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SYSTEM AND METHOD FOR
QUANTITATIVE IMAGING OF CHEMICAL
COMPOSITION TO DECOMPOSE MULTIPLE
MATERIALS

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application is based on, incorporates herein by refer-
ence, and claims the benefit of U.S. Provisional Application
61/029,132, filed Feb. 15,2008, and entitled “SYSTEM AND
METHOD FOR QUANTITATIVE IMAGING OF CHEMI-
CAL COMPOSITION TO DECOMPOSE MULTIPLE
MATERIALS”.

BACKGROUND OF THE INVENTION

The field of the invention is quantitative imaging and mate-
rial decomposition. More particularly, the invention relates to
a method for determining the mass fractions of constituent
components of an object using CT imaging and a post-recon-
struction material-basis model.

In a computed tomography system, an X-ray source
projects a fan-shaped beam which is collimated to lie within
an X-Y plane of a Cartesian coordinate system, termed the
“imaging plane.” The x-ray beam passes through the object
being imaged, such as a medical patient, and impinges upon
an array of radiation detectors. The intensity of the transmit-
ted radiation is dependent upon the attenuation of the x-ray
beam by the object and each detector produces a separate
electrical signal that is a measurement of the beam attenua-
tion. The attenuation measurements from all the detectors are
acquired separately to produce the transmission profile at a
particular view angle.

The source and detector array in a conventional CT system
are rotated on a gantry within the imaging plane and around
the object so that the angle at which the x-ray beam intersects
the object constantly changes. A group of x-ray attenuation
measurements from the detector array at a given angle is
referred to as a “view”, and a “scan” of the object comprises
aset of views acquired at different angular orientations during
one revolution of the x-ray source and detector. Ina 2D scan,
data is processed to construct an image that corresponds to a
two dimensional slice taken through the object. The prevail-
ing method for reconstructing an image from 2D data is
referred to in the art as the filtered backprojection technique.
This process converts the attenuation measurements from a
scan into integers called “CT numbers” or “Hounsfield units”,
which are used to control the brightness of a corresponding
pixel on a display.

Dual source CT systems have two separate x-ray sources
and associated detector arrays, which rotate together in the
gantry during a scan. The x-ray sources may be operated at
different energy levels to acquire two image data sets from
which a low energy and a high energy image may be recon-
structed.

Quantitative imaging using CT systems has experienced
tremendous growth in recent years, in terms of both the basic
technology and new clinical applications. CT-based quanti-
tative imaging exploits differences in x-ray attenuation
between different materials. In CT images, because different
materials cause different levels of x-ray scattering and
absorption, proper calibration of image pixel values versus
x-ray beam energy can be used to qualitatively and quantita-
tively evaluate an imaged object’s material composition.

The degree to which a given material blocks x-ray trans-
mission, is measured by an attenuation coefficient, which
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accounts for both energy absorption and the scattering of
photons. Often, mass attenuation coefficients, which measure
attenuation per unit mass, are utilized, because they do not
change with the density of the material. Tabulated mass
attenuation coefficients for different elements (Z=1~92) are
readily available in the database of the National Institute of
Standards and Technology (NIST). The NIST database also
includes 48 compounds and mixtures, covering nearly all
tissues found in the human body. The mass attenuation coef-
ficient for compounds and mixtures having than more than
one material is a summation of weighted mass attenuation
coefficients of each constituent material, wherein the weight-
ing factor is the mass fraction of each constituent material.
Material decomposition techniques can be employed to cal-
culate these mass fractions using known mass attenuation
coefficients and dual energy CT measurements. In principle,
this can only be done for objects having two constituent
materials, as dual energy CT provides only two independent
measurements.

Alternatively, material decomposition techniques can
quantify an object under investigation by analyzing the physi-
cal mechanisms that cause attenuation. For the x-ray energies
in the medical diagnostic range, the mechanisms responsible
for material attenuation are the photoelectric effect and
Compton scattering, which can be approximately modeled
using effective atomic number, density, and x-ray energy
information. Therefore, instead of obtaining the mass fraction
of each material, the effective atomic number and density of
the imaged object can be determined using a model of these
two mechanisms and dual energy CT measurements.

In 1976, Alvarez and Macovski proposed a method to
couple the attenuation coefficient model with CT measure-
ments in order to determine the atomic number and density of
a material. First, the attenuation coefficient (u( . . . )) is
modeled as a linear combination of the photoelectric effect
and Compton scattering, as follows:

1 Egn. 1
Hx, y, E) = ay(x, y)ﬁ +ay(x, y) fxw (E).

In Eqn. 1, the photoelectric effect is inversely proportional
to the energy level (E) cubed, and the Compton scattering is
modeled by Klein-Nishina formula. The terms a,(x, y) and
a,(x, y) are related to the atomic number and physical density
of'the materials under investigation. For a CT scan, this model
is expressed as the following line integral:

fﬂ(X, v, E)ds = AIE% + Az fiw (E); Eqn. 2
where:
A= fal(x, yyds; Egn. 3
and

Eqgn. 4

Ax = faZ(xa yids.

From Eqn. 2, at least two equations are needed to obtain the
single solution of the two unknowns. Because dual-energy
CT images the object attwo different energy levels, it satisfies
this requirement and the equation can be written as follows:
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AL Eqn. 5
1;:[3‘-(5)@ B E e 21,2

However, it is very difficult to solve Eqn. 5 for A; and A,.
Alvarez and Macovski therefore used the following power
series to approximate the integral equation:

In I, =bgtb A +bsA+b3d 2+b A2 +bsA Atbed B+

body? Eqn. 6;
and
In I=cot+c 4 1+Codo+Cyd 2Hcsdr2+CsAd 1 Axtced P+

cs45° Eqn. 7.

The sets of coefficients {b,} and {c,} are determined by
calibrations. Once the A| and A, are solved using Eqn. 6 and
7, a,(x,y) and a,(x,y) can be reconstructed by one of the
known reconstruction methods, such as filtered back projec-
tion.

This method, typically referred to as the basis-spectral
method, was the first theoretical analysis on material-selec-
tive imaging using dual-energy CT. The drawback of the
basis-spectral method is that it is not very accurate due to the
intrinsic difficulty in modeling the photoelectric effect and
Compton scattering, especially for discontinuous absorption
edges. Although the basis-spectral method accounts for the
photoelectric effect and Compton scattering by creating a
photoelectric effect and Compton scattering map, this type of
technique is more often used to give the object’s effective
atomic number and density.

In 1986, Kalender et al. proposed that any material’s mass
attenuation coefficient can be expressed as a linear combina-
tion of the coefficients of two so-called basis materials, as
follows:

(So=al5) ®rals) @ Eqn. 8

For a CT measurement, this is expressed using the follow-
ing line integral:

u “ Eqn. 9
fﬂ(x, v, E)dS:Al(—) (E)+A2(—) (E); 4
Py P
where
Eqn. 10
A= f P16, y)ds; 4
and
Egn. 11

Az = fpz(x, yids.

This method is called the basis-material method. Similar to
the basis-spectral method, dual-energy CT measurements are
needed to solve the two unknowns A | and A, . The assumption
used with the basis-material method is that the attenuation
coefficients of the two basis materials are known. From this
assumption and the dual-energy CT measurements, the line
integral equation can be written as follows:

5= f sEyel 1G5,y Fan. 12

Instead of solving Eqn. 12 directly, the basis-material
method uses a table lookup procedure to solve the equation
and produce an output that can be interpreted as components
in a two-dimensional vector space, wherein the basis materi-
als define the basis vectors. As a result, the basis-material
method using dual energy CT is more efficient and clinically
practical than the above-described basis-spectral approach.

Although the basis-spectral and basis-material methods
differ in their modeling of the attenuation coefficients, they
both belong to the “pre-reconstruction” class of methods.
That is, both methods are performed with “raw data,” prior to
image reconstruction. In contrast, a post-reconstruction
method would be capable of analyzing reconstructed images
directly.

In 2003, Heismann et al. proposed a post-reconstruction
method for performing material decomposition using CT.
Under the Heismann method, effective attenuation coefficient
is first defined as follows:

20

25

. f S(E)D(E)e MM g | Eqn. 13
=lim|--In——F———

1 1
o = lim[——ln — ] L
My =072 (10) 0| d fS(E)D(E)dE

30

Then, as follows:

Eqn. 14
Heg = f WEMEE; an

35 where

E) = S(E)D(E) Eqn. 15

T [SEDEME

40
The effective attenuation coefficient (u,) is determined

from the CT image data and S(E) and D(E) are the tube
spectrum and detector sensitivity, respectively. Like the
basis-spectral method, the Heismann method treats p(E) as
the following linear combination of the photoelectric effect
and Compton scattering:

45

fwl (E)(ﬂphoro + Hcompron )dE Egn. 15
P P

(ﬂeﬁ‘l ]
HeF2 fwz(E)(ﬂphmo 4 Heompion )dE
) )

Also similar to the basis-spectral method, the Heismann
method models the photoelectric effect and Compton scatter-
ing as functions of atomic number and x-ray energy, respec-
tively, as follows:

60 Eqn. 16

Hcompron
65 P

Sy Egn. 17
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where o and f§ are constants. Therefore, Heismann’s post-
reconstruction method determines an object’s effective
atomic number and density directly from CT images. The
Heismann method, though able to utilize CT data post-recon-
struction, shares many of the assumptions of the above-de-
scribed pre-reconstruction spectral-basis method. As a result,
the Heismann method shares many of the same shortcomings.

Heismann did not determine how to use the data in both the
pre-reconstruction space and post-reconstruction space, how
to solve the linear equations more accurately, and other mea-
sures, such as the beam hardening effect necessary to suc-
cessfully implement such a method.

Accordingly, it would be desirable to have a system and
method for performing two-material decomposition that is
capable of providing the density and mass concentration of an
object in post-reconstruction space.

SUMMARY OF THE INVENTION

The present invention overcomes the aforementioned
drawbacks by providing a method for non-invasively measur-
ing the quantity of a object’s constituent materials in vivo.
The method allows two-material decomposition and can pro-
vide images showing the distribution of density and constitu-
ent material concentration throughout the object. In contrast
to prior methods, the present invention operates on recon-
structed image data to provide improved efficiency and ease-
of-implementation.

A method for determining a material decomposition using
a CT system is disclosed that includes imaging an object with
the CT system using at least two different energy levels to
acquire CT data associated with each of the energy levels and
reconstructing the acquired CT data associated with each of
the energy levels to produce image data associated with each
of'the energy levels. The method also includes converting the
image data associated with each of the energy levels to attenu-
ation coefficients associated with each of the energy levels,
calculating a ratio of the attenuation coefficients associated
with one energy level to the attenuation coefficients associ-
ated with another energy level, and correlating the ratio cal-
culated in step d) to indicate a concentration of a constituent
material in the imaged object.

A method for determining a material decomposition using
a CT system is disclosed that includes imaging an object with
the CT system using at least two different energy levels to
acquire CT data associated with each of the energy levels and
reconstructing the acquired CT data associated with each of
the energy levels to produce image data associated with each
of the energy levels. The image data associated with each of
the energy levels is converted to attenuation coefficients asso-
ciated with each of the energy levels. The method also
includes selecting corresponding portions of the image data
associated with each of the energy levels, calculating a ratio
of the attenuation coefficients associated with the selected
corresponding portions of the image data, and determining,
from the calculated ratio, a concentration of a constituent
material in the portion of the imaged object corresponding to
selected corresponding portions of the image data. Other
portions of the image data associated with each of the energy
levels are selected and for each the concentration of a con-
stituent material is determined to create a representation of
the object indicating the constituent material in the imaged
object.

Various other features of the present invention will be made
apparent from the following detailed description and the
drawings.
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6
BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is pictorial view of a CT imaging system in which
the present invention may be employed;

FIG. 2 is block schematic diagram of the CT imaging
system,

FIG. 3 is a flowchart setting forth the steps of performing
material decomposition in accordance with the present inven-
tion; and

FIG. 4 is an example a lookup table for determining iron
concentration in accordance with the present invention.

DETAILED DESCRIPTION OF THE INVENTION

With initial reference to FIGS. 1 and 2, a computed tomog-
raphy (CT) imaging system 10 includes a gantry 12 represen-
tative of a “third generation” CT scanner. Gantry 12 has a pair
of'x-ray sources 13 that each project a fan beam or cone beam
of'x-rays 14 toward a detector array 16 on the opposite side of
the gantry. The detector array 16 is formed by a number of
detector elements 18 which together sense the projected
x-rays that pass through a medical patient 15. Each detector
element 18 produces an electrical signal that represents the
intensity of an impinging x-ray beam and hence the attenua-
tion ofthe beam as it passes through the patient. During a scan
to acquire X-ray projection data, the gantry 12 and the com-
ponents mounted thereon rotate about a center of rotation 19
located within the patient 15 to acquire attenuation data for
each of the two x-ray sources.

The rotation of the gantry and the operation of the x-ray
sources 13 are governed by a control mechanism 20 of the CT
system. The control mechanism 20 includes an x-ray control-
ler 22 that provides power and timing signals to the x-ray
sources 13 and a gantry motor controller 23 that controls the
rotational speed and position of the gantry 12. A data acqui-
sition system (DAS) 24 in the control mechanism 20 samples
analog data from detector elements 18 and converts the data to
digital signals for subsequent processing. An image recon-
structor 25, receives sampled and digitized x-ray data from
the DAS 24 and performs high speed image reconstruction.
The reconstructed image is applied as an input to a computer
26 which stores the image in a mass storage device 29.

The computer 26 also receives commands and scanning
parameters from an operator via console 30 that has a key-
board. An associated display 32 allows the operator to
observe the reconstructed image and other data from the
computer 26. The operator supplied commands and param-
eters are used by the computer 26 to provide control signals
and information to the DAS 24, the x-ray controller 22 and the
gantry motor controller 23. In addition, computer 26 operates
a table motor controller 34 which controls a motorized table
36 to position the patient 15 in the gantry 12.

Referring now to FIG. 3, the above-described CT system
may be employed to perform post-reconstruction two-mate-
rial decomposition and provide density and concentration
information for the constituent materials of an imaged object.
A method for performing material decomposition in accor-
dance with the present invention begins at process block 100
with the acquisition of CT data at two different energy spec-
tra. For example, a dual energy CT system may be used to
acquire CT dataat 80kVp and 120k Vp. Atprocess block 102,
the acquired CT data is reconstructed to produce CT images
for each prescribed energy level, for example, filtered back-
projection may be employed to produce registered CT images
for the 80 kVp scan and the 120 kVp scan. Subsequently, at
process block 104, the CT images are processed so that the
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CT number in Hounsfield Units (HU) at each pixel is con-
verted to an attenuation coefficient value.

As addressed above, the total mass attenuation coefficient
of an object containing two constituent materials is the
weighted sum of the two constituent material’s mass attenu-
ation coefficients. If the types of the two materials are known,
such as is generally true or can be assumed when imaging the
human body, the process can then focus on determining the
concentration of each material in the imaged object. Accord-
ingly, the problem can be modeled as follows:

(5)(5) = a(%(ﬁ))1 =(- a)(%(E))z; Eqn 18

where a is the weight percent of the first material within the

object and (1-a) is the weight percent of the second material.
Then, in the image space, this can be rewritten as follows:

fm(E)[a(%(E))l +(1 _a)(%(E))Z Eqn. 19

fwz(E)[a(%(E))z +(1— a)(%(E))z]dE .

]dE
[ﬂeffl

=p
Heff2 ] 7

Referring now to FIGS. 3 and 4, at process block 106,
corresponding pixels in the CT images associated with each
energy level are selected and, at process block 108, the ratio of
attenuation coefficients at these pixels is calculated, that is,
the ratio of u g to W . For example, the ratio of pixel (i,, j,)
from an 80 kVp scan to pixel (i,, j;) from a 120kVp scan may
be calculated. At process block 110, material concentrations,
aand (1-a), and effective density, p,, are determined using a
lookup table that relates the material concentration a to the
ratio of i to 4. Generally, these tables express the mate-
rial concentration a as a one-dimensional monotonic function
of the ratio of attenuation coefficients. If, at decision block
112, all corresponding pixels in the CT images have not been
analyzed, then a next set of corresponding pixels is selected at
process block 114 and the material decomposition steps of
process blocks 108 and 110 are repeated. When all pixels have
been analyzed, at process block 116, the determined constitu-
ent material concentrations and densities are correlated to
image pixels to produce a material composition image show-
ing the distribution of constituent material concentration and
density in the imaged object.

For example, in the above-noted dual energy CT scan, the
ratio of an attenuation coefficient at a given pixel in the 80
kVp scan data to an attenuation coefficient at the correspond-
ing pixel in the 120 kVp scan data may be determined. Then,
using the iron concentration lookup table of FIG. 4, this ratio
may then be employed to determine the concentration of iron
in the imaged object. This process may be repeated to deter-
mine the concentration of iron at the spatial locations repre-
sented by each set of corresponding pixels to produce an
image showing the distribution of iron in a subject. Such an
image could allow an in vivo assessment of iron overload,
such as occurs in hemochromatosis.

It should be noted that the material concentration a can be
a mass fraction, mass percent, weight fraction, weight per-
cent, or any other appropriate measure of concentration. It
should also be noted that this method can be utilized with
dual-energy, single-source CT systems; dual-source, dual-
energy CT systems; or any other CT system capable of acquir-
ing multi-energy data. For example, so-called “photon count-
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ing” and “energy discriminating” CT systems can also be
employed. In such systems, one spectrum is measured and
divided into two energy bands.

The present invention has been described in accordance
with the embodiments shown, and one of ordinary skill in the
art will readily recognize that there could be variations to the
embodiments, and any variations would be within the spirit
and scope of the present invention. Accordingly, many modi-
fications may be made by one of ordinary skill in the art
without departing from the spirit and scope of the appended
claims.

The invention claimed is:

1. A method for determining a material decomposition
using a CT system, the steps comprising:

a) imaging an object with the CT system using at least two
different energy levels to acquire CT data associated
with each of the energy levels;

b) reconstructing the acquired CT data associated with
each of the energy levels to produce image data associ-
ated with each of the energy levels;

¢) converting the image data associated with each of the
energy levels to attenuation coefficients associated with
each of the energy levels;

d) calculating a ratio of the attenuation coefficients associ-
ated with one energy level to the attenuation coefficients
associated with another energy level;

e) correlating the ratio calculated in step d) to indicate a
concentration of a constituent material in the imaged
object and

f) correlating the concentration of a constituent material to
the image data to create an image showing a distribution
of the concentrations of the constituent material.

2. The method as recited in claim 1 wherein the CT system

is at least one of a dual-energy, single-source CT system; a
dual-source, dual-energy CT system; a photon counting CT
system; and an energy discriminating CT system.

3. The method as recited in claim 1 wherein step e) further
includes comparing the ratio calculated in step d) to a lookup
table relating attenuation coefficient ratios to the concentra-
tion of the constituent material.

4. The method as recited in claim 3 wherein the concentra-
tion is at least one of a mass fraction, mass percent, weight
fraction, and weight percent.

5. The method as recited in claim 1 wherein step e) includes
calculating an effective density.

6. The method as recited in claim 5 wherein concentration
is determined for two constituent materials in the imaged
object.

7. The method as recited in claim 6 wherein step ¢) further
includes expressing the attenuation coefficients associated
with each energy level as a weighted sum of the attenuation
coefficients of the constituent materials.

8. A method for determining a material decomposition
using a CT system, the steps comprising:

a) imaging an object with the CT system using at least two
different energy levels to acquire CT data associated
with each of the energy levels;

b) reconstructing the acquired CT data associated with
each of the energy levels to produce image data associ-
ated with each of the energy levels;

¢) converting the image data associated with each of the
energy levels to attenuation coefficients associated with
each of the energy levels;

d) selecting corresponding portions of the image data asso-
ciated with each of the energy levels;
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e) calculating a ratio of the attenuation coefficients associ-
ated with the selected corresponding portions of the
image data;

) determining from the ratio calculated in step e) a con-
centration of a constituent material in the portion of the
imaged object corresponding to selected corresponding
portions of the image data;

g) repeating steps d) through f) to determine a concentra-
tion of a constituent material in the imaged object; and

h) creating a representation of the object indicating the
constituent material in the imaged object.

9. The method as recited in claim 8 wherein the CT system
is at least one of a dual-energy, single-source CT system and
a dual-source, dual-energy CT system.

10. The method as recited in claim 8 wherein step f) further
includes comparing the ratio calculated in step e) to a lookup

10

table relating attenuation coefficient ratios to the concentra-
tion of the constituent material.

11. The method as recited in claim 10 wherein the concen-
tration is at least one of a mass fraction, mass percent, weight
fraction, and weight percent.

12. The method as recited in claim 8 wherein step f)
includes calculating an effective density.

13. The method as recited in claim 12 wherein concentra-
tion is determined for two constituent materials in the selected
corresponding portions of the image data.

14. The method as recited in claim 13 wherein step c)
further includes expressing the attenuation coefficients asso-
ciated with each energy level as a weighted sum of the attenu-
ation coefficients of the constituent materials.
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