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(57) ABSTRACT

The present invention relates to the field of medical imaging.

More particularly, embodiments of the invention relate to

methods, systems, and devices for imaging, including for

tomography-based applications. Embodiments of the inven-

tion include, for example, a computed tomography based

imaging system comprising: (a) at least one wide-beam gray-

scale imaging chain capable ofperforming a global scan ofan

object and acquiring projection data relating to the object; (b)

at least one narrow-beam true-color imaging chain capable of

performing a spectral interior scan of a region of interest

(ROI) of and acquiring projection data relating to the object;

(c) a processing module operably configured for: (1) receiv-

ing the projection data; (2) reconstructing the ROI into an

image by analyzing the data with a color interior tomography

algorithm, aided by an individualized gray-scale reconstruc-

tion of an entire field ofview (FOV), including the ROI; and

(d) a processor for executing the processing module. The

extended interior methods and systems for spectral, optical,

and photoacoustic imaging presented in this application can

lead to better medical diagnoses by providing images with

higher resolution or quality, and can lead to safer procedures

by providing systems capable of reducing a patient’s expo-

sure time to, and thus quantity of, potentially harmful x-rays.

Embodiments ofthe invention also provide tools for real-time

tomography-based analyses.

12 Claims, 16 Drawing Sheets
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Figure 5. Convergence plots for (a) Testl, (b) Test2 and (c) Test3, with 3

linearization steps and 50 iterations after each linearization.
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Figure 6. Convergence plots for (a) Test 1, (b) Test 2, and (c) Test 3, with 10

linearization steps and 3 iterations after each Iinearization step.
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Figure 14. Top-level design of an exemplary photoacoustic

tomography system for molecular imaging of an engineered blood
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EXTENDED INTERIOR METHODS AND

SYSTEMS FOR SPECTRAL, OPTICAL, AND

PHOTOACOUSTIC IMAGING

CROSS-REFERENCE TO RELATED

APPLICATIONS

This application relies on the disclosure of and claims the

benefit ofthe filing date ofUS. Provisional Application Nos.

61/260,543, filed Nov. 12, 2009; 61/260,566, filed Nov. 12,

2009; and 61/289,100, filed Dec. 22, 2009; the disclosures of

each of which are incorporated by reference herein in their

entireties.

STATEMENT OF GOVERNMENT INTEREST

This work was partially supported by the National Insti-

tutes of Health under NIH Grants EB001685, CA127189,

CA135151, EB002667, EB004287, EB007288, and

HL098912. The US. Government has certain rights in this

invention.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to the field of medical imag-

ing. More particularly, embodiments ofthe invention relate to

methods, systems, and devices for imaging, including for

tomography-based applications.

2. Description of the Related Art

Existing CT schemes take projection data from an x-ray

source being scanned along a trajectory and reconstruct an

image from these data that are essentially line integrals

through an object. In real-world applications, however,

higher temporal resolution has been constantly pursued, such

as for dynamic medical CT, and micro- and nano-CT. The

multi-source scanning mode is well known to improve tem-

poral resolution but the data acquisition and field ofview are

seriously restricted to avoid overlapped projections, such as

in the case of the classic dynamic spatial reconstructor

(DSA). Needed are methods ofreconstructing an image using

overlapped projection data, resulting in faster data acquisition

without reducing image quality.

Small animal imaging is critically important in this post-

genomic era. Currently, major efforts are being made in the

fields of systems biology and medicine to link genomic and

epigenetic features with complicated biological interactions

such as phenotypic expression. Small animals, particularly

genetically engineered mice, are often used as models of

almost all human diseases. Over the past decade, there has

been explosive growth in development of micro-imaging

technologies to study small animals with emphasis on mice.

At present, most all major biomedical research institutions

and companies extensively use micro-imaging tools, includ-

ing x-ray micro-CT, micro resonance imaging (micro-MRI),

micro single photon emission computed tomography (micro-

SPECT), micro positron emission tomography (micro-PET),

ultrasound (US) and optical scanners.

Unique merits of x-ray micro-CT are evident relative to

other micro-imaging modalities in the context of small ani-

mal imaging. In terms of imaging speed and cost-effective-

ness, micro-CT is superior to magnetic resonance micros-

copy (MRM) and micro-MRI. Micro-CT captures much finer

features than micro-PET and micro-SPECT, which is needed

for accurate functional and molecular imaging. Micro-CT

allows significantly deeper penetration than optical imaging,

and much less artifacts than US. Two major limitations of
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current micro-CT techniques, however, are insufficient con-

trast resolution and high radiation dose.

Thus a need exists for spectrally-resolved photon-counting

based methods, systems, and devices, which are capable of

bright and colorful CT images for anatomical, functional,

cellular and molecular imaging. Such imaging modalities are

expected to lead to major healthcare benefits for diagnosis

and treatment of cancers, cardiovascular diseases, and other

pathologies.

Bioluminescence tomography (BLT) can be used to local-

ize and quantify bioluminescent sources in a small living

animal. Advancing planar bioluminescent imaging to the

tomographic imaging framework, BLT helps detect gene

expression, monitor therapies and facilitate drug develop-

ment, among many other applications.

More particularly, BLT is used to reconstruct the biolumi-

nescence source from the boundary measurement based on a

physical model in which the optical parameters are unknown.

The optical parameters and source, however, cannot be simul-

taneously reconstructed only from boundary measurement.

Accordingly, what is needed is a modality fusion imaging

methodology that can be used to recover the optical param-

eters using the photoacoustic imaging modality for a better

forward modeling so that BLT reconstruction quality can be

improved.

A major barrier to advancing tissue engineering research is

our inability to monitor dynamic biological processes in a

minimally invasive real-time fashion, which makes control

and optimization extremely difficult. Current methods to

assess tissue regeneration, such as histological and physi-

ological analyses, are highly invasive and require destruction

of the newly formed tissue, creating a fundamental knowl-

edge discrepancy between cellular processes and whole organ

biology. Thus, what is needed are minimally-invasive

approaches for performing tomography-based procedures

deep within tissue.

Further, many promising optical molecular imaging

modalities, such as bioluminescence tomography, have a lim-

ited ability to detect deeply embedded optical molecular

probes. Thus, what are needed are systems, methods, and

devices using a sparsity-regularized computational optical

biopsy (SCOB) approach for locating and quantifying the

bioluminescent probes regardless of the source depth.

SUMMARY OF THE INVENTION

The inventors provide various methods, systems, and

devices in this application, which are helpful for addressing

some ofthe issues of existing tomography-based techniques.

Included in embodiments of the invention is a system for

image reconstruction comprising: multiple sources for emit-

ting x-rays to pass through a region of interest (ROI) of an

object at multiple orientations; a detector array for receiving

overlapping x-ray projection data from the multiple sources;

a processing module operably configured for: receiving the

overlapping x-ray projection data; and reconstructing the ROI

into an image by: determining a difference between data

relating to a first actual image and data relating to a second

expected image of higher resolution than the first image;

iteratively updating the expected data and iteratively updating

the corresponding difference between the actual and expected

data; performing a Taylor series expansion to linearize the

imaging system by omitting high order terms; and performing

POCS-gradient algorithm on this linearly approximated sys-

tem iteratively; and a processor for executing the processing

module.
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Such a system can further be configured such that the

multiple x-ray sources are operably configured for simulta-

neously emitting x-ray through the ROI of the object and

wherein the detector is operably configured for simulta-

neously detecting the overlapping x-ray projection data. Even

further, embodiments encompass configurations wherein the

overlapped projections can be modeled as the sum of several

exponential functions depending on the linear integral of the

attenuation coefficients along the x-ray-source-detector path.

The invention also provides such a system, wherein the

POCS-gradient algorithm employs a steepest gradient

descent search method to reduce data discrepancy. Addition-

ally, the system can be configured such that the POCS-gradi-

ent algorithm employs a steepest gradient descent search to

minimize the object image total variation.

Embodiments ofthe present invention encompass methods

of reconstructing an image comprising: emitting x-rays

through a region of interest (ROI) of an object using multiple

sources at multiple orientations to obtain overlapping x-ray

projection data; detecting the overlapping x-ray projection

data with a detector array; reconstructing the ROI into an

image by: determining a difference between data relating to a

first actual image and data relating to a second expected

image of higher resolution than the first image; iteratively

updating the expected data and iteratively updating the cor-

responding difference between the actual and expected data;

performing a Taylor series expansion to linearize the imaging

system by omitting high order terms; and performing POCS-

gradient algorithm on this linearly approximated system

iteratively; and reconstructing the ROI in image form.

Methods can include using multiple sources operably con-

figured for simultaneously emitting x-ray through the ROI of

the object and wherein the detector is operably configured for

simultaneously detecting the overlapping x-ray projection

data. Such methods can also be configured such that the

overlapped projections can be modeled as the sum of several

exponential functions depending on the linear integral of the

attenuation coefficients along the x-ray-source-detector path.

The methods can be performed in a manner wherein the

POCS-gradient algorithm employs a steepest gradient

descent search method to reduce data discrepancy. The meth-

ods are also capable ofbeing performed in a manner such that

the POCS-gradient algorithm employs a steepest gradient

descent search to minimize the object image total variation.

Other embodiments include a computed tomography based

imaging system comprising: at least one wide-beam gray-

scale imaging chain capable ofperforming a global scan ofan

object and acquiring projection data relating to the object; at

least one narrow-beam true-color imaging chain capable of

performing a spectral interior scan of a region of interest

(ROI) of and acquiring projection data relating to the object;

a processing module operably configured for: receiving the

projection data; reconstructing the ROI into an image by

analyzing the data with a color interior tomography algo-

rithm, aided by an individualized gray-scale reconstruction of

an entire field of view (FOV), including the ROI; and a pro-

cessor for executing the processing module.

Such a system can be configured, wherein each imaging

chain comprises an x-ray source and detector pair, and each

pair is operably disposed on a common rotating slip ring.

Additionally, systems of embodiments of the invention can

further comprise multi-source interior true-color micro-CT

for ultra-fast data acquisition. Systems can also be configured

such that the imaging chains are operated simultaneously or

sequentially or combination thereof.

More particularly, system embodiments include systems,

wherein the interior tomography algorithm is further oper-
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4

ably configured for: reconstructing the local images using the

datasets from different energy levels; extracting features from

reconstructed images of different energy levels. Another

embodiment of the present invention may include a process-

ing module operably configured for extracting features for

volume information using the principal component analysis

method.

Computed tomography based methods can also comprise:

performing a global scan of an object and acquiring projec-

tion data relating to the object using at least one wide-beam

gray-scale imaging chain; performing a spectral interior scan

of a region of interest (ROI) of and acquiring projection data

relating to the object using at least one narrow-beam true-

color imaging chain; reconstructing the ROI into an image by

analyzing the projection data with a color interior tomogra-

phy algorithm, aided by an individualized gray-scale recon-

struction ofan entire field ofview (FOV), including the ROI.

Such a method can be configured such that each imaging

chain comprises an x-ray source and detector pair, and each

pair is operably disposed on a common rotating slip ring.

Other methods comprise multi-source interior true-color

micro-CT for ultra-fast data acquisition.

The method of claim 8, wherein the imaging chains are

operated simultaneously or sequentially or a combination

thereof. Methods can also be performed in a manner, wherein

the interior tomography algorithm is further operably config-

ured for: reconstructing the local images using the datasets

from different energy levels; extracting features from all the

reconstructed images of different energy levels.

A method wherein the principal component analysis

method is used to extract features for volume information can

also be used.

Features of embodiments of the invention can include a

photoacoustic tomography based bioluminescence tomogra-

phy (BLT) imaging method for visualizing light absorbing

structures comprising: receiving and processing photon

propagation data ofa bioluminescence source disposed inside

an animal using BLT imaging; detecting signals from pho-

toacoustically-induced ultrasonic waves resulting from

absorption of light by tissue; reconstructing from the signals,

the optoacoustic image P(x):p.a(x)CI)(x), wherein ua(x) is

optical absorption distribution and CI>(x) is local light fluence;

performing optimization to obtain optical absorption and dif-

fusion coefficients; reconstructing the bioluminescence

source using a radiative transport equation or variant.

Further embodiments include methods of reconstructing

into image form an interior region of interest (ROI) of an

object comprising: administering an optical signal along a

confocal line through an object in a manner such that the

optical signal is capable of inducing generation of photoa-

coustic ultrasonic waves resulting from absorption of the

optical signal by the object; rotating the object 360 degrees

while administering the optical signal; at several intervals

throughout the rotating, detecting signals from the photoa-

coustically-induced ultrasonic waves; reconstructing a pho-

toacoustic image of the object from data relating to the pho-

toacoustically-induced ultrasonic signals by using filtered

back-projection.

Method embodiments may further comprise: administer-

ing the optical signal in a manner such that the confocal line

crosses a region of interest (ROI) within the object; rotating

the object in a manner such that the confocal line is capable of

scanning the ROI; obtaining a truncated data set by filtering

any time domain ultrasound signal to remove any signals

exterior to signals relating to the ROI; reconstructing from the

truncated data set, a photoacoustic image of the ROI using

interior tomography techniques.
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Aphotoacoustic tomography based system ofthe invention

comprising: a processing module operably configured for:

receiving data relating to photoacoustic ultrasonic signals

resulting from absorption ofan optical signal by tissue along

a confocal line through the tissue; reconstructing a photoa-

coustic image from data relating to the photoacoustically-

induced ultrasonic signals by using filtered back-proj ection; a

processor for executing the processing module is also encom-

passed in various embodiments.

Such systems can be configured, wherein: the processing

module is operably configured for: receiving data relating to

a region of interest (ROI) within the tissue and relating to

areas exterior of the ROI both of which the confocal line

crosses; obtaining a truncated data set by filtering any time

domain ultrasound signal to remove the signals relating to

areas exterior to the ROI; reconstructing from the truncated

data set, a photoacoustic image of the ROI using interior

tomography techniques; a processor for executing the pro-

cessing module.

Also encompassed by embodiments of the invention is an

optical-biopsy-based photoacoustic tomography system

comprising: a needle operably configured for delivering an

optical signal from within an interior region ofan object, such

that the signal is capable of inducing generation of photoa-

coustic ultrasonic waves resulting from absorption of the

optical signal by the object; a transducer or transducer array

operably configured for detecting signals from the photoa-

coustically-induced ultrasonic waves; a processing module

operably configured for receiving data from the transducer or

transducer array and for reconstructing a photoacoustic

image therefrom; and a processor for executing the process-

ing module.

The systems can be configured to provide the transducer

array disposed in the needle. Even further, the needle can be

operably configured for delivering an optical signal into an

engineered blood vessel wall.

Further embodiments include methods of reconstructing

into image form an interior region of interest (ROI) of an

object comprising: delivering an optical signal from within an

interior region of an object, such that the signal is capable of

inducing generation ofphotoacoustic ultrasonic waves result-

ing from absorption ofthe optical signal by the object; detect-

ing signals from the photoacoustically-induced ultrasonic

waves; reconstructing a photoacoustic image from data relat-

ing to the ultrasonic signals.

It is noted that although only specific embodiments or

methods, systems, and devices are listed in this summary,

these embodiments can be expanded to cover methods, sys-

tems, and/or devices regardless of the type of embodiment is

listed. For example, when referring to only a method, such

disclosure should be construed to include devices and sys-

tems comprising the same elements. Further, these specific

embodiments can be altered or modified by omitting one or

more elements specifically listed and/or by combining ele-

ments of another listed embodiment therewith. For example,

if a method embodiment refers to having two method steps,

that embodiment can be construed as a system capable of

performing only one of those functions and/or as a system

capable of performing both of the listed functions and any

other function listed for another embodiment. It is within the

capabilities of those of ordinary skill in the art to modify this

disclosure in this way.
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The features and advantages of the present invention will

be apparent to those skilled in the art. While numerous

changes may be made by those skilled in the art, such changes

are within the spirit of the invention.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a schematic diagram showing an exemplary set up

for providing image reconstruction of an object from over-

lapping images of the object.

FIGS. 2A-B are images showing the difference between

the ART and IROP reconstruction methods in the first test,

Test 1.

FIG. 2C is a graph ofthe profiles along the central vertical

line of the phantom, where the dotted and solid lines are,

respectively, for the phantom and the IROP reconstruction of

FIG. 2B.

FIGS. 3A-B are images showing the difference between

the ART and IROP reconstruction methods in the second test,

Test 2.

FIG. 3C is a graph ofthe profiles along the central vertical

line of the phantom, where the dotted and solid lines are,

respectively, for the phantom and the IROP reconstruction of

FIG. 3B.

FIG. 4A is an image showing the IROP reconstruction

method in Test 3.

FIG. 4B is a graph ofthe profiles along the central vertical

line of the phantom, where the dotted and solid lines are,

respectively, for the phantom and the IROP reconstruction of

FIG. 4A.

FIGS. 5A-C are graphs plotting the convergence of IROP

in test 1, test 2 and test 3 with fewer linearizations and more

iterations.

FIGS. 6A-C are graphs plotting the convergence of IROP

in Tests 1, 2, and 3 with fewer iterations and more lineariza-

tions.

FIG. 7A is graph showing the absorption characteristics of

Gold as a function of x-ray photon energy.

FIG. 7B is table showing the absorption characteristics of

Gold as a function of x-ray photon energy.

FIGS. 8A-D are illustrations depicting ROI reconstruction

using the interior tomography approach.

FIGS. 9A-B are images of spectral micro-CT volumetric

renderings differentiating contrast materials in a mouse.

FIGS. 10A-B are images of TV—minimization-based inte-

rior reconstruction of a sheep lung.

FIGS. 11A-C are images of TV—minimization-based spec-

tral interior reconstruction.

FIGS. 11D-E are graphs ofthe profiles from the global FBP

and TV—minimization-based interior reconstructions through

the center of the ROI.

FIG. 12 is a two-dimensional sketch of the hybrid true-

color interior micro-CT.

FIG. 13 is a 3-D rendering of the hybrid true-color interior

micro-CT.

FIG. 14 is a schematic diagram showing the top-level

design of the photoacoustic tomography system for molecu-

lar imaging of an engineered blood vessel.

FIGS. 15A-B &D are interior photoacoustic tomography

scans.

FIG. 15C is a three-dimensional schematic ofphotoacous-

tic tomography of an internal ROI with a focused laser beam

in a specimen.

FIG. 16A is a schematic diagram showing the overall opti-

cal-biopsy-based photoacoustic tomography.
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FIGS. 16B-C are schematic diagrams showing various sec-

tions of FIG. 16A.

DETAILED DESCRIPTION OF VARIOUS

EMBODIMENTS OF THE INVENTION

I. Image Reconstruction from Overlapped Projections

The inventors provide methods, systems, and devices

capable of reconstructing an image from overlapped proj ec-

tions so that the data acquisition process can be shortened

while the image quality remains essentially uncompromised.

To perform image reconstruction from overlapped projec-

tions, the conventional reconstruction approach (for example,

filtered backprojection (FBP) algorithms) cannot be directly

used because of the two problems. First, overlapped projec-

tions represent an imaging system in terms of summed expo-

nentials, which cannot be transformed into a linear form.

Second, the overlappedmeasurement carries less information

than the traditional line integrals. To meet these challenges,

the inventors use a compressive sensing (CS) based iterative

algorithm for reconstruction from overlapped data. This algo-

rithm starts with a good initial guess, relies on adaptive lin-

earization, and minimizes the total variation (TV). The fea-

sibility ofthis algorithm has been demonstrated in numerical

tests.

As shown in FIG. 1, the inventors provide methods, sys-

tems, and devices for reconstructing an image from over-

lapped projections so that a new dimension offreedom can be

offered to design novel CT architectures.

Generally, in the overlapped projection geometry, two (or

more) sources, for example A and B, emit x-rays simulta-

neously through an object to be reconstructed from various

orientations. As a result, the resultant x-ray projections are

overlapped onto the same detector array. The overlapped

projections use the same detector array at the same time but

complicate the imaging model. To perform image reconstruc-

tion from overlapped projections, the conventional recon-

struction approach (for example, filtered backprojection

(FBP) algorithms) cannot be directly used. First, overlapped

projections represent an imaging system in terms of summed

exponentials, which cannot be transformed into a linear form,

since the x-ray intensity through an object follows an expo-

nential decaying function. Second, overlapped measurement

carries less information than the traditional line integrals, due

to the additional uncertainty from mixing two ray sums, lead-

ing to an underdetermined imaging system.

Compressive sensing (CS) is a new technique being rapidly

developed over the past years [1-2]. It has been shown that if

a vector x contains at most S non-zero elements and there are

K random measurements ofx such that K2C~S~log(N), where

C is a constant and N is the dimension of x, then minimizing

the L—l norm of x reconstructs x perfectly with an over-

whelming probability. Inspired by its success in signal recov-

ery, we propose a compressive sensing (CS) inspired iterative

algorithm for reconstruction from overlapped data. This algo-

rithm starts with a good initial guess, relies on adaptive lin-

earization, and minimizes the total variation (TV).

According to embodiments ofthe invention, an image fcan

be discretized into aW by H matrix, which can be represented

as a vector f of length n:W-H. Let Nm denote the total

number ofX-ray sources (for a dual-source system, Nsm:2),

me the total number of linear or area detector bins, and NW

the total number of view angles. The sampling process will

yield me~Nmt overlapped data. Since the x-ray attenuation is

governed by an exponential decaying function, the over-

lapped projection data can be expressed as EQUATION (l):
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P1,1

P2,i

prmJ

P: - =exp(—M1f)+exp(—M2f)+...+exp(—MNmf)

PLNm,

prmeror

exp(—M1,1,1f) exp(—M2,1,1f)

exp(—M1,2,1f) exp(—M2,2,1f)

eXP(_Ml,me,lf)

eXP(—Mi,1,2f)

eXP(_M2,me,lf)

exp(—M2,1,2f)

exp(—M1,me,2f) exp(—M2,me,2f)

eXP(_Ml,l,Nm,f) eXP(_M2,l,Nm,f)

   exp(_Mlvamerorf) exp(_M2vamerorf)

eXP(_MN5rC,l,lf)

eXP(_MN5rC,2,lf)

eXP(_MN5rC,me,lf)

eXP(_MN5rC,l,2f)

eXP(—Mwabwzf)

eXP(_MN5rC,l,Nm,f)  exm—Mwsmwbmwmn

where p is an me~Nrot by 1 vector whose element pm,”

me{l, 2, . . . , me} and re{l, 2, . . . ,Nm}, is the overlapped

projection datum detected by the mth detector bin at the r“

view angle, M] denotes the system matrix for the 1‘11 source, 16.

The l by n row vector MUM is the x-ray intersection length

vector from the 1‘11 source to the mth detector bin at the r“ view

angle. The k’h entry of M0", is obtained by calculating the

intersection length ofthe involved x-ray through the kth pixel

of f, which corresponds to the indices 1, m, and r.

The system matrix M and overlapped projection data can

be readily computed in different ways. For example, in ref-

erence to [3], the following algorithm in Table 1 can be used

to generate projection data:

TABLE 1

 

Algorithm 1 (Synthesis of Overlapped Projection Data)

 

Initialization:

 

Initialize the coordinates for the two sources and

detector bins: s1, s2, d;

Define the rotation matrix Q = 12x2;

Zero-out the data vector p of size me - N
rat by 1;

Specify the rotation angle increment 0;
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TABLE l-continued

 

Algorithm 1 (Synthesis of Overlapped Projection Data)

 

Synthesis:
 

Loop for k = 1: NW:

With the current coordinates for the first source

and the detector array,

compute the system matrix M 1 Jr;

With the current coordinates for the second source

and the detector array,

compute the system matrix Mgr;

Update the k’h block of the data vector p:

EQUATION (2)

P1,k

P2,k

Pk = = eXP(—M1,k f) + eXP(_M2,kf)

pmeJ<

Update Q:

EQUATION (3)

[cos(0) —sin(0) ]

_ sin(0) cos(0)

Update source and detector coordinates:

s1 = Qsl; EQUATION (4)

S2 = Q52;

d = Qd;

End

 

Next, the image can be reconstructed from the overlapped

projection data. TO alleviate the underdeterrnined measure-

ment due t0 the overlapped nature Of projection data, the

compressed sensing (CS) principles is employed in the inven-

tive reconstruction process. TO utilize the sparsity Ofan under-

lying image, it is first transformed intO a gradient counterpart,

and then the L—l norm Ofthe gradient, which is known as the

tOtal variation (TV), is minimized, subject t0 the overlapped

projection data. The entire reconstruction process can there-

fore be casted intO a constrained nonlinear Optimization prOb-

lem:

Minimize: TV Of f subject tO p:exp(le)+exp(M2f) and

Other constraints (such as intensity ranges and Object fea-

tures)

There are various ways tO solve the above constrained TV

minimization problem. In the CS field, a projection ontO

convex sets (POCS) and gradient descent search approachhas

been successfully used tO solve this type Of MRI and CT

imaging problems [4-9]. POCS takes advantage Of the fact

that the linear constraints are hyper-planes in the n-dimen-

sional space so that a closed form solution for the projection

ontO these hyper-planes can be derived. Such an algorithm

10

15

25

30

35

40

45

10

works well in the single source geometry, because raw prO-

jection data can be processed intO line integrals.

In the case Of overlapped projections from two sources,

however, the constraint equations, which are the sums Oftwo

exponentials, cannOt be transformed intO a linear form.

Therefore, a different approach is needed. One solution is tO

make a gOOd initial guess, such as a low-resolution CT image

first. This blurry image will serve as a starting pOint, and the

difference between this initial reference and the actual image

will be iteratively updated, and at the same time the current

guess will be also updated. Since the difference is assumed tO

be small, a Taylor series expansion can be performed tO

linearize the imaging system by omitting high order terms.

Then, the POCS-gradient algorithm can be applied on this

linearly approximated system iteratively.

Mathematically, let us denote f:g+df, where f is the origi-

nal image, g the blurry image, and df the difference between

f and g. Then, we have EQUATION (5):

p = eXp(-M1-f)+eXP(—M2-f)=

eXp(—M1-g)eXp(—M1--df)+ eXp(—M2-g)eXp(—M2 -df) =

°" —M -d " °" —M -d "

exp(—M1-g)[2 (fit—,fl] + exp(—M2 -g)[2 (”Z—fig] z

n:0 ' n:0 '

exp(—M1-g)(1+(—M1-df))+ exp(—M2-g)(1+(—M2-df))=

eXp(—M1-g)—6Xp(—M1-g)M1-df +

eXp(—M2 -g) — eXp(—M2 -g)M2 -df-

That is, EQUATION (6):

[eXp(-M1 'g)M1+eXp(-M2'g)M2/ 'ab’:p+eXp(-M1 'g)+

CXP(—M2'g)-

Then, we have the approximate system EQUATION (7):

Mmdffivm,

Mnew:exp(_Ml -g)M1+exp(—M2-g)M2,

where pnew:p+exp(—M1-g)+exp(—M2-g). EQUATION

(8)-

The above approximate system is linear with respect tO df.

This linearity allows us tO perform POCS 0n df. TO perform

the gradient descent search on the TV Of g+df, we compute

the gradient Of the TV explicitly in the image domain, for

example, using the formulas described in [8]. After the lin-

earization with respect tO df and the formulation Of the TV

gradient, we can apply the POCS-gradient algorithm tO esti-

mate df. NOte that such a reconstructed image g+df can be

used as a new guess in the POCS-gradient process until a

satisfactory reconstruction is achieved, as summarized in the

following reconstruction algorithm:

TABLE 2

 

Algorithm 2 (Image Reconstruction from Overlapped Projections (IROP))

 

Initialization:

 

df = 0;

g = A good initial guess, such as a blurry image from a low-resolution CT scan;

NM = 2;

Ndata = Nsrc ' me ' Nrot;

Nlmwr = A number of the system linearization steps;

N”, = A number of the POCS-gradient or SART—gradient iterations for each

linear approximation;

= A number of the gradient descent search steps;

a = A step size for the gradient descent search, say 0.2;

Obtain projection data using Algorithm 1 or from a real scan;

Ngrad
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Algorithm 2 (Image Reconstruction from Overlapped Projections (IROP))

 

Reconstruction:
 

Linearization updating loop forI = 1: Nlmwr (or until Hp — exp(Mlg) — exp(M2g)HPq s 6)

Compute MWW;

POCS-gradient (or SART—gradient) reconstruction loop for J = 1: NW

For POCSW = 1: Ndam

Project df onto the constraint equation:

pm - Mnewdf
df = df —M,W—2-

IIMWII

1

End

For GRAD”, = 1: Ngmd

Compute the TV with respect to df;

Perform the gradient descent search;

End

End

Update the current guess g = g + df ;

End

EQUATION (9)

EQUATION (10)

 

To demonstrate the feasibility of the algorithm for image

reconstruction from overlapped projections, a program in

MATLAB was developed, which implemented the traditional

algebraic reconstruction technique (ART) for comparison. A

Modified 2D Shepp-Logan phantom was scaled into a 5 cm

by 5 cm square and discretized into a 256x256 matrix. This

data is illustrated in Table 3.

TABLE 3

 

Parameters of the 2D modified Shepp-Logan phantom.

 

Axis Center Angle

length( a, b) (x, y) (0) Density

(0.690, 0.92) (0, 0) 0 1.0

(0.6624, 0.874) (0, —0.0184) 0 —0.8

(0.11, 0.31) (0.22, 0) —18 —0.2

(0.16, 0.41) (—0.22, 0) 18 —0.2

(0.21, 0.25) (0, 0.35) 0 0.1

(0.046, 0.046) (0, 0.1) 0 0.1

(0.046, 0.046) (0, —0.01) 0 0.1

(0.046, 0.023) (—0.08, —0.605) 0 0.1

(0.023, 0.023) (0, —0.606) 0 0.1

(0.023, 0.046) (0.06, —0.606) 0 0.1

 

The phantom was centered at the origin of the reconstruc-

tion coordinate system. A circular scanning trajectory of

radius 121.66 cm was assumed with the two sources initially

located at (—20 cm, 120 cm) and (20 cm, 120 cm) respectively.

A 14 cm long linear detector array was positioned opposite to

the sources and 5 cm below the phantom with a distance of

131.53 cm from each of the sources. Gaussian white noise

was drawn from the normal distribution N(0, 0.005) and

added to ideal projection data during the sampling stage. The

scanning geometry is illustrated in FIG. 1. Other parameters

are listed in Table 4.

TABLE 4

 

Parameters used in the numerical tests.

 

 

Test 1 Test 2 Test 3

ART: IROP: ART: IROP: ART: IROP:

Single Two Single Two Single Two

Source Source Source Source Source Source

NW 15 150 30 150 NA 150

me 50 500 100 500 NA 500
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TABLE 4-continued

 

Parameters used in the numerical tests.

 

 

Test 1 Test 2 Test 3

ART: IROP: ART: IROP: ART: IROP:

Single Two Single Two Single Two

Source Source Source Source Source Source

[may NA 3 NA 3 NA 3

m 50 50 50 50 NA 50

NA 5 NA 5 NA 5grad

 

Both ART and IROP reconstructions were performed

under these conditions, with blurry and constant initial guess.

Representative results are provided in FIGS. 2 through 4. It

has been observed that the IROP algorithm would work well

if the initial guess resembles the ideal image through a mod-

erate blurring process. Actually, in the first test the blurry

images were obtained by blurring a low-quality ART image

reconstructed under a severely under-sampling condition

with only meme:15><50:750 measurements to recon-

struct 256x256:65536 pixels. In the second test, more mea-

surements were made in the single source scan, and the IROP

reconstruction became better. Also, the IROP reconstruction

tended to be smoother than the corresponding ART images,

indicating that compressed sensing (CS) is more effective

thanART in suppressing image noise. In the last test, an IROP

image was reconstructed with a constant initial guess (an zero

image). It is apparent that the reconstructed image can be

further improved if more iterations are used.

To investigate the convergence of IROP, we first introduce

an evaluation metric (n), which is defined as the sum of the

component values in the error vector df at nth iteration:

2562 EQUATION (11)

6(n) = Z df.(n)
1:1

where the subscript i denotes the ith pixel component in the

error vector df. We then plotted 5(n) for every iteration. The

results for each of the three tests are shown in FIG. 5. There

are mainly three important observations from the conver-

gence plots. First, the big jumps at multiples ofNW indicates

that linearization step played an important role in the conver-
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gence of IROP. Second, as IROP goes through more itera-

tions, 5(n) approaches zero, showing that IROP effectively

reduces the differences between the original and the recon-

structed images. Additionally, the smaller values for 5(n) in

test 2 show that a good initial guess can lead to better recon-

struction quality.

FIG. 6 shows another 3 plots obtained with fewer iterations

and more linearizations. It is observed that the error between

the reconstructed image and the true image was reduced

dramatically immediately after each new linearization. After

3 or 4 linearization processes, the convergence curve became

stable and smooth. After that, if the number of iterative steps

in each linearization process was increased, the image quality

would be improved only slowly. Hence, to balance of image

quality and computational time a good solution is for the

method to use a limited number of iterative steps after each

earlier linearization process, and perform a sufficiently large

number of iterative steps after the final linearization, for

example, after 3 or 4 linearization processes.

One notable advantage of the IROP scheme is to improve

the data acquisition speed. In one exemplary application, we

can assume that the two sources are fairly close so that the

detector collimation can work effectively for both the

sources. If a good number of sources are used, scattering

effects could be a concern. In that case, scattering correction

may be needed using hardware (such as some degree of

multiplexing) and/or software (such as model- or image-

based compensation) methods [10-13] .

Using Algorithm 2, to ensure success ofthe linearization, a

good initial guess should be employed. It is underlined that it

is practical to have such a good guess. For example, in multi-

resolution CT studies a low resolution image serves as a guess

naturally. Also, in dynamic CT studies, an initial image rep-

resents a good guess to subsequent images. When we have a

cluster of computers, we may use multiple random initial

guesses to search for a more accurate and stable reconstruc-

tion. Furthermore, Algorithm 2 may be adapted into an evo-

lutionary scheme.

The implementation of Algorithm 2 can be improved in

several ways. To reduce the smoothing artifact, one can

reduce the number of gradient descent iterations or the step

size. Other algorithmic parameters could also be tuned for a

specific type of applications. Most importantly, the computa-

tional structure ofAlgorithm 2 is based on simple heuristics,

and does not reflect all the constraints and requirements in a

well integrated and optimized fashion.

It is believed that the global convergence of the IROP

scheme can be established if a guess is appropriately chosen,

as numerically shown above. Actually, the IROP problem is

much better posed than many well-known inverse problems

such as diffuse optical tomography (DOT) [14]. In IROP with

two sources, each datum reflects information from two lines.

In DOT, eachmeasure is related to a random zigzag trajectory.

Thus, it is not surprising to see better results with IROP than

that with DOT. When we have infinitely many sources along

a line, we have a line-source imaging geometry, which has

been studied by Bharkhada [15] and still yields better results

than DOT reconstruction [15].

Since the IROP scheme mixes line integrals pair-wise, the

IROP problem may lead to an underdetermined system of

measurement equations, especially when the number of

samples is not sufficiently large for ultrafast imaging perfor-

mance. To address this issue, we have implemented the CS

principles in Algorithm 2 by minimizing the TV. CS is a

contemporary technique for solving an underdetermined sys-

tem oflinear equations, whose solution is known to be sparse.

The main idea is to minimize cardinality, or equivalently to

40

45

55
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minimize the TV in many cases. In the context of IROP, an

image itself is usually not sparse, but it can be sparsified in a

transformed domain such as the gradient transform, and then

we can apply the L—1 norm minimization in the transformed

domain subject to the projection data constraints for good

reconstructions, as numerically shown in the preceding sec-

tion.

The inventive IROP approach can be extended to multiple

other imaging scenarios. In transmission ultrasound imaging

multiple ultrasound sources can be used with a single array of

detectors (transducers). This may be also related to the area of

signal unmixing. The common task would be to unravel an

underlying signal or image from mixed measures.
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II. Color Diffusing Interior Tomography.

A. Spectral Micro-CT. [Photon-counting Technology].

X-ray detection technology can be categorized into two

groups: energy-integration and photon-counting. Almost

exclusively, all current x-ray scanners use energy-integrating

detectors where electrical signals, from interactions between

an x-ray beam and materials, are accumulated over an entire

spectrum. In contrast, photon-counting detectors recognize

photons both individually and spectrally. The advantages of
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photon-counting detectors are evident relative to energy-in-

tegrating detectors (Jakubek 2009). First, photon-counting

detectors record spectral responses ofmaterials that are invis-

ible to energy-integrating detectors. In energy-integrating

detectors, low-energy photons carry more contrast informa-

tion but receive lower weights due to beam hardening. Pho-

ton-counting detectors should not have any such bias in

weighting x-ray photons (Cahn, Cederstrom et al. 1999; Gier-

sch, Niederlohner et al. 2004). Second, photon-counting

detectors have an inherently higher signal-to-noise ratio

(SNR) by utilizing spectral information, suppressing elec-

tronic and Swank noise (Swank 1973) and rejecting scattered

photons (Shikhaliev 2005). The SNR improvement for pho-

ton-counting detectors can be up to 90% (Giersch, Nieder-

lohner et al. 2004). Third and most importantly, photon-

counting detectors can reveal elemental composition of

materials and support novel contrast-enhanced studies

(Schlomka, Roessl et al. 2008; Anderson, Butler et al. 2010)

and opening new possibilities for functional, cellular and

molecular imaging with novel contrast agents such as gold

nano-particles (Akolekar, Foran et al. 2004; Hainfeld, Slatkin

et al. 2006; Xu, Tung et al. 2008; Wang, Wu et al. 2010).

[Medipix Detector Family]. Medipix is a series of state-of-

the-art photon-counting detectors for x-ray micro-imaging

from the CERN collaboration (Campbell, Heijne et al. 1998).

Medipix1 has detector cells each measuring 170x170 um2

(Campbell, Heijne et al. 1998); Medipix2 refines that to

55x55 um2 (Llopart, Campbell et al. 2002). The performance

ofMedipix2 is limited by the charge cloud effect over neigh-

boring pixels which compromises energy resolution much

more than spatial resolution. To address this issue, another

system is needed which has special circuitry for each pixel to

allow charge deposition to be analyzed without spectral dis-

tortion. The readout logic should be configured to support

eight energy thresholds for spectroscopic imaging. It is

underlined that the Medipix design allows use of various

detection substrates including Si, GaAs, and CdTe for pre-

clinical and clinical x-ray energy ranges (Zwerger, Abu-Id et

al. 2007; Sorgenfrei, Greiffenberg et al. 2008).

[MARS Micro-CT Scanner]. With its unique Medipix

detectors, the state-of-the-art true-color micro-CT scanneri

Medipix All Resolution System (MARS)7has been

designed and produced by MARS Bioimaging Ltd. The gan-

try of this system allows a full-scan with an x-ray source

(SourceRayisB80-1k 80 kV) and spectral camera assembly

under precise control around a specimen or animal up to 100

mm in diameter and 300 mm in length. The customized cam-

era has a MARS gigabit readout accommodating up to six

Medipix2 or Medipix3 detectors.

[Biomedical Applications]. Due to its energy-resolving

power, high SNR, fine spatial resolution and fast readout

speed, Medipix and MARS CT techniques have found a wide

range of exciting applications in radiography (Greiffenberg,

Fiederle et al. 2009), phase-contrast imaging (Jakubek,

Granja et al. 2007), breast CT (Frallicciardi, Jakubek et al.

2009), and micro-CT including x-ray fluorescence analysis

(Dammer, Frallicciardi et al. 2009; Firsching, Butler et al.

2009; Jakubek 2009). It is underlined that the utility of spec-

tral CT can be dramatically boosted with novel contrast

agents such as gold nano-particles for functional, cellular and

molecular imaging.

For example, AuroVistTM is the first gold nano-particle

x-ray contrast agent for in vivo small animal imaging,

enabling greatly enhanced x-ray imaging of tumors, blood

vessels, and other structures. It consists of 1.9 or 15 nm gold

nano-particles with a water soluble organic shell for high

concentration (up to 1.5 g Au/cc) and is well tolerated by
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animals. Major gains with AuroVistTM include significantly

higher contrast and longer residence time than iodine agents,

clearance through kidneys with low toxicity (LD50>1.4 g

Au/kg), and, most excitingly, spectral imaging (such as

K-edge imaging as shown in FIG. 7). Clearly, potential appli-

cations of spectral CT are important, immediate and numer-

ous.

B. Color Interior Tomography. [Interior Tomography].

While classic CT theory targets exact reconstruction of a

whole cross-section from complete projections, biomedical

applications of CT and micro-CT often focus on much

smaller internal regions of interest (ROIs), such as cardiac

structures. Classic CT theory cannot exactly reconstruct an

internal ROI from truncated x-ray projections that only pass

through the ROI because this interior problem does not have

a unique solution (Natterer 2001 ). When applying traditional

CT algorithms for interior reconstruction from truncated pro-

jections, features outside the ROI may create disturbing arti-

facts overlapping intemal features, rendering the images

inaccurate or useless. Over the past decade, lambda tomog-

raphy has developed as a branch of applied mathematics that

recovers gradient-like features within an ROI from localized

data (Faridani, Ritman et al. 1992; Ram and Katsevich

1996; Faridani, Finch et al. 1997; Quinto 2007; Quinto and

Oktem 2007; Yu, Wei et al. 2007). However, the outcomes of

lambda tomography are not appealing in biomedical applica-

tions because of their non-quantitative nature.

Previously, the inventors have shown that the interior prob-

lem can be exactly and stably solved ifa sub-region in the ROI

is known (Ye,Yu et al. 2007a;Ye,Yu et al. 2007b; Ye,Yu et al.

2008a; Yu, Ye et al. 2008b) (FIG. 8). Similar results were also

reported by Kudo et al. (Kudo, Courdurie et al. 2007; Kudo,

Courdurier et al. 2008). Precise knowledge of a sub-region is

available if we have air gaps, water, blood or other quantita-

tive landmarks in the ROI. More generally, such prior knowl-

edge can be acquired in sequential, dynamic, or multi-reso-

lution studies. However, it can be difficult to obtain precise

prior knowledge of a sub-region in important cases such as

perfusion cardiac CT or micro-CT of live mice (used as a

model for human cardiovascular diseases).

[Compressive Sensing]. The classic Nyquist sampling

theorem states that one must sample a signal at least twice as

fast as its bandwidth to capture all the information. Surpris-

ingly, an emerging theoryicompressive sensing (CS)7was

recently developed to capture compressible signals at a sam-

pling rate much below the Nyquist rate and allow accurate

reconstruction ofthese signals from sparse samples (Candes,

Romberg et al. 2006; Donoho 2006). The main idea of CS is

that most signals are sparse in an appropriate orthonormal

system; that is, a majority of their expansion coefficients are

close or equal to zero. Typically, CS starts by taking a limited

amount of samples, using a least correlated measurement

matrix, and then the signal is exactly recovered with an over-

whelming probability from the limited data via the 11 norm

minimization. Since samples are insufficient in the traditional

sense, recovering the signal would involve an under-deter-

mined matrix equation. That is, there are many candidate

solutions that can fit the limited dataset. Thus, some addi-

tional constraint must be enforced to select the “best” candi-

date. While the classical solution to such inverse problems is

to minimize the 12 norm, it was shown that finding the candi-

date with the minimum 11 norm, which is closely related to the

total variation (TV) minimization in a number of imaging

cases (Rudin, Osher et al. 1992), is the most reasonable

choice (Candes, Romberg et al. 2006; Donoho 2006).

Inspired by this, the inventors previously proved that exact

interior reconstruction is achievable with an interior scan ifan



US 8,862,206 B2

17

ROI is piecewise constant or polynomial (Wang andYu 2008;

Han, Yu et al. 2009;Yu and Wang 2009;Yu,Yang et al. 2009),

which suggests that interior tomography can be accurately

achieved in the CS framework without precise knowledge of

a sub-region in the ROI. This interior tomography approach is

shown in FIG. 8.

[Hybrid Spectral CT]. Advantages of systems, methods,

and devices of the present invention include a boost in con-

ventional micro-CT performance with a powerful internal

spectral imaging capability without significant increment to

engineering cost and radiation dose. First, it is apparent that a

widely applicable micro-CT scanning mode should combine

one conventional global scan with one or more spectral local/

interior scans. Thus, embodiments of the invention provide a

first-of—its-kind hybrid micro-CT system. Second, the inven-

tive systems demonstrate a cost-effective transition from con-

ventional gray-scale to true-color (multi-spectral) micro-CT.

Currently, high-end spectral detectors for micro-CT, such as

Medipix3, are rather expensive; the inventive narrow-beam

spectral imaging chain is expected to be much more afford-

able to fabricate and maintain while minimizing radiation

dose and scattering artifacts from partial beams outside an

ROI. Third, this hybrid system can be empowered by color

interior tomography algorithms that produce accurate and

stable spectral interior reconstruction, aided by a new type of

prior knowledgeian individualized gray-scale reconstruc-

tion of an entire field of view (FOV), including an ROI.

Since Hounsfield’s Nobel Prize winning work decades

ago, CT systems have traditionally collected photon-integrat-

ing data and produced gray-scale images in so-called “Houn-

sfield unit (HU)”. Furthermore, CT architectures have been

dictated by large width detector arrays to fully cover a trans-

verse slice, even though most applications are energy-depen-

dent and ROIs are often small parts of the whole cross-

sections or volumes. The fundamental reasons behind such

single channel imaging and large detector width have been

the lack ofhigh-performance spectral detection and inability

to produce exact interior reconstructions (until recently).

Embodiments of the present invention make solid steps for-

ward from gray-scale to true-color CT imaging and from wide

detector-based architectures to locally oriented scanning

architectures. The integration ofthese components provides a

highly powerful and innovative new CT architecture.

MARS Micro-CT Results. [High-Resolution True-color

Detectors]. The Medipix family of energy-selective photon-

counting detectors is being actively developed, which repre-

sents state-of-the-art of color x-ray detection technology for

clinical and preclinical CT. The unique features include high

resolution, low noise and fast speed. Medipix2 allows the

selection ofa single energy window. Medipix3 enables simul-

taneous data acquisition in up to 8 spectral channels or energy

bins. Medipix2 and Medipix3 chips have 256x256 pixels in

an active area of 14x14 mm2. Each pixel is 55x55 umz. The

detector’s application-specific integrating circuit (ASIC) is a

complementary metal-oxide semiconductor (CMOS) chip.

This is bump-bonded onto another semi-conducting sensor.

Each photon interacting with the sensor creates a charge

cloud to be analyzed by the underlying CMOS ASIC. These

detectors can cover larger areas by tiling into arrays, which

are rather expensive.

The Medipix technology holds great promise for both pre-

clinical and clinical applications. Medipix allows a choice of

a sensor layer to be bonded on the CMOS ASIC, depending

on the imaging requirements. Silicon (Si) is chosen for its

high uniformity and affability for preclinical applications

although it only has a quantum efficiency up to 35 keV.

Cadmium Telluride (CdTe), on the other hand, has a quantum
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efficiency up to 100 keV, suitable for clinical applications.

However, CdTe is currently difficult to produce with high

homogeneity, compromising the energy and spatial resolu-

tion of the detector assembly.

[True-color Micro-CT Results] . A gigabit Ethernet readout

has been built for the Medipix detectors. The readout can

write the detector’s pixel configuration and read the pixel

counters at up to 100 Hz. This readout may hold up to 6

Medipix2 detectors in a 2x3 array. The complete assembly of

the readout and Medipix detectors comprises a MARS cam-

era and is mounted on a MARS-CT gantry with a conven-

tional X-ray tube operated at 75 kVp and 150 HA. To show-

case 3D spectral images of small animals, a MARS-CT

system was used to scan 6 black mice (C57BL/6) after inj ec-

tion of iodinated contrast material and barium sulphate into

the vascular system, alimentary tract and respiratory tract

while the mice were being euthanized. The mice were pre-

served in resin and imaged at four energy levels from 12 to 42

keV to include the K-edges of iodine (33.0 keV) and barium

(37.4 keV). These images of <55 um isotropic voxels were

produced. Principal component analysis was applied to iden-

tify independent energy responses and distinguish the con-

trast agents with the K-edges only 4 keV apart. As shown in

FIG. 9, the conspicuity of the bone decreases as keV

increases, whereas the iodine (in right heart and pulmonary

vessels) increases in conspicuity up to 30 keV, and barium (in

left lower lobe bronchi and both lower lobes) increases in

conspicuity up to 35 keV. This would be hardly differentiated

on conventional gray-scale micro-CT images.

Interior Tomography Results. [Gray-scale Interior CT

Demo]. To demonstrate the feasibility ofinterior tomography,

a sheep lung CT study has been performed. A fan-beam

dataset was acquired on a Siemens CT scanner (100 kVp, 150

mAs). A global image was reconstructed using the commer-

cial FBP method. In reference to the globally reconstructed

image, an example ROI was arbitrarily specified. To evaluate

the capability of our subregion-knowledge-based interior

tomography approach (Ye, Y., H. Yu, et al. 2007), the global

filtered backprojection (FBP), optimal local FBP, optimal

order-subset (OS) simultaneous algebraic reconstruction

technique (SART), and interior tomography reconstruction,

were systematically compared and demonstrated clear supe-

riority of interior tomography (see Wang, G., H. Yu, et al.

2009). To show the feasibility of the TV—minimization-based

interior tomography (Wang, Yu et al. 2009; Yu and Wang

2009), projection data through the ROI was kept. As shown in

FIG. 10 (recently published in PNAS), the inventive interior

tomography algorithm performed very well (Wang and Yu

2010).

[True-color Interior Micro-CT Demo] The inventors ana-

lyzed a spectral micro-CT dataset collected at energy thresh-

olds of 23, 30 and 35 keV. Individual spectral interior recon-

structions were performed using the inventive

TV—minimization-based interior tomography algorithm (Yu

and Wang 2009). FIG. 11 presents the representative results.

It is clearly observed that the total-variation-based interior

reconstructions match the global FBP reconstruction quite

well. The remaining discrepancy and artifacts can be

addressed using other aspects of the present invention

described in detail below.

Hybrid Micro-CT Prototyping. Given the novel and poten-

tial applications of x-ray spectral micro-CT for tissue char-

acterization, functional studies, cellular and molecular imag-

ing, the graduate transition from gray-scale to true-color

micro-CT is certain sooner or later. However, there are two

major challenges in this process: detector cost and radiation

dose. First, the spectral detection technology is not yet
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mature, especially for large area, high resolution, uniform

performance and long operation. The replacement of a gray-

scale x-ray detector array with a true-color spectral camera

will be rather expensive in the near future. Second, radiation

exposure has been a public concern, and x-ray spectral detec-

tion would require much higher radiation dosage if each

spectral channel receives the same number ofphotons as that

for the corresponding photon integrating mode.

[Design Rationale]. While conventional gray-scale micro-

CT still serves many users, spectral true-color micro-CT is

often needed in selected ROIs. As shown in FIG. 12, embodi-

ments ofthe invention combine conventional micro-CT, spec-

tral detection and interior tomography into a hybrid true-color

micro-CT system consisting ofa wide-beam gray-scale imag-

ing chain and a narrow-beam true-color imaging chain on a

rotating slip ring. Somehow, this architecture is similar to a

Siemens dual-source scanner (which use different x-ray tube

energies and photon integrating detectors) but the unique

features ofthis design include the ultra-fine spectral detector

and exact local reconstruction. The hybrid system is capable

of being operably configured to comprise a 90 mm global

field ofview (FOV) and a 10 mm interior ROI for gray-scale

and true-color imaging, respectively. Other design features

can include 50 um spatial resolution, 20 HU noise deviation,

8 spectral channels, and up to 1A rotation per second. This

design is also a framework for extension towards multi-

source interior true-color micro-CT for ultra-fast data acqui-

sition (Wang, G., H. Yu, et al. 2009), when spectral detectors

become cost-effective in the future.

Data Acquisition. The two x-ray tubes are identical from

Hamamatsu (L8l2l-03), allowing the K-edge imaging (80.7

keV) with gold nano-particles. They can be continuously

operated in one ofthree focal spot sizes 7, 20 and 50 um at up

to 150 kV and 500 HA. The gray-scale x-ray detector is a flat

panel from Hamamatsu (C7942CA-22) for a 120x120 mm2

sensitive area with pixel size 50><50 umz. The spectrally-

resolving photon-counting x-ray detector is Medipix3 with a

readout logic supporting 8 energy thresholds. The data acqui-

sition subsystem adjustment and calibration steps are well

known for conventional micro-CT. The spectral data calibra-

tion can be performed using pixel gain correction (flat field

correction) with a flux x-ray beam (up to 90% ofthe detector

dynamic range), bad-pixel filing with bilinear interpolation,

and energy calibration with fluorescence photons from

molybdenum (17.5 keV) and gadolinium (43.0 keV) foils

generated by an x-ray tube, as well as gamma-rays from

isotopes such as a 241 Am source (59.5 keV). Other spectral

detection specific artifacts, such as charge sharing, can be

suppressed as well. Then, digital preprocessing can be

applied, including nonlinear de-noising and de-striping, to

produce sinograms for image reconstruction.

System integration. As shown in FIG. 13, a slip ring can be

used to integrate the two imaging chains for continuous scan-

ning to cover a whole mouse with a helical scan, perform

perfusion studies over an extended period, and so on. Two key

parameters of embodiments of slip rings according to the

invention are an internal diameter of 90 mm and maximum

data rate of 300 MB/s. A high precision 3D positioning sys-

tem can be customized to translate the animal bed within the

gantry with a capability to center an ROI in a mouse at the

iso-center of the scanning plane for interior tomography. A

small-animal monitoring unit (1025L and Signal Breakout

Module, SA Instruments) can be used to track the respiration

movement and record ECG signals. The physiological wave-

forms and projection data can also be synchronized. System

software with a user friendly interface can employ, for
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example LabVIEW language. The image reconstruction soft-

ware can be implemented in C++ and integrated into the

hybrid system.

Performance Characterization. Imaging performance can

be validated with a customized commercial micro-CT phan-

tomivaT 610 Shelley Medical Imaging Technologies,

Ontario, Canada). This phantom can include a resolution coil

plate, a slanted edge plate, a geometric accuracy plate, a CT

number plate, and a uniformity and noise plate (Du, Umoh et

al. 2007). Contrast agents such as iodine gold nano-particles

with precise concentration and spectral response can be filled

into line pairs on spectral imaging plates to test true-color

interior tomography including K-edge imaging. Ion-ex-

change resin beads (150-300 um diameter, Spectrum Chro-

matography, Houston, Tex.) can be used to quantify co-reg-

istration between the global and interior micro-CT scans.

X-ray spectra and radiation dose can be measured using stan-

dard devices. Additionally, the major quality and dose

indexes can be analyzed to compare different imaging proto-

cols and characterize the hybrid micro-CT system perfor-

mance.

Alternative Strategies. In some applications, it is recog-

nized that the fixed 10 mm ROI size of the above-described

system might be restrictive in practice. If this becomes an

issue in preclinical applications, either interior scans can be

performed multiple times or two Medipix detectors can be

used to enlarge the size of an ROI. Another technique to

increase the ROI size is to perform spectral interior recon-

struction outside the ROI from both interior spectral data and

global gray-scale data, which is known to be unique (Wang,

Yu et al. 2008;Ye,Yu et al. 2008) and shouldbe stabilizedwith

the transversely complete gray-scale limited-angle, half-scan

or full-scan data. This color-diffusing interior tomography

mode is yet another innovative feature ofembodiments ofthe

invention.

Spectral Interior Reconstruction. While the inventor’s inte-

rior tomography (IT) approach is theoretically rigorous and

has produced excellent results, there remain two challenges

for spectral micro-CT. First, the current interior tomography

techniques may generate poor results when data noise is high,

which happens to be the case oftrue-color micro-CT imaging

at a high speed (photon limited). (See, e. g., Chan, Esedoglu et

al. 2006; and Quinto, Ozan et al. 2010). Second, interior

tomography typically requires more computational overhead,

which is a bottleneck for its wide-spread preclinical applica-

tions. Ironically and interestingly, the less projection data

used, the more computational resources needed for accurate

image reconstruction. Theoretically exact interior recon-

struction demands two orders of magnitude more time than

the conventional FBP method, and must be accelerated for

routine use.

With the inventive spectral or true-color interior micro-CT

architecture shown in FIG. 13, there is provided a conven-

tional scan over the whole FOV and spectral interior proj ec-

tion data through one or more ROIs. It is underlined that

color-blinded global data (typically, an entire gray-scale

image) is powerful prior knowledge for color interior tomog-

raphy, which is the key to stabilize color interior reconstruc-

tion from highly noisy truncated spectral data. From a com-

putational performance perspective, fast interior tomography

algorithms using a state-of-the-art accelerated soft-threshold-

ing technique have been developed (Donoho 1995;

Daubechies, Defrise et al. 2004; Daubechies, Fornasier et al.

2008). This type oftechnique can be adapted for color interior

tomography, and be further accelerated with GPU and cloud-

computing techniques.
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Integrated Reconstruction. The color interior problem

defined is to achieve a theoretically exact reconstruction ofan

ROI from spectral projection data only through the ROI

guided by transversely complete global data such as an entire

gray-scale image (which is a function of spectrally dependent

linear attenuation coefficients and depends on the beam hard-

ening correction approach (in an extreme case, a weighted

sum of these spectrally dependent coefiicients)). Color inte-

rior tomography can be performed much more robustly aided

by such global gray-scale information than current interior

tomography algorithms in the case of highly noisy truncated

spectral data. In this context, ambiguity functions associated

with interior reconstruction are strongly constrained by the

global gray-scale data, and can be steered to zero using an

appropriate computational scheme under practical condi-

tions. First, a common positive constant guess and an inte-

grated SART formulation (Wang and Jiang 2004) can be used

to establish the uniqueness, ifpossible. Then, the formulation

with the TV or higher-order TV minimization in an altemat-

ing fashion can be enhanced (Wang, Yang et al. 2008; Yu and

Wang 2009). Also, it is possible to introduce a correlation

maximization criterion such that ambiguity functions are fur-

ther regularized to vanish. Since the uniqueness of interior

tomography was already proved in the single-channel case

(Ye, Y., H. Yu, et al. (2008a)), the aforementioned construc-

tion ofthe color interior tomography methodology should not

only give the unique solution but also perform very stably

under all the available constraints.

Computational Acceleration. The color interior tomogra-

phy algorithms can be operably configured to be optimized in

a fast iterative shrinkage-thresholding algorithmic (ISTA)

framework (Beck and Teboulle 2009). Such a scheme is ideal

for solving large-scale linear inverse problems with a fastest

global convergence rate theoretically and practically proven.

Initial promising numerical results for image deblurring dem-

onstrate that this much-improved ISTA approach is faster

than ISTA by several orders of magnitude. In addition to

algorithmic optimization, high-performance computing tech-

niques can be used as well to improve the color interior

reconstruction speed, such as a graphic processor unit (GPU)

based computation. Furthermore, the use of the computing

cloud is a promising opportunity to add value to the color

interior reconstruction software. The computing cloud pro-

vides on-demand shared resources and software to users over

the Internet. One such provider, Amazon Elastic Computing

Cloud (Amazon EC2), provides high flexibility and cost-

effectiveness (Evangelinos and Hill 2008). Cloud-based color

interior tomography software can be incorporated into sys-

tems ofthe invention. Systems operably configured to deliver

a target time for an entire color micro-CT study ofwell under

one hour are highly desirable. Additionally, a user friendly

interface can be incorporated as well on the intemet to serve

the community and facilitate technology transfer.

Feature Extraction. Feature extraction is an important task

since spectral micro-CT offers a tremendous volume ofinfor-

mation (up to 8 channels). It is well known that feature extrac-

tion can either be for representation or classification, being

distinct yet related for visualization and analysis. In the cur-

rent spectral CT literature, principal component analysis

(Fukunaga 1990) has been used to transform spectral infor-

mation into eigen-channels. A subset of eigen-channels asso-

ciated with larger eigen-values is generally used to minimize

the least square error from the original multi-spectral micro-

CT images. Principal component analysis can be used in

particular applications, however, extracting features using

modern statistical methods (Fukunaga 1990) for tissue char-

acterization can also be employed. From training datasets,
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within-class, between-class, and mixture scatter matrices and

the class separability (Fukunaga 1990) can be computed. A

within-class scatter matrix describes the scatter of samples

around their mean. A between-class scatter matrix represents

the scatter of individual class means around the mixture

mean. The mixture scatter matrix is the covariance matrix of

all samples regardless of their class assignments. The heuris-

tically motivated and theoretically justified class separability

measures can be defined in terms of these matrices. Such a

measure is larger when the between-class scatter is larger or

the within-class scatter is smaller. The most popular separa-

bility measures is /1:tr(SZ'ISI), where S1 and S2 are appro-

priate scatter matrices allowing multiple valid combinations

(Fukunaga 1990). Since it is impractical to discuss nonlinear

transformations, the focus can be on linear transformations.A

linear transformationA from an 8-channel spectral micro-CT

reconstruction to an m-dimensional form (m<8) can be

uniquely determined by minimizing the corresponding class

separability functional, whose column vectors are linearly

independent but do not need to be orthonormal. The feature

extraction approach should effectively reveal spectral differ-

ences characteristic of individual tissue types.

Alternative Strategy. Issues that may surface in some appli-

cations include that the color interior tomography approach

described above might need further improvement since spec-

tral micro-CT is photon-limited when both data rate and

channel number are sufficiently large. In this case, a likeli-

hood-maximization-based interior tomography approach can

be used.

For example, let us assume that a single-channel micro-CT

scan measures a set of projection data represented as a 1D

vectorY with elements Ylm‘m, i:1, . . . , NY, from an under-

lying image F. Then, each measurement is a realization of a

random variable and can be reduced under the practical con-

ditions to

where an object consists of NP pixels with attenuation coef-

ficients u:[p.l, H2: . . . , “~12: ay denotes weights, and r, a

known constant for measurement noise (La Riviere, Bian et

al. 2006). In this project, ifnecessary we can maximize CI>L(F;

Y)::L(F,Y)—[3R(F) where L(F,Y) is the composite Poisson

likelihood functional for all the spectral channels and R(F)

implements all the constraints to improve the image quality of

color interior micro-CT further using the computing tech-

niques similar to those recently reported in (Defrise, Vanhove

et al. 2010; Liu, Defrise et al. 2010).

Preclinical Applications. Three types of complementary

mouse studies are included. The first study on xenograft

breast cancer can be used to demonstrate the potential of

spectral CT for tumor imaging. The second study on environ-

mentally-modulated fetal programming can be used to estab-

lish the capability ofspectral CT for vasculature imaging. The

third study on fatty liver disease can be used primarily for

cross-validation of the inventive hybrid color micro-CT sys-

tem and the state-of-the-art MARS color micro-CT system.

Synergistically, these studies push the imaging performance

envelope in terms of spatial, contrast and energy resolution at

the minimum radiation dose, and would generally accelerate

biomedical applications of spectral CT techniques.

Color Micro-CT ofXenograft Caner. Color micro-CT can

be used to exhibit higher contrast resolution oftumors inmice

Np

Y‘mms ~ Poisson{ 1‘ exp[—2 avg]

1:1
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bearing breast cancer cells compared to conventional micro-

CT. Breast cancer is the second leading cause ofcancer death

in women in the USA (American Cancer Society, 2010).

Detection at an early stage is critical for much better progno-

sis ofbreast cancer patients. X-ray imaging (mammography)

is a primary mode for breast cancer screening and diagnosis

but the contrast resolution is rather limited and significantly

compromises sensitivity and specificity, demanding major

improvement with minimal radiation dose. As discussed

above, spectral x-ray imaging aided by gold nano-particles

offers an exciting opportunity in this context.

An animal tumor model can be employed to determine

whether the proposed true-color micro-CT would signifi-

cantly enhance imaging capability over the conventional

gray-scale micro-CT. Eighteen 4- to 6-week-old female nude

mice (Nu/Nu Nude Mouse, Crl:NU-Foxn1”“) can be pur-

chased from Charles River Laboratories (Wilmington,

Mass.). Animals can be maintained under environmentally

controlled conditions and subjected to a 12 h light/dark cycle

with food andwater ad libitum. Animal quantities arejustified

by power calculation and sample size analysis using the sta-

tistical software SigmaStat 3.5 (See the Vertebrate Animals

section for the details). Human breast cancer cells, MDA-

MB-468, can be obtained fromATCC and cultured in Leibo-

vitz’s L-15 medium supplemented with 10% fetal bovine

serum, 100 U/ml penicillin, and 100 ug/ml streptomycin. The

mouse model of MDA-MB-468 breast cancer can be estab-

lished as described previously (Wu, Qiu et al. 2008).

Briefly, 100 HA of phosphate buffered saline (PBS) con-

taining MDA-MB-468 cells (5><106 cells) can be injected into

the mammary fat pad ofeach mouse. On day 10 ofpost-tumor

cell implantation, when the MDA-MB-468 tumors reach

70-110 mm3 in volume, 100 HA of PBS containing gold

nano-particles (100 ug/ml) (AuroVistTM Gold Nano-particle

X-ray Contrast Agent; Nanoprobes, Yaphank, NY) can be

injected into mice through a tail vein (Hainfeld, Slatkin et al.

2006). 2 min after injection ofthe contrast agent, mice can be

randomly divided into two experimental groups (n:9) and

either conventional micro-CT or true-color interior micro-CT

can be used to image angiogenic and hypervasculized regions

under various imaging protocols of different radiation and

contrast dose levels. The same procedure can be conducted

twice per week until the tumor reaches a desired volume, such

as a volume of 1,500 mm3 . Tumor size can be measured using

Vernier calipers, and their volumes can be calculated as 0.5><

L><W2, where L is along the longest axis and W is along the

orthogonal direction.

Color Micro-CT ofVascular Biomarkers. Fetal growth and

birth outcome are directly related to genetics, maternal

health, and environmental factors, such as prenatal nutrition.

Poor prenatal environment causes fetal growth restriction

(FGR) and is believed to elevate lifelong risk of chronic

diseases. The quality ofthe placenta is hypothesized to reflect

the prenatal environment, FGR, and susceptibility to adult-

onset disease in offspring. Recent studies revealed that the

viability of syncitiocapillary membranes in the placental ter-

minal villi is the most reliable predictor ofFGR (Aviram, T et

al. 2010); reduced placental vascularization and underperfu-

sion cause fetal asphyxia, reduced fetal nutrients, and

ischemia-reperfusion injury, which are referred to as “fetal

programming”. lmaging placental vasculopathy would pro-

vide a window of opportunity during which maternal envi-

ronment could be corrected to improve birth outcome and

reduce lifelong risk ofmetabolic diseases. Pilot studies in Dr.

Prater’s laboratory suggest placental vascular biomarkers

(vessel necrosis and inflammation) following maternal con-

sumption of high fat diet (HFD) (Prater, Lauderrnilch et al.
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2008). Follow-up studies using CD31 immunofluorescent

confocal microscopic imaging of vascular labyrinthine pla-

centa showed endothelial targeting which likely contributed

to FGR (Liang, DeCourcy et al. 2010). These methods are

expensive, time-consuming, and are limited to 2D analysis.

Recently, gold nano-particles were used to visualize

tumor-related microangiographic (<8 um) changes (Chien,

Wang et al. 2010). Similarly, gold nano-particles can be used

here to visualize impairment of placental microvasculature

following HFD. Gold nano-particles of <30 nm in diameter

circulate through and remain in murine vasculature over >24

hr, without penetrating cell membranes (Sadauskas, Wallin et

al. 2007). These particles readily enter placental vessels, and

do not appreciably cross placental barriers into fetus, thus

serving as a safe and superior method to study effects of

prenatal environment on placental vasculature (Myllynen,

Loughran et al. 2008; Kojima, Umeda et al. 2010).

Spectral micro-CT studies can be conducted on late gesta-

tion murine placental vasculature following tail vein infusion

of gold nano-particles. Seventy 6-week old female and ten

6-week old male C57BL/6] mice can be obtained from Jack-

son Laboratories (Bar Harbor, Me.), acclimated 1 wk at the

VMRCVM Nonclient Animal Facility, then arbitrarily

divided into two feeding groups (control diet) or (HFD) for

one month, n:5/group. Females can be bred overnight, and

checked at 12 and 24 hr for vaginal plugs, indicating breed-

ing. Male mice can be removed, and females can remain on

their diets through gestation. On gestation day 18 (one day

prior to parturition), monodispersed 1.9 or 15 nm particles

(AuroVistTM) can be infused into anesthetized dams via tail

vein injection at a rate ofno less than 5 min per injection in a

modified protocol by (Sadauskas, Wallin et al. 2007). Micro-

CT images of placenta (50 um resolution) can be obtained

immediately following euthanasia via carbon dioxide

asphyxiation at 6, 12, and 24 hr post injection, and recon-

structed images can be evaluated for micro-structural prop-

erties in terminal villi, and independently verified using his-

tological and statistical analysis.

Based on the literature and preliminary studies, 1.9 and 15

nm gold nano-particles are capable of readily, rapidly, and

evenly being distributed through placental vasculature, and

can remain stable within the vasculature for >24 hr. Because

spectral micro-CT can further increase contrast resolution in

terms of spectral characteristics including L- and K-edges, a

target spatial resolution of 50 um can be used to enable

exquisite reconstruction ofplacental vasculature, andprovide

novel information linking gestational HFD to poor placental

vasculature and elevated risk ofpoor birth outcome and life-

long impaired health.

Should rate ofplacental saturation with nano-particles vary

outside initial expectation, earlier/later imaging time points

can be added. Additionally, Gold nano-particles may be spe-

cifically labeled with endothelial antigen (CD31) or tropho-

blast specific antigen (MA21) for spectral micro-CT imaging.

Color Micro-CT of Fatty Liver Disease. Metabolic syn-

drome (MetS) including non-alcoholic fatty liver disease has

significant public health implications because it is associated

with a two-fold increased risk of coronary heart disease

(CHD) (Alexander 2003), a three- to four-fold increased risk

of mortality due to CHD (Jones, A W. et al. 2000) and a

six-fold increased risk of type 2 diabetes (Laaksonen, Lakka

et al. 2002). MetS can be imaged with CT, showing low

density fat regions within the liver (Longo, Patel et al. 2005).

A comparative study of fatty-liver content measurement was

recently performed with ultrasound, CT and MRI (Qayyum,

Chen et al. 2009).Although well-established for severe cases,

the ability to distinguish fatty-liver at moderate levels has
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been controversial. Unenhanced CT is limited by the pres-

ence of iron and glycogen in the liver, and improved to some

degree with dual-energy CT (Graser, Johnson et al. 2009).

Using the spectral CT method (Rodgers 1996; Thomaz, Gil-

lies et al. 2004)I, it is clinically desirable, and technically

feasible, to image liver components of pathological interest

much more sensitively and specifically.

A mouse model of MetS can be studied and a colony of

hybrid ArKO/ApoE'/' mice is available to assess a range of

imaging modalities, including spectral micro-CT. A particu-

lar emphasis is on accumulation of abnormal abdominal fat

around the liver and kidneys (visceral adiposity) as well as

expansion of all major subcutaneous fat deposits. Specifi-

cally, 10 fixed euthanized mice can be studied. The mice can

be euthanized and fixed in a standard resin (CraftSmart liquid

gloss, CraftSmart Australia, Glayton North, Australia) within

25 mm internal diameter PMMA (polymethyl methacrylate)

tubing. Subcutaneous and intra-organ fat deposits and organ

masses can be quantified. Fat/water ratios in regions of adi-

posity can be calculated (Zhang, Tengowski et al. 2004), in

addition to Adipocyte volume (Jones, A W. et al. 2000).

Excised infrarenal fat pads and the whole liver can be

weighed, stained with haematoxylin and eosin (H&E), and

analyzed for comparison.

Datasets collected on different scanners from the same

fixed mice can be compared to validate the inventive color

interior tomography approach and architecture. Second, on

the same imaging platform (Medipix detectors) and the same

mouse model, a better understanding of spectral micro-CT

performance for preclinical research with an emphasis on

feature extraction via advanced dimensionality reduction

techniques such as the principle component analysis can be

achieved.
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III. Sparsity-Regularized Computational Optical Biopsy

(SCOB) The inventors additionally provide methods, sys-

tems, and devices using a sparsity-regularized computational

optical biopsy (SCOB) approach to locate and quantify biolu-

minescent probes regardless of source depth. More particu-

larly, using fiber-optic technology a small number of internal

photon fluence rate values can be measured minimally inva-

sively. Then, the bioluminescent source distribution can be

accurately and stably reconstructed by a stochastic optimiza-

tion method using the source sparsity as a constraint.

As background, very generally, optical molecular imaging

has its unique merits in pre-clinical imaging [1, 2B]. Tomo-

graphic techniques, such as fluorescent molecular tomogra-

phy (FMT) [3B, 4B] andbioluminescence tomography (BLT)

[5B, 6B], were developed to retrieve the depth and character-

ized the strength of the molecular probes. However, fluores-

cent and bioluminescent photons penetrate only about 3 cm in

biological tissue; therefore, is limited by its detection depth

and currently only found applications in small animal studies.

In 2003, the inventors devised a computational optical

biopsy (COB) technology [7B, 8B] to measure and calculate

fluorescent and bioluminescent source parameters in a local

in vivo environment. Spatially and spectrally resolved data

collected using fiber-optic detectors along one or multiple

trajectories are processed for estimation of the light-emitting

source parameters of interest. Minimally invasive fiber-optic

sensors have been also developed by other groups [9B, 1 1B].

Such devices can penetrate biological tissues to deliver and

collect light andhave beenused to measure microscopic brain

motions in vivo [10B] and perform optical coherence tomog-

raphy (OCT) [11B]. This type of optical sensing technology

presents an effective solution to image bioluminescent or

fluorescent probes in large animals and clinical applications.

Optical fiber detectors can also be integrated within tissue-

engineered scaffolds to perform molecular imaging function-

ality. The scaffold can be implanted into a living animal with

optical fibers extended out ofthe animal body for continuous

information collection; this technique could measure the

degree of cell and tissue growth and void formation without

removing the scaffold from the animal. However, the optical

fluence rate signals acquired by this type of device are

severely under-sampled, and thus present a challenging task

to the signal reconstruction.

The bioluminescent source distribution, which is often

sparse, can be used to regularize this highly ill-posed prob-

lem. Combining fiber-optic detection and sparsity regulariza-
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tion, the inventors provide a novel imaging approach to recon-

struct the bioluminescent source distribution in any

designated FOV using a small number of measurements;

further referred to as sparsity-regularized computational opti-

cal biopsy (SCOB). SCOB alleviates the limitation in detec-

tion depth andprovides a viable solution for optical molecular

imaging in large animals, engineered tissues, and patients.

Radiative transfer equation (RTE) models are used to pre-

dict the photon propagation in biological tissues [14B].

Unfortunately, the direct solution to the RTE is complex in

3D. Several approximate solutions to the RTE have been

developed, such as diffusion approximation (DA) [15B],

spherical harmonics [16B], and phase approximation (PA)

[17B]. The diffusion approximation is the most popular

because of its suflicient accuracy in optical diffusive media

and high computational efliciency. The diffusion equation is

[1513]: -V‘(X(r) VCD(r))+Ha(r)<1>(r):q(r),r€Q,

where (I) is the photon fluence rate, pa the absorption coef-

ficient, K the diffusion coeflicient, q the source distribution, r

the position vector. A matched boundary condition can be

used and the finite element method (FEM) to solve the diffu-

sion equation [18B, 19B]. The numerical solution to the dif-

fusion equation can be obtained by solving a matrix equation

linking the source distribution to the photon fluence rate

[19B] as follows: CI>:AQ whereA is the finite element system

matrix. It is possible to recover the source distribution in the

FOV from a limited number of photon fluence rate measure-

ments. Accordingly, the sampling process can be expressed as

[12B]:

CI>m:MCI>:MAQ:UQ, where M is the measurement matrix

with dimension of m><n. m is the number of measurements,

and n is the number of discritized point in the FOV. The

measurement matrix is defined with the element at the ith row

and thejth column being one ifith measurement is made atjth

point in the FOV and being zero otherwise. The reconstruc-

tion ofthe vector Q ofn elements from only m measurements

(m<<n) is a highly under-determined problem.

Fortunately, many in vivo studies involve small and iso-

lated sources, and these sources can be modeled using points.

Using the number of source as a constraint, the problem is

converted to:min(q1>0_____ qs>0)||UQ—CI>M||, where Q only

includes S positive nonzero values q1, . . . , qs, which repre-

sents the power of the point sources, while the remaining

components of Q are zeros.

Using a differential evolution optimization technique, the

source distribution Q can be recovered.

IV. Photoacoustic Tomography. Photoacoustic tomogra-

phy (PAT) is a promising imaging technique to differentiate

the optical absorption property three-dimensionally. In fluo-

rescence imaging, the absorption and scattering processes

greatly limit the penetration depth and reconstruction resolu-

tion. First, the excitation light needs to reach the fluorophore

location, and then the weak emission light needs to escape the

specimen. Even the emission light can be externally detected,

the diffuse nature of the light makes the reconstruction

extremely difficult. Instead of detecting the diffusive light,

PAT detects the resultant ultrasound signal, which has a much

better penetration power than the optical signal, due to the

photoacoustic effect. More specifically, in PAT a short-pulse

laser illuminates on the surface of the specimen and diffuses

into it. In the light propagation process, some of the light is

absorbed by the specimen and converted into heat. The incre-

ment of temperature will change the volume of the heated

region. Since the energy is packed in a very short pulse, the

rapid changing of temperature will introduce an ultrasound

wave, which can be picked up by an ultrasound transducer

and reconstructed by ultrasound imaging techniques. Since
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many fluorescence probes, such as quantum dots, nano-par-

ticles, and fluorescence proteins, have much higher absorp-

tion coefficients than the normal tissue, photoacoustic tomog-

raphy offers a high contrast mechanism for fluorescence

imaging.

Photoacoustic imaging was introduced in 1991 by Diebold

et al. [101A, 102A]. Then, several groups expanded the idea

and applied it in several fields [103A-108A]. A reflection-

mode confocal photoacoustic microscopy was presented with

better than 100 um resolution and up to ~3m depth in vivo

[105A]. In this reflection-mode design, a fiber delivers 532

nm laser pulses (300 ml per pulse of 6.5 ns width) to a

customized optical system, which focuses the laser energy in

the specimen. A matching ultrasound transducer overlaps its

focal spot on the optical focal spot to suppress the out offocus

photoacoustic signal. Typically, the system scans the whole

imaging region. Recently, a trans-illumination design was

introduced with an x-ray CT style scanning mode [104A]. In

this design, the pulsed laser is reformed into a laser line in the

specimen, a cylindrical transducer then focuses on the

focused laser line to pick up the ultrasound signal. While the

specimen is rotated in the chamber, the laser line then scans

over a section of the specimen. A filtered back projection

algorithm can be used to reconstruct the detected acoustic

signal [109A].

V. Photoacoustic BLT. The inventors have developed a

bioluminescence tomography system based on photoacoustic

tomography. In bioluminescence imaging, biological entities

(e. g., tumor cells, genes) are encoded with luciferase

enzymes as probes in a mouse body for biomedical research.

When the luciferase is combined with the substrate luciferin,

oxygen and ATP, a biochemical reaction occurs to transform

part ofthe chemical energy into bioluminescent photons with

a wavelength of about 600 nm. In small animal studies, a

significant number ofbioluminescent photons can escape the

attenuating environment, and be detected with a highly sen-

sitive charge-coupled device (CCD) camera. Because the bio-

logical tissue does not emit photons and no external light

source is required for excitation, the background noise in

bioluminescent imaging is very low. Bioluminescence

tomography (BLT) canbe used to localize and quantify biolu-

minescent sources in a small living animal. Advancing planar

bioluminescent imaging to the tomographic imaging frame-

work, BLT helps detect gene expression, monitor therapies

and facilitate drug development, among many other applica-

tions.

Photon scattering predominates over absorption in the bio-

logical tissue. The photon propagation can be described by

the steady-state diffusion equation,

-V'(D(X)V<1>(X))+Ha(X)¢(X):S(X)(XE9)D(X):(3(Ha(X)+

(1-g)HS(X)))’1, EQUATION (H)

where CI>(x) represents the photon flux density [Watts/cm2],

S(x) the energy density distribution of a light source [Watts/

cm3], ua(x) the absorption coeflicient [cm—1], us(x) the scat-

tering coeflicient [cm—1], and g the anisotropy parameter.

BLT is used to reconstruct the bioluminescence source S(x)

from the boundary measurement based on the physical model

(1B). In Eq. (1 -l), the optical parameters ua(x), us(x) and g are

unknown. The optical parameters ua(x), us(x) and source S(x)

cannot be simultaneously reconstructed only from boundary

measurement. Accordingly, the inventors have identified a

modality fusion imaging methodology that can be used to

recover the optical parameters using the photoacoustic imag-

ing modality for a better forward modeling so that BLT recon-

struction quality can be improved.
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Photoacoustic imaging (PAI) is a promising tool for visu-

alizing light absorbing structures in an optically scattering

medium. It can resolve common chromophores with spatial

resolution exceeding that ofultrasound. The method relies on

detection of ultrasonic waves that are photoacoustically

induced following absorption of light by tissue chro-

mophores. The amplitude of the generated broadband ultra-

soundwave reflects local optical absorption properties. Using

photoacoustic tomography (PAT) [1B], the initially generated

acoustic pressure as a product between optical absorption

distribution ua(x) and local light fluence CI>(x) can be recon-

structed from the recorded acoustic signals. Using an optimi-

zation procedure, optical absorption and diffusion coefli-

cients can be obtained from the reconstructed optoacoustic

image P(x):p.a(x)CI>(x) based on diffusion equation (l-l)

[2B].

(D(X),HG(X)):arg minllHG(X)<1>(X)-P(X)H,

which can be enhanced using traditional diffusion optical

tomography (DOT) measurement as well.

In contrast to DOT which represents an ill-posed problem,

the optimization procedure (2B) is a well-posed, and can

reconstruct optical parameters stably because the known

information P(x) is 3D volumetric measurement instead of

2D surface measurement.

Once the optical parameters of a small animal are mapped

out using PAT and DOT, we can reconstruct the biolumines-

cence source distribution from Eq. (l-l) using the compres-

sive sensing method as follows:

EQUATION (1-2)

minJISIII

s.t. ||A{s}—{<I>gx}|| :8

S 2 0

EQUATION (H)

where A is a weighting matrix of sources, {S} the biolu-

minescent source distribution, and {(13%} the measured pho-

ton fluence rate data. Eq. (1-3) is convex programming and

can be solved in polynomial time to obtain {S}.

Note that the diffusion approximation used above is an

example. The same problem can be solved using other vari-

ants of the radiative transport equation especially the phase-

approximation model the inventors recently developed to

describe the forward imaging model more accurately.

Hence, our BLT reconstruction process can be improved by

PAT and compressive sensing theory and techniques, allow-

ing more reliable and more accurate localization and quanti-

fication for bioluminescence sources inside an animal.

REFERENCES

(lB) M. Xu and L. V. Wang, “Universal back-projection

algorithm for photoacoustic-computed tomography,” Phys.

Rev. E 71 (1): 016706 (2005).

(2B) ZhenYuan, Qiang Wang, and Huabei Jiang, “Recon-

struction of optical absorption coeflicient maps of heteroge-

neous media by photoacoustic tomography coupled with dif-

fusion equation based regularized Newton method,” Opt.

Express 15, 18076-18081 (2007).

VI. Deep Tissue Photoacoustic Tomography.

PAT for Engineered Blood Vessel. With the deep penetra-

tion depth and high 3D resolution capability, photoacoustic

tomography is capable ofresolving the fluorescence distribu-

tion in an engineered tissue environment. The inventors pro-

vide a photoacoustic tomography system for engineered

blood vessel fluorescence imaging. As shown in FIG. 14, a
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strong needle, which houses an optic fiber, a lens, and a

mirror, delivers a sequence of laser pulses into the wall of an

engineered blood vessel. A focused transducer can be config-

ured such that the focused point of the transducer is over-

lapped with the focused laser spot. The needle and the trans-

ducer are steadily mounted on 3D position and rotation

stages. As shown in the magnified view of the needle in FIG.

14, the laser focal spot can target different depths ofthe vessel

wall by adjusting the distance between the optical fiber tip and

the lens within the needle. While the laser focal spot focuses

at a particular depth, the transducer’s position is moved in

synchrony with the laser focal spot. Two-dimensional data

acquisition is enabled by horizontal scanning of both light

illumination and acoustic detection components along the

axle ofthe blood vessel, and can certainly be extended three-

dimensionally.

A nanosecond pulsed laser illuminates the engineered

blood vessel at multiple wavelengths for spectrally resolving

the three fluorescence probes. By combining the absorption

coeflicients and heat converting efliciency for different fluo-

rescence probes at various wavelengths, multiple fluores-

cence probes can be differentiated simultaneously. At the

same time, emitted fluorescent signals canbe incorporated for

even better FTM reconstruction.

Interior PAT. The trans-illumination photoacoustic tomog-

raphy design [104A] works in an x-ray CT style using a

filtered back-proj ection algorithm. As shown in FIG. 15, the

illumination laser and the cylindrical transducer are under a

confocal setting. While the specimen is rotated by 360

degrees, the confocal line scans a section through the speci-

men. Based on the time-domain ultrasound signal, filtered

back-projection algorithm can reconstruct the induced ultra-

sound source [104A]. If we are only interested in a small

region of interests (ROI) in a specimen or an animal, it is

possible to use interior tomography techniques [1 10A, 1 1 1A]

for reconstruction of the ROI from truncated PAT data. To

obtain the truncated PAT data for the ROI, we can configure

the hardware and software of the PAT system to target the

photoacoustic signal across the ROI. As shown in FIG. 15,

because the PAT system has the highest sensitivity around the

confocal line, we can adjust the position of the specimen to

make the confocal line or zone cross or cover the ROI. The

rotation of the specimen should be around the ROI to let the

confocal zone scan the ROI during the rotation. Since the

speed of light is several hundred times faster than sound in

tissue, the heating can be considered as an instant process

compared to the sound wave propagation. Hence, we can

filter the time domain ultrasound signal to remove/reduce the

signal that is not across the ROI. This truncated PAT data, can

reduce reconstruction noise and improve image quality.

It is also possible to reduce the width of the scanning laser

to focus the energy on the ROI. As shown in FIGS. 20 (c) and

(d), the width ofthe illumination laser is reduced to just cover

the ROI. This reduces the light energy outside the ROI and

keep the same energy level in the ROI compared to a full-

width scan. Hence, a local scan can reduce unwanted ultra-

sound signals. We can also increase the size ofthe cylindrical

transducer and place it closer to the object to gain better signal

to noise ratios for the ultrasound signal in the ROI.

Optical Biopsy PAT. The depth ofPAT is mainly restricted

by the penetration of the illumination light. To gain a detect-

able ultrasound signal on the surface, strong enough light

energy needs to be delivered into the tissue within a short

pulse. The optical scattering and absorption limit the light

energy penetration within several centimeters. On the other

hand, optical biopsy can deliver an optical signal deeply by

inserting an optical fiber into almost any ROI [1 l2A-l 14A].
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Optical biopsy can then induce photoacoustic waves in the

same spirit as the traditional PAT. As shown in FIGS. 21 (a)

and (b), an optic needle is moved into a target region. The

needle has an outer shell and a needle core, which can be

freely rotated within the outer shell to scan the focused laser.

Hence, a helical or another style laser scan can be achieved

while the needle is inserted in the tissue. A transducer array is

attached on the tissue surface to pick up the induced ultra-

sound signal. Using a synthetic aperture image reconstruction

algorithm [115A] or another appropriate algorithm, the pho-

toacoustic image can be reconstructed. As shown in FIGS. 21

(a) and (b), the illumination laser is formed into a pencil

beam. By adjusting the distance between the fiber tip and the

lens (FIG. 14), the illumination laser can be beamed at dif-

ferent tissue depths. It is also possible to integrate the photon

heating and ultrasound detection all in the same needle. The

thickness of the ultrasound transducer is proportional to the

inverse ofthe central wavelength ofthe transducer. The thick-

ness of a high frequency ultrasound transducer could be less

than half millimeter. Hence, we can embed several transduc-

ers on the outer shell ofthe biopsy needle, as shown in FIG. 16

(c). Multi-wavelength/multi-spectral imaging modes can also

be similarly designed by utilizing a tunable laser.

The optical approach for molecular imaging offers signifi-

cant advancements in regenerative medicine and tissue engi-

neering research because of its specificity, sensitivity, ease-

of-operation, and cost effectiveness. However, 2D-based

optical molecular imaging techniques, especially those based

on bioluminescence and fluorescence probes, may not be

appropriate for some clinical applications due to difficulties

in quantification of detailed tissue remodeling. On the other

hand, recently emerging bioluminescence and fluorescence

tomography allows 3D reconstruction and quantification of

internal bioluminescently or fluorescently labeled cells in

vivo [22A, 45A, 46A]. Therefore, optical molecular tomog-

raphy can be developed as an enabling tool for a variety of

regenerative-medicine and tissue-engineering applications.

State-of—the-art optical-molecular and cellular-imaging tech-

niques can be combined with functional analyses to elucidate

tissue growth and maturation. This method is likely to lead to

significant new discoveries and therapies that are clinically

relevant and to circumvent some of the problems associated

with current tissue-engineering and cellular-therapy

approaches. Optical molecular tomography will address the

challenges in regenerative medicine in an innovative and

comprehensive manner. The hybrid optical system is a modal-

ity fusion ofOCT, DOT, and FMT, which can utilize multiple

fluorescence probes for imaging of multiple cell types and a

scaffold, a molecular imaging system especially useful, for

example, to evaluate the regeneration process under minimal

disturbing and even in vivo scenarios.
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The present invention has been described with reference to

particular embodiments having various features. It will be

apparent to those skilled in the art that various modifications

and variations can be made in the practice of the present

invention without departing from the scope or spirit of the

invention. One skilled in the art will recognize that these

features may be used singularly or in any combination based

on the requirements and specifications of a given application

or design. Other embodiments ofthe invention will be appar-

ent to those skilled in the art from consideration of the speci-

fication and practice of the invention. It is intended that the

specification and examples be considered as exemplary in

nature and that variations that do not depart from the essence

of the invention are intended to be within the scope of the

invention.

Therefore, the present invention is well adapted to attain

the ends and advantages mentioned as well as those that are

inherent therein. The particular embodiments disclosed

above are illustrative only, as the present invention may be

modified and practiced in different but equivalent manners

apparent to those skilled in the art having the benefit of the

teachings herein. Furthermore, no limitations are intended to

the details of construction or design herein shown, other than

as described in the claims below. It is therefore evident that

the particular illustrative embodiments disclosed above may

be altered or modified and all such variations are considered

within the scope and spirit of the present invention. While

compositions and methods are described in terms of “com-

prising,” “containing,” or “including” various components or

steps, the compositions and methods can also “consist essen-

tially of” or “consist of” the various components and steps.

All numbers and ranges disclosed above may vary by some

amount. Whenever a numerical range with a lower limit and

an upper limit is disclosed, any number and any included

range falling within the range is specifically disclosed. In

particular, every range ofvalues (ofthe form, “from about a to

about b,” or, equivalently, “from approximately a to b,” or,

equivalently, “from approximately a-b”) disclosed herein is

to be understood to set forth every number and range encom-

passed within the broader range of values. Also, the terms in

the claims have their plain, ordinary meaning unless other-
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wise explicitly and clearly defined by the patentee. The

indefinite articles “a” or “an,” as used in the claims, are

defined herein to mean one or more than one of the element

that it introduces. If there is any conflict in the usages of a

word or term in this specification and one or more patent or

other documents that may be incorporated herein by refer-

ence, the definitions that are consistent with this specification

should be adopted.

Throughout this application, various publications are ref-

erenced. The disclosures ofthese publications in their entire-

ties are hereby incorporated by reference into this application

in order to more fully describe the features of the invention

and/or the state of the art to which this pertains. The refer-

ences disclosed are also individually and specifically incor-

poratedby reference herein for the material contained in them

that is discussed in the portion ofthis disclosure in which the

reference is relied upon.

The invention claimed is:

1. A computed tomography based imaging system com-

prising:

at least one wide-beam gray-scale imaging chain capable

of performing a global scan of an object and acquiring

projection data relating to the object;

at least one narrow-beam true-color imaging chain capable

of performing a spectral interior scan of a region of

interest (ROI) of and acquiring projection data relating

to the object;

a processing module operably configured for:

receiving the projection data;

reconstructing the ROI into an image by analyzing the

data with a color interior tomography algorithm,

aided by an individualized gray-scale reconstruction

of an entire field of view (FOV), including the ROI;

and

a processor for executing the processing module.

2. The system of claim 1, wherein each imaging chain

comprises an x-ray source and detector pair, and each pair is

operably disposed on a common rotating slip ring.

3. The system of claim 1, further comprising multi-source

interior true-color micro-CT for ultra-fast data acquisition.

4. The system of claim 1, wherein the imaging chains are

operated simultaneously or sequentially or combination

thereof.
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5. The system ofclaim 1, wherein the interior tomography

algorithm is further operably configured for:

reconstructing the local images using the datasets from

different energy levels;

extracting features from reconstructed images of different

energy levels.

6. The system ofclaim 5, wherein the processing module is

operably configured for extracting features for volume infor-

mation using the principal component analysis method.

7. A computed tomography based imaging method com-

prising:

performing a global scan of an object and acquiring pro-

jection data relating to the object using at least one

wide-beam gray-scale imaging chain;

performing a spectral interior scan of a region of interest

(ROI) of and acquiring projection data relating to the

object using at least one narrow-beam true-color imag-

ing chain;

reconstructing the ROI into an image by analyzing the

projection data with a color interior tomography algo-

rithm, aided by an individualized gray-scale reconstruc-

tion of an entire field ofview (FOV), including the ROI.

8. The method of claim 7, wherein each imaging chain

comprises an x-ray source and detector pair, and each pair is

operably disposed on a common rotating slip ring.

9. The method ofclaim 8, further comprising multi-source

interior true-color micro-CT for ultra-fast data acquisition.

10. The method ofclaim 8, wherein the imaging chains are

operated simultaneously or sequentially or a combination

thereof.

11. The method of claim 8, wherein the interior tomogra-

phy algorithm is further operably configured for:

reconstructing the local images using the datasets from

different energy levels;

extracting features from all the reconstructed images of

different energy levels.

12. The method ofclaim 11, wherein the principal compo-

nent analysis method is used to extract features for volume

information.
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