of each pixel 102 may be read out by a given readout channel
into a plurality of energy ranges (i.e., energy bins) to
generate a photon count for each energy bin for a given
readout interval or period.

[0040] With the context provided by FIGS. 1 and 2 in
mind, the present approach leverages the observation that
segments 106 closer to the surface of the detector element
102 facing the X-ray source 12 have a higher SPR ratio than
those segments 106 lower in the detector element 102. This
is shown visually in FIG. 3, where vertically segmented
detector elements are shown in conjunction with X-rays 26
having a range of angles of approach. As may be seen, due
to the collimating effects of the anti-scatter septa 162 and
separating plates 160, higher segments 106 can have inci-
dent X-rays approach from a greater angular range (i.e., a
greater acceptance angle) than lower segments. Thus, the
SPR for the vertically arranged segments 106 in a pixel 102
can be estimated from the known geometry of the detector.
With this in mind, the present approaches use the readout
signals acquired from the segments 106 within a detector
element 102 to estimate scatter throughout the detector
element 102. In one such approach, the depths of the
respective segments 106 within a detector element can be
used as a parameter in the modeling of the scatter signal,
where deeper segments have less scatter signal. In one
implementation, the readout signals from the lowest (i.e.,
bottom) segment 106A, which has the least or no scatter
contamination, may be assumed to be all primary signal, and
this signal may be used to correct the readout signals of
higher segments 106 (which have a proportionately greater
scatter signal as depth decreases) within the respective
detector element 102. However, in general, determining both
the primary and scatter signals of each detector element 106
may be a joint estimation process using the readout infor-
mation from some or all segments 106 within a given
detector element 102. In accordance with these approaches,
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pixel-by-pixel scatter correction may be implemented that
provides accurate estimation for the scatter signal for each
readout layer.

[0041] By way of example, and turning to FIG. 4, in a first
implementation the measured signal, N,, for each readout
layer i (i.e., the different depths at which segments 106 are
formed in conjunction with the corresponding associated
readout channel), is composed of primary signal P, and
scatter signal S;:

N=P+S; (6]

The segment thicknesses have been designed so that the
primary signal is approximately constant for the different
readout layers, though the scatter signal at each readout layer
differs, with decreasing scatter signal the lower the readout
layer. This is shown graphically in the graph of FIG. 4 where
line 180 corresponds to measured signal N,, line 182 cor-
responds to primary signal P,, and line 184 corresponds to
scatter signal S,.

[0042] With this in mind, the scatter signal from the
bottom layer (here layer 1) of the detector 28 (associated
with bottommost segments 106A) is well shielded from the
scattered X-ray photons. The scatter signal in the bottom
layer, S,, is approximately zero. So, the measured signal in
the bottom layer can be estimated as:

P,=N, @

[0043] With the preceding in mind, and turning to FIG. 5,
an example algorithm taking into account spectral informa-
tion is shown. For a Si-strip photon counting detector, as
discussed herein, the spectrum of the primary signal P(E), is
resolved for each readout layer. Given this spectrum infor-
mation, a scatter estimation can be performed for the upper
readout layers using the signal from a lower readout layer,
such as the bottom readout layer corresponding to bottom-
most segments 106A. The primary signal in the remaining
(i.e., non-bottom) layers can be estimated by assuming the
signal that reached the bottom (or other lower) readout layer
was attenuated by the layers above it.

[0044] For example, let w(E) be the X-ray attenuation
coeflicient of the silicon detector material for X-rays of
energy E. If the X-ray photon flux reaching the detector
surface is denoted as [, then by Beer’s law, the X-ray photon
flux after being attenuated by the top detector layer is:

Ii—lzlieip(E)di (3)
where d, is the thickness of the corresponding detector layer.

The X-ray photon flux after being attenuated by the second
top detector layer is:

I5= Iie*P(E)(diw‘dz‘—l) )
Similarly, the X-ray photon flux after being attenuated by the

bottom detector layer is:

IO:Iie*P(E)(di“dirl+ <. 4D ©)

And the X-ray photon flux after being attenuated by the
second layer from the bottom is:

I, :Iie*P(E)(di“di—l+ < Hd2) (6)

Therefore, the primary signal P for each detector layer can
be calculated. The primary signal for the bottom detector
layer is:

Py =IymI =1 e Mt - - (] _ a2y o)
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The primary signal for the second layer from the bottom
detector layer is:

Py=L-1, zliefu(E)(diJr B M})(l_efu(E)JZ) (8)
The primary signal for the top layer is:

P=I{1-e 5% ©
The primary signal for the second layer from the top detector
layer is:

pHzliefu(E)dz‘(l_efu(E)dirl) (10)
[0045] The ratio for the signals for each detector layer
compared to the bottom detector layer can be calculated with
these equations. For example:

Py, B (] _ By (1D
P

P[ gu(E)(di+"'+d2)(1 _ ef;l(E)d") (12)
P 1 — o HEM]

[0046] A least square fitting can be performed giving the
measured signal N together with the relationship between
the primary signals to estimate the primary signal P and
scatter signal S for each readout layer of the detector 28.
Since the scatter signal is a low frequency signal, a smooth-
ing kernel can also be applied to further smooth the scatter
signal from the fitting operation. In an implementation with
30 mm height of the tungsten layer, the scatter signal S, for
the bottom layer can be ignored, therefore, the signal for the
bottom layer can be treated as primary signal only, to
simplify the least square fitting.

[0047] Inasecond implementation, the scatter signal S, for
each detector readout layer has a dependence on the signal
collection angle (i.e., accepting or acceptance angle) 0 for
each detector readout layer, as shown in FIG. 6, and a model
based scatter correction algorithm is derived from this
dependence. Given the design geometry, the acceptance
angle 0, for each detector layer can be calculated. The scatter
signal S, at a given readout layer, which decreases from the
top readout layer to the bottom readout layer, is a function
of 6, and can be modeled as (0,). The acceptance angle 6,
depends on the depth d of the detector readout layer, which
can be characterized as o« tan~! w/d, where w is the width of
the detector pixel 102.

[0048] To accurately model the scatter signal, the size of
the object 24 and the size or dimensions of the pre-patient
collimator 22 also needs to be taken into account. For
example, if the object 24 is too small, the detector cells far
away from the object may receive much less scatter signal.
If the pre-patient collimator 22 is very narrow, the amount
of scatter signal from the object is also much less.

[0049] By way of example, if the object 24 is big enough
to cover the majority of the detector plane, and the pre-
patient collimator 22 is wide, the scatter signal arriving at
the top detector readout layer is referred to as S_. As the
acceptance angle decreases, the scatter signal S will gener-
ally decrease proportionally:

Soc@octaflg a3
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Therefore, for the top detector layer i:

Ni = P, + Sotan! g )

i

For the second detector layer from the top, i-1:

_ w (15)
Ny =P_ +Stan ! ———
! ! an d; + di—l

Similarly, for the bottom detector layer:

_ 16)
Ny =P+ Sotant — 2 (
L= frwoetan di+...+d;

[0050] This scatter signal relationship can also be used in
a least square fitting scheme as described above since the
measurement signal for each detector readout layer is avail-
able to solve for the primary signal P and the scatter signal
S. The amount of scatter signal S_ from the object 24 can
also be obtained using a physics model-based scatter esti-
mation. In addition, a first-pass reconstruction can also be
applied to better estimate the scatter signal S. This depen-
dence can also be used to model the scatter signal for each
readout layer, and combined with the previously described
algorithm to further improve the estimation accuracy of the
scatter signal.

[0051] Turning to FIG. 7, an example process flow
describing steps for performing a scatter correction process
for an energy-resolving detector having multiple readout
layers is shown. In this example flow, at step 190 a readout
signal is acquired from each readout layer (corresponding to
the different depths of the segments 106 of a multi-segment
detector element 102). An initial scatter correction for each
readout layer is performed at step 192. This step is also
optional. Spectrum information is estimated (step 194) for
each readout layer. Based on the initial scatter correction and
spectrum estimation, the scatter signal is estimated (step
196) for each readout layer, such as using a least square
estimation based on the signal from the bottom readout layer
for a given pixel 102. Alternatively, a scatter correction
model may be employed that is based on the relationship of
the scatter signal between different readout layers of a given
pixel. The estimated scatter signal is then subtracted (step
198) from the measured signal for a given segment 106 of
the respective pixel 102.

[0052] It may be appreciated that, while the preceding
examples provide a general overview of the present con-
cepts, the present approach is also applicable with variations
of the above-described detector configurations. For
example, the scatter collimator plates or reflectors 160 do
not have to be disposed between each row of pixels 102, but
may instead be positioned between alternating rows of
pixels 102 or in accordance with other alternation schemes
(i.e., every second, every third, or every forth row of pixels),
as shown in FIG. 8. The proposed algorithm is equally
applicable to these designs.

[0053] By way of example, and turning to FIG. 8, scatter
signals typically have low special frequency, i.e., adjacent
pixels receive similar scatter signals. Therefore, the readout
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values of pixels between a set of plates 160 can be averaged
for scatter signal estimation to improve the statistics in
accordance with:

N{E)=(Nai E)+Npi(E))/2. a7

Scatter estimation can then be performed on the averaged
signals using the previously described algorithm for signal
sequence N,(E).

[0054] In one implementation, as discussed herein, a deep
1-D anti-scatter collimator along the X-direction (plates
160) can reduce the scatter signal significantly. In addition,
another anti-scatter collimator along the Z-direction (plates
162) can further reduce the scatter signal, as shown in a
top-down view in FIG. 9. In particular, the readout signal
from the bottom readout layer, corresponding to segments
106 A, may be treated as the primary signal in this instance.
As may be appreciated, the primary signal should be
approximately constant, taking into account the spectrum of
the primary signal, between segments 106 of a properly
aligned pixel 102, and may thereby be determined for the
other readout layers of a pixel 102 given the spectrum
information, as discussed in certain of the preceding
examples.

[0055] Various systems and methods for estimating and/or
reducing scatter signal in a radiation detector, such as on a
pixel-by-pixel basis, are described herein. Such individual
pixel based scatter correction algorithms can significantly
improve the accuracy of scatter signal estimation for CT or
other imaging systems. With the improved scatter correc-
tion, the image quality may be expected to improve accord-
ingly by reducing artifacts, which may have benefits in
diagnosing disease. Further, the present approach leverages
the detector design itself of a photon-counting detector
based on silicon strip and may simplify detector design by
reducing or eliminating the anti-scatter collimator.

[0056] It is to be understood that not necessarily all such
objects or advantages described above may be achieved in
accordance with any particular embodiment. Thus, for
example, those skilled in the art will recognize that the
systems and techniques described herein may be embodied
or carried out in a manner that achieves or improves one
advantage or group of advantages as taught herein without
necessarily achieving other objects or advantages as may be
taught or suggested herein.

[0057] While the technology has been described in detail
in connection with only a limited number of embodiments,
it should be readily understood that the specification is not
limited to such disclosed embodiments. Rather, the technol-
ogy can be modified to incorporate any number of varia-
tions, alterations, substitutions or equivalent arrangements
not heretofore described, but which are commensurate with
the spirit and scope of the claims. Additionally, while
various embodiments of the technology have been
described, it is to be understood that aspects of the specifi-
cation may include only some of the described embodi-
ments. Accordingly, the specification is not to be seen as
limited by the foregoing description, but is only limited by
the scope of the appended claims.

1. A method for reducing scatter signal in a computed
tomography (CT) system comprising an X-ray source and a
pixelated detector, the method comprising:

for each respective segment of a detector element com-

prising a plurality of segments, acquiring a respective
response signal;



US 2018/0328863 Al

for the detector element, estimating a primary signal
substantially free of scatter signal based on readout
signals from one or more of the segments of the
detector element; and
based upon the estimated primary signal, estimating a
scatter signal at one or more segments of the detector
element and correcting for the estimated scatter signal
at the one or more segments to generate scatter-cor-
rected readout signals.
2. The method of claim 1, wherein the primary signal is
estimated based upon a respective readout signal from a
respective segment furthest from the X-ray source.
3. The method of claim 1, wherein the primary signal and
the scatter signal are jointly estimated using the readout
signals from all segments of the detector element, with
readout signals from segments further from the X-ray source
receiving greater weighting in the joint estimation process.
4. The method of claim 1, wherein the act of estimating
the scatter signal is based upon one or both of dimensions of
an imaged object or the geometry of the X-ray source and
detector.
5. The method of claim 1, wherein the act of estimating
the scatter signal is based upon a respective X-ray spectrum
estimated for each segment of the detector element.
6. The method of claim 1, wherein the act of estimating
comprises applying a least square fitting operation.
7. The method of claim 1, wherein the act of estimating
employs a physics-based scatter model to estimate the
scatter signal at the other segments of the detector element.
8. The method of claim 7, wherein the physics based
scatter model includes a parameter for the receiving angle
for each of the segments of the detector element.
9. The method of claim 1, further comprising smoothing
the estimated scatter signal.
10. The method of claim 1, wherein the act of estimating
is performed on averaged measured signals from corre-
sponding segments of adjacent detector elements.
11. A computed tomography (CT) imaging system, com-
prising:
a radiation source configured to emit radiation;
a pixelated detector configured to generate signals in
response to the emitted radiation, wherein the pixelated
detector comprises a plurality of detector elements,
each detector element comprising a plurality of seg-
ments offset in the direction of radiation propagation,
wherein at least a portion of the detector elements are
separated by radiation blocking plates in at least one
dimension;
aprocessing component configured to receive signals read
out from the pixelated detector, wherein a signal is read
out for each segment of each detector element, and
wherein for each detector element the processing com-
ponent:
estimates a primary signal substantially free of scatter
signal based on readout signals from one or more of
the segments of the detector element;

based upon the estimated primary signal, estimates a
scatter signal at one or more segment of the detector
element;
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corrects for the estimated scatter signal at the one or
more segments to generate scatter-corrected readout
signals for the detector element; and

for the combined scatter corrected readout signals from
each detector element, reconstructs an image using
the scatter corrected readout signals.

12. The CT imaging system of claim 11, wherein the
primary signal and the scatter signal are jointly estimated
using the readout signals from all segments of the detector
element.

13. The CT imaging system of claim 12, where the
readout signals from segments further from the X-ray
sources have less scatter signal which can be modeled using
the depth of the segment as one parameter.

14. The CT imaging system of claim 11, wherein the
primary signal is estimated based upon a respective readout
signal from a respective segment furthest from the X-ray
source.

15. The CT imaging system of claim 11, wherein the
detector elements are separated by radiation blocking plates
in intervals of every pixel, every second pixel, every third
pixel, every fourth pixel, or every fifth pixel.

16. The CT imaging system of claim 11, wherein the
processing component is further configured to estimate the
scatter signal based upon one or both of dimensions of an
imaged object or the geometry of the X-ray source and
detector.

17. The CT imaging system of claim 11, wherein the
processing component is further configured to estimate the
scatter signal based upon a respective X-ray spectrum esti-
mated for each segment of the detector element.

18. The CT imaging system of claim 11, wherein the
processing component is further configured to estimate the
scatter signal using averaged measured signals from corre-
sponding segments of adjacent detector elements

19. One or more non-transitory computer-readable media
storing processor-executable instructions that, when
executed by one or more processors, cause the one or more
processors to perform acts comprising:

for each respective segment of a detector element com-

prising a plurality of segments, acquiring a respective
response signal;

for the detector element, estimating a primary signal

substantially free of scatter signal based on readout
signals from one or more of the segments of the
detector element; and

based upon the estimated primary signal, estimating a

scatter signal at one or more segment of the detector
element and correcting for the estimated scatter signal
at the one or more segments to generate scatter-cor-
rected readout signals.

20. The one or more non-transitory computer-readable
media of claim 19, wherein the act of estimating the scatter
signal is based upon one or both of dimensions of an imaged
object or the geometry of the X-ray source and detector.

21. The one or more non-transitory computer-readable
media of claim 19, wherein the act of estimating the scatter
signal is based upon a respective X-ray spectrum estimated
for each segment of the detector element.
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