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We developed a novel digital tomosynthesis �DTS� reconstruction method using a deformation field
map to optimally estimate volumetric information in DTS images. The deformation field map is
solved by using prior information, a deformation model, and new projection data. Patients’ previous
cone-beam CT �CBCT� or planning CT data are used as the prior information, and the new patient
volume to be reconstructed is considered as a deformation of the prior patient volume. The defor-
mation field is solved by minimizing bending energy and maintaining new projection data fidelity
using a nonlinear conjugate gradient method. The new patient DTS volume is then obtained by
deforming the prior patient CBCT or CT volume according to the solution to the deformation field.
This method is novel because it is the first method to combine deformable registration with limited
angle image reconstruction. The method was tested in 2D cases using simulated projections of a
Shepp–Logan phantom, liver, and head-and-neck patient data. The accuracy of the reconstruction
was evaluated by comparing both organ volume and pixel value differences between DTS and
CBCT images. In the Shepp–Logan phantom study, the reconstructed pixel signal-to-noise ratio
�PSNR� for the 60° DTS image reached 34.3 dB. In the liver patient study, the relative error of the
liver volume reconstructed using 60° projections was 3.4%. The reconstructed PSNR for the 60°
DTS image reached 23.5 dB. In the head-and-neck patient study, the new method using 60° pro-
jections was able to reconstruct the 8.1° rotation of the bony structure with 0.0° error. The recon-
structed PSNR for the 60° DTS image reached 24.2 dB. In summary, the new reconstruction
method can optimally estimate the volumetric information in DTS images using 60° projections.
Preliminary validation of the algorithm showed that it is both technically and clinically feasible for
image guidance in radiation therapy. © 2008 American Association of Physicists in Medicine.
�DOI: 10.1118/1.2940725�
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I. INTRODUCTION

On-board cone beam CT �CBCT� is now becoming a pow-
erful tool for image-guided radiation therapy,1–4 but its clini-
cal utility may be limited due to long acquisition time
��1 min�, high imaging dose to the patient �2–9 cGy�,5 and
potential mechanical constraints �360° gantry rotation clear-
ance�. Alternatively, digital tomosynthesis �DTS� is a quasi-
three-dimensional �3D� imaging technique which recon-
structs images from a limited angle of projections with
shorter acquisition time ��10 s�, lower imaging dose

��1 cGy�, and less mechanical constraint ��60° gantry

3110 Med. Phys. 35 „7…, July 2008 0094-2405/2008/35„7…
rotation�.6,7 These features could be extremely beneficial for
imaging organs affected by respiratory motions and for those
patient treatments when a full gantry rotation is mechanically
impossible.8 Our previous studies have shown that registra-
tion between reference and on-board DTS images recon-
structed by the filtered back projection �FBP� method is able
to provide accurate rigid body alignment of the patient’s
bony structures.9–12

However, DTS images reconstructed by the conventional
FBP method have low plane-to-plane resolution, and they do

not provide full volumetric information for target localiza-
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tion due to the limited angle of the DTS acquisition. Several
image reconstruction methods have been developed to im-
prove the image quality for reconstruction using under-
sampled projection data. One category of methods is based
on the compressed sensing �CS� theory, and the methods
have been implemented for image reconstruction from
limited-views and limited-angle projection data.13–21 How-
ever, these methods generally require the sparseness prior of
the image to be reconstructed which may not always be true
for medical images. Another category of methods proposes
to use deformable registration for image reconstruction.
These methods were developed only for 4D CT and 4D
CBCT image reconstruction,22–27 and no such method has
been developed for limited-angle DTS reconstruction.

In this article, a novel DTS reconstruction method was
developed to use a deformation field map to optimally esti-
mate volumetric information in DTS images. In this method,
patients’ planning CT data or on-board CBCT data acquired
in a previous treatment session are used as prior information.
After the initial rigid body alignment of the patient using
FBP based DTS images, the differences between the patient’s
new anatomy and prior anatomy are the deformation of in-
ternal organs and soft tissues and the residual misalignment
of bony structures. The patient’s new image volume to be
reconstructed is then considered as a deformation of the pa-
tient’s prior image volume. Instead of directly solving the
pixel values of the new image volume in the reconstruction,
we propose to solve the deformation field of the prior image
volume based on a deformation model and the new projec-
tion data acquired within a limited angle span. The new on-
board DTS image is then obtained by deforming the prior CT
or CBCT image volume according to the solution to the de-
formation field.

II. METHODS

II.A. Reconstruction algorithm

This new reconstruction method is demonstrated as fol-
lows in 2D cases, and it can be extended to 3D using a
similar approach. The size of all the images studied is de-
fined to be n*n. The deformation field is represented by
Dk�i , j�, k=1,2, i , j=1¯n, where k=1, 2 stands for the two
directional components of the deformation field along x and
y axes, respectively, and i and j stand for the 2D index of the
deformation field at each image pixel. The new DTS image
to be reconstructed is represented by DTSnew, and the prior
planning CT or CBCT image volume is represented by Iprior.
Then DTSnew can be expressed as a function of D and Iprior as
follows:

DTSnew = DTSnew�D,Iprior� . �1�

Specifically, each pixel value in DTSnew is interpolated from
Iprior according to the deformation field D using bilinear in-
terpolation. The equation for calculating the pixel value at

�i , j� in the new DTS image is as follows:
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DTSnew�i, j� = Iprior�i + D1�i, j�, j + D2�i, j�� . �2�

In image reconstruction, the data fidelity constraint needs to
be met, which means the projections of the image DTSnew

should match with the projection data acquired. This con-
straint can be expressed by the following equation:

P DTSnew�D,Iprior� = Y , �3�

where P is the system matrix to describe the x-ray projection
measurements, and Y is the projection data acquired. In the
DTS reconstruction problem, only projections within a lim-
ited scan angle are acquired, so there are not enough equa-
tions in Eq. �3� to solve for the deformation field D. There-
fore, we added another constraint called the energy
constraint. The 2D bending energy of the deformation field is
defined as follows:28

E�D� =� � �� �2D

�x2 �2

+ 2� �2D

�x � y
�2

+ � �2D

�y2 �2�dxdy . �4�

In a discrete version, Eq. �4� becomes:

priorI

α

New projection data

Deformation

field D
)I,D(DTS priornew

Solve D by minimizing bending energy E(D) and matching the

projections of newDTS with new projection data acquired. newDTS

is then obtained by deforming priorI according to the solution to D.

FIG. 1. Diagram of the new DTS reconstruction method.

(a) (b)

(c) (d) (e)

FIG. 2. DTS reconstruction of Shepp–Logan phantom using prior based and
FBP based methods with 60° –90° scan angles. �The three tumors simulated
are indicated by the arrows.� �a� The prior CBCT image CBCTprior, �b� the
new CBCT image CBCTnew, �c� prior based 60° DTSnew, �d� prior based 90°

DTSnew, �e� FBP based 90° DTSnew.
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The energy constraint requires the deformation field D to
have the minimum bending energy. Based on these two con-
straints, the DTS reconstruction problem is converted into
the following constrained optimization problem:

min
D

�E�D��, s . t . P DTSnew�D,Iprior� = Y . �6�

The above constrained problem can be further converted into
the following unconstrained optimization problem:

FIG. 3. Deformation field �indicated by arrows� solved by the new recon-
struction method overlaid onto the prior CBCT image in the Shepp–Logan
phantom study. �90° scan angle was used�.

(a) (b)

(c) (d) (e)

FIG. 4. DTS reconstruction of liver patient data using prior based and FBP
based methods with 60° –90° scan angles. �The contours of the liver are
shown in the CBCT and prior based DTS images.� �a� The prior CBCT
image CBCTprior, �b� the new CBCT image CBCTnew, �c� prior based 60°

DTSnew, �d� prior based 90° DTSnew, �e� FBP based 90° DTSnew.
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D̃ = arg min
∀D

f�D� = arg min
∀D

�� * E�D�

+ 
P DTSnew�D,Iprior� − Y
2
2� , �7�

where f�D� is the objective function to be minimized, and �
is the relative weight of the bending energy. A nonlinear
conjugate gradient �CG� method is used as the optimizer to
solve the optimization problem in Eq. �7�.29,30 The gradient
of the objective function f�D� can be calculated as follows:

�f�D� = � � E�D� + 2P*�P DTSnew�D,Iprior�

− Y� • �DTSnew�D,Iprior� , �8�

where P* is the Hermitian of the projection matrix P. The
starting point of the deformation field is set to be zero and
the initial value of the relative weight � is set to be 1.0
�10−7. After every 100 iterations, the relative weight � is
increased by a factor of 10 and the deformation field solved
is used as the starting point of the next 100 iterations. A total

FIG. 5. Deformation field �indicated by arrows� solved by the new recon-
struction method overlaid onto the prior CBCT image in the liver patient
study. �90° scan angle was used�.

(a) (b)

(c) (d) (e)
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FIG. 6. DTS reconstruction of head-and-neck patient data using prior based
and FBP based methods with 60° –90° scan angles. The angulations of the
bony structures in CBCT and DTS images were evaluated by calculating the
angle alpha between the neck bone and the horizontal line. �a� The prior
CBCT image CBCTprior, �b� the new CBCT image CBCTnew, �c� prior based

60° DTSnew, �d� prior based 90° DTSnew, �e� FBP based 90° DTSnew.
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of �500 iterations are used in the optimization. After the
deformation field D is solved, the new on-board DTS image
DTSnew is obtained by deforming the prior image Iprior based
on Eq. �2�. The diagram of this new DTS reconstruction
method is shown in Fig. 1.

II.B. Evaluation methods

The accuracy of this novel DTS reconstruction method
was quantitatively evaluated by calculating the errors of both
organ volume and pixel values reconstructed. The organ vol-
ume and pixel values in the new CBCT image CBCTnew

were used as the truth. The relative error of the organ volume
in the new DTS image DTSnew or the prior image Iprior was
calculated as follows:

Relative error of organ volume =
��V � V0 − V � V0��

�V0�

� 100 % , �9�

where V was the organ volume contoured in the DTSnew or
Iprior image, and V0 was the organ volume contoured in the
CBCTnew image. The error of the pixel values reconstructed
was estimated by the reconstructed pixel signal-to-noise ratio
�PSNR�, which is defined as follows:

PSNR�X,Z� = 10 log10

	
i

	
j

Xi,j
2

	
i

	
j

�Xi,j − Zi,j�2
�dB� , �10�

where X is the CBCTnew image, and Z is the DTSnew or Iprior

image. The numerator describes the signal strength of the
new CBCT image and the denominator represents the pixel
value reconstruction error.

This DTS reconstruction algorithm was tested using a

TABLE I. Reconstructed PSNR for the prior based DTS images and the prio

Prior based 90°
DTSnew

Reconstructed PSNR �dB� 35.7

(a) (b)

FIG. 7. Difference images in the head-and-neck patient study. �a� The dif-
ference image between the new CBCT image CBCTnew and the prior CBCT
image CBCTprior. �b� The difference image between the new CBCT image
CBCTnew and the prior based 60° DTSnew image.
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MATLAB Shepp–Logan phantom, liver and head-and-neck pa-
tient data. The image size in all the tests was set to be
256*256. Projections simulated around every 0.5° over
60° –90° scan angles from the new CBCT image CBCTnew

were used for DTS reconstruction.

III. RESULTS

III.A. Shepp–Logan phantom

In the Shepp–Logan phantom test, three tumors of differ-
ent sizes were simulated at different locations in the prior
CBCT image CBCTprior, and they were simulated to experi-
ence tumor shrinkage in the new CBCT image CBCTnew, as
shown in Figs. 2�a� and 2�b�. Prior based new DTS images
DTSnew reconstructed from 60° and 90° projections are
shown in Figs. 2�c� and 2�d�, respectively. The FBP based
DTS image reconstructed from 90° projections is shown in
Fig. 2�e� for comparison. The reconstructed PSNR for prior
based 60° and 90° DTSnew images and the CBCTprior image
are shown in Table I. The deformation field solved using 90°
projections is overlaid onto the prior CBCT image in Fig. 3.

III.B. Liver patient data

In the liver patient test, the 4D CT images of a liver pa-
tient at the exhale and inhale phases were used to simulate
two extreme cases for soft tissue deformation in prior CBCT
and new CBCT images, as shown in Figs. 4�a� and 4�b�.
Prior based new DTS images DTSnew reconstructed from 60°
and 90° projections are shown in Figs. 4�c� and 4�d�, respec-
tively. The FBP based DTS image reconstructed from 90°
projections is shown in Fig. 4�e� for comparison. The defor-

CT image in the Shepp–Logan phantom study.

Prior based 60°
DTSnew

Prior CBCT image
CBCTprior

34.3 18.3

FIG. 8. Deformation field �indicated by arrows� solved by the new recon-
struction method overlaid onto the prior CBCT image in the head-and-neck
patient study. �90° scan angle was used�.
r CB
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mation field solved by the new method using 90° projections
is overlaid onto the prior CBCT image in Fig. 5. To evaluate
the organ volume reconstruction error, the liver was con-
toured in CBCT and DTS images �as shown in Fig. 4�. The
relative error of the liver volume reconstructed is calculated
according to Eq. �9�, and the error of the pixel values recon-
structed is evaluated by PSNR as defined in Eq. �10�. The
results are shown in Table II.

III.C. Head-and-neck patient data

In the head-and-neck patient test, different days’ CBCT
images of a head-and-neck patient were used as prior CBCT
and new CBCT images, as shown in Figs. 6�a� and 6�b�.
Prior based new DTS images DTSnew reconstructed from 60°
and 90° projections are shown in Figs. 6�c� and 6�d�, respec-
tively. The FBP based DTS image reconstructed from 90°
projections is shown in Fig. 6�e� for comparison. The angu-
lations of the bony structures in CBCT and DTS images were
evaluated by calculating the angle alpha between the neck
bone and the horizontal line, as shown in Fig. 6. Results
showed that the bony structure in the new CBCT image has
8.1° counterclockwise rotation relative to the bony structure
in the prior CBCT image. In prior based 60° and 90° DTSnew

images, this rotation has been accurately reconstructed with
0.0° error. The difference image between CBCTnew and
CBCTprior and the difference image between CBCTnew and
prior based 60° DTSnew are shown in Figs. 7�a� and 7�b�,
respectively. The deformation field solved using 90° projec-
tions is overlaid onto the prior CBCT image in Fig. 8. The
deformation field also shows a counterclockwise rotation of
the bony structure in the prior CBCT image. The recon-
structed PSNR for prior based 60° and 90° DTSnew images
and the CBCTprior image are shown in Table III. The prior
based 60° and 90° DTSnew images have much higher PSNR
than the CBCTprior image, which suggests that the DTSnew

image is not retaining much of the incorrect anatomical in-
formation in the CBCTprior image.

TABLE II. The relative error of the liver volume and the reconstructed PSNR
study.

Prior based
DTSnew

Relative error of the liver volume �%� 2.3
Reconstructed PSNR �dB� 28.8

TABLE III. Reconstructed PSNR for the prior based DTS images and the pr

Prior based 90°
DTSnew

Reconstructed PSNR �dB� 25.1
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IV. DISCUSSION

Results show that this new DTS reconstruction method
can obtain volumetric information about both soft tissue de-
formation and rigid body misalignment of bony structures
using 60° projections, which are only 1 /6 of the projections
acquired in a full CBCT scan. This implies a substantial re-
duction of the imaging dose and time for daily image guid-
ance in the patient treatment. The deformation field solved
during the reconstruction can be used as deformable registra-
tion results for tumor localization and dose tracking. Poten-
tially, this method can also be applied for 4D CT, 4D CBCT,
and 4D DTS image reconstruction when patients’ prior im-
ages are available.

To our knowledge, this is the first time deformable regis-
tration has been combined with limited angle image recon-
struction. Under this scheme, a series of other DTS recon-
struction methods can be developed by introducing other
deformation models into reconstruction, such as contour
based and control point based deformation models. These
models can further reduce the degrees of freedom in the re-
construction and therefore can potentially further reduce the
scan angle and the number of projections needed to obtain
the volumetric information.

Our next step is to implement this reconstruction algo-
rithm in 3D and make it available for clinical use. The major
challenge in its clinical implementation is to improve the
speed of the 3D reconstruction algorithm to make the total
reconstruction time within the clinical time constraint. This
goal can be achieved by using hardware acceleration,11,31

parallel computing and, algorithm optimization.

V. CONCLUSION

We developed a novel DTS reconstruction method to re-
construct DTS images using a deformation field map. Volu-
metric information was optimally estimated using projec-
tions within a 60° scan angle. Preliminary validation of the
algorithm showed that it is both technically and clinically
feasible for image guidance in radiation therapy.

the prior based DTS images and the prior CBCT image in the liver patient

Prior based 60°
DTSnew

Prior CBCT image
CBCTprior

3.4 16.2
23.5 15.4

BCT image in the head-and-neck patient study.

Prior based 60°
DTSnew

Prior CBCT image
CBCTprior

24.2 12.5
for

90°
ior C
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