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Summary

Purpose: To determine the feasibility of using megavolt-
age (MV) images and digital tomosynthesis to determine the 
three dimensional (3D) localization of different objects.

Materials and methods:  Different phantom geometries 
were imaged using an electronic portal imaging device and 
digital tomosynthesis was used to reconstruct tomograms. 
These were compared with corresponding computed tomog-
raphy (CT) images.

Results: While in-plane resolution of the tomograms
was comparable as that of the CT images, defi nite out-of-
plane (depth) localization was restricted to 5 mm.

Conclusion:  The results confi rm that it is possible to
perform 3D localization of objects by using digital tomosyn-
thesis for volumetric reconstructions from individually-ac-
quired MV-quality portal images.
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Introduction

With the advent of Intensity Modulated Radiation 
Therapy (IMRT) and the ability to produce dose distri-
butions that are highly conformal to the tumor volume, 
correct patient positioning becomes of prime impor-
tance. Several approaches have been proposed to aid 
in this task, from the use of implanted radio frequency 
beacons [1-3] to the use of multi-planar or volumetric 
image sets, the latter technique leading to the fi eld of 
Image Guided Radio Therapy (IGRT) [4-8]. Since we 
use a CT dataset for most radiotherapy planning, con-
sistency can be maintained by using the same imaging 
modality when we are checking for positioning accu-
racy. With the recent developments in electronic portal 
imaging devices (EPIDs), there has been much work 
recently published in the fi eld of cone-beam CT [9-12] 
using either the actual treatment beam or a kilovoltage 
(kV) beam from an x-ray tube attached to the gantry.

There are several implications with this approach, 
from the variation of machine output over the image 

set acquisition [13] to the time required for the whole
acquisition, which may lead to some motion artifacts.
While a lot of work has been done with modifi ed linear 
accelerators or high effi ciency receptors to obtain all
the projection images required for a complete CT re-
construction [10], the implementation of this technique
depends on specialized equipment. The typical clinic
with a conventional linear accelerator requires a mini-
mum of 1 monitor unit (MU) to acquire one projection
image using an EPID. In that case, the dose that would 
be given to the patient for the acquisition of the 200 or 
so images required for a full CT reconstruction becomes
too large to be acceptable. Indeed, a recent publication
[14] highlighted some of the risks of high doses due to
CT exams being carried out and, while the benefi ts of a
CT being done for localization may outweigh the risks
of missing part of the target, the general ALARA guide-
lines still require that we maintain the excess dose to a
minimum. Our aim is to generate an image dataset that 
will mimic a CT dataset while only requiring a fraction
of the images needed for CT reconstruction.
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The technique of tomosynthesis was fi rst intro-
duced in 1932 by Zeidses des Plantes [15] but it was 
the pioneering work of Garrison et al. [16], Miller et 
al. [17] and Grant [18] that showed its potentials as an 
imaging modality decades later. It is around that same 
time that the landmark research was being done on CT, 
leading to a relative loss of interest in tomosynthesis. 
However, with the recent development of high-effi -
ciency digital receptors and the lower cost of comput-
ing power, the past decade has seen a renewed interest 
[19] in the imaging modality, with much of the work 
devoted to mammography [20-24] and, more recently, 
patient localization in radiotherapy [25-27]. However, 
most of this effort concentrates on using data using a 
kV beam. Two recent publications have looked at MV-
tomosynthesis [28,29] but both used a linear accelera-
tor already outfi tted for conebeam CT reconstruction.

The purpose of this project was to determine the 
feasibility of using individually-acquired MV portal 
images acquired using a charge-coupled device (CCD) 
- based EPID as the source data to perform digital to-
mosynthesis (DTS) using only a software platform.

Materials and methods

For all the experiments performed for this proj-
ect, a Theraview CCD-based EPID (Theraview Inc., 
Leusden, The Netherlands) mounted on a Varian clinic 
2100 C/D (Varian Oncology, Palo Alto, CA) was used 
to acquire the portal images. These were then processed 
in an in-house developed program based on Matlab 
(version 7.0, The Mathworks Inc., Natick, MA) to 
perform DTS using the “shift-and-add” algorithm pro-
posed by Kolitsi et al. [30]. The three different phantom 
confi gurations described next were used for different 
parts of the project.

Phantom configuration 1

For the fi rst experiment, a phantom was created 
out of 4 layers of 1 cm thick bolus and steel washers. 
Figure 1 shows the construction of the phantom.

The phantom was positioned so that the linear 
accelerator’s isocenter was in the middle of the phan-
tom. A total of 9 images were acquired from 340° to 
20° using a 5° interval with 5 MU per image. Tomo-
grams were reconstructed using the following labeling 
scheme: a positive number was used to denote a slice 
that was above the isocenter while negative numbers 
were used to denote slices below the isocenter. The 
number used denotes the distance from isocenter in 
units of centimeter.

Two further geometries were explored where
small metallic markers were placed in different regions
of an anthropomorphic Rando phantom (The Phantom
Laboratory, Salem, NY). In each case, a MV CT data
set was obtained using the Hi-Art II linear accelerator 
(Tomotherapy Inc., Madison, WI) at our clinic before
moving the phantom to the Varian clinac to acquire
EPID images.  The phantom was positioned so that 
the isocenter of the linear accelerator was coincident 
to the location used as the imaging isocenter during
MVCT acquisition. Portal images were subsequently
obtained.

Phantom configuration 2

In the fi rst experiment with the anthropomorphic
phantom, small set screws (4 mm in diameter and 14
mm in length) were placed in the left breast of the
Rando phantom. For this experiment, 4 total image sets
were obtained. Two sets of portals were acquired at the
same angles used for the fi rst experiment, one using 1
MU per image and one using 5 MU per image. Two ad-
ditional image sets were acquired from 70° to 110° at 5°
intervals, once again using 1 MU and 5 MU per image.
These two sets allowed for reconstruction of slices in
the coronal and sagittal plane, respectively.

Phantom configuration 3

As a second experiment with the anthropomorphic
phantom, gold seed markers (Civco Medical Solutions,
Kalona, IA) with a diameter of 1.6 mm and length of 3
mm were positioned in the head of the Rando phantom.
The same imaging protocol as for phantom 2 was used,
except that images were only acquired with 1 MU.

Since the contrast between the metallic inserts
and the surrounding tissue was low on the portal im-
ages, the DTS tomogram generated offered even lower 
contrast since they consist of the addition of shifted 
images. As a solution to this problem, we decided to

Figure 1. Geometry used for the tests. Steel washers were inserted 
between layers of 1 cm thick bolus. Both a side and top view are
given.
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increase the contrast of the original portal images by 
manually highlighting the location of each insert us-
ing Microsoft Paint (Microsoft Corp, Redmond, WA) 
before DTS reconstruction was performed.

The ImageJ software (National Institute of Health, 
Bethesda, MD) was used to extract CT slices from the 
MV dataset and compared with the corresponding DTS 
slice.

Results

Phantom configuration 1

Figures 2 and 3 show the results of the fi rst experi-
ment where only coronal slices were reconstructed.

Phantom configuration 2

Figures 4 and 5 compare corresponding coronal
and sagittal CT and DTS images for the phantom with
metallic inserts placed in the breast. Figure 6 com-
pares two DTS images, one reconstructed from portals
acquired with 1 MU and the other one using portals
obtained using 5 MU.

Phantom configuration 3

Figure 7 shows two axial CT slices extracted from
the CT dataset of the phantom. The labeling scheme
used is the same to the one used for phantom 1. The
top left image of Figure 8 shows what happens when

Figure 2. A: A single EPID projection image. B: Result of sum-
ming all EPID images without any shifts applied.

Figure 3. DTS reconstructions at levels -1 (A), 0 (B), +1 (C) and 
+2 (D).

Figure 4. Corresponding CT (A) and DTS (B) slices for coronal
reconstruction of phantom 2.

Figure 5. Corresponding CT (A) and DTS (B) slices for sagittal
reconstruction of phantom 2.

Figure 6. Coronal images of the same slice reconstructed from
data acquired with 1 MU (A) and 5 MU (B).
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all portal images acquired are added with no shifting,
while the other images show different DTS-based to-
mograms rebuilt using this data. Figures 9 and 10 show
the corresponding images built as sagittal sections.

Discussion

Phantom configuration 1

A comparison between the various DTS images
of Figure 3 and the schematic of Figure 1 confi rms that 
the software is correctly reconstructing the tomograms.
Due to the nature of the shift-and-add algorithm which
works by smearing structures that are not on the recon-
structed plane, there are various low contrast streaks
that are clearly visible on the tomograms. However,
the structures that are at a depth of reconstruction are
clearly in focus and easily identifi able. In particular, the
two washers that overlap in the portal taken at an angle
of 0° can be resolved as being located at levels -1 and 
+1 based on the tomograms of Figures 3a and 3c.

Phantom configuration 2

The coronal and sagittal sections of Figures 4 and 
5 show that DTS can be correctly used to determine the
correct slice in which markers are positioned. A major 
difference between the CT and DTS images is that 
out-of-plane structures are still present in DTS-based 
tomograms. The pixel shifting property of the chosen
reconstruction algorithm is also made apparent by the
set screws that are not located in the plane of recon-
struction. An artifact shows itself in the form of tracks
made by these objects which were shifted so that they
do not overlap after the addition of all shifted images.
However, any structure on the plane of reconstruction
is shifted just enough to remove the parallax shift so
that they overlap perfectly in the fi nal tomogram.

A visual inspection of Figure 6 reveals no im-
mediate difference between the tomograms generated 
from images acquired using a single MU and those
acquired using 5 MU even though the original images
acquired with 1 MU showed more noise than the ones
acquired with the higher dose. This is most likely due
to the averaging that happens when shifted images are
added in the end.

The inherent low contrast of MV portal images,
which makes the localization of markers challenging,
is also clearly shown in Figure 6. In this experiment,
the proposed solution of manually increasing the con-
trast produced fi nal tomograms with higher contrast 
as expected. However, an automatic way to do this

Figure 7. Coronal CT slices taken at level -1.8 cm (A), -2.0 cm 
(B) and -2.3 cm (C).

Figure 8.A – Figure obtained by addition of all EPID images with-
out any shifting. B-E – DTS tomograms reconstructed at -1.5 cm 
(B), -1.8 cm (C), -2.0 cm (D), -2.3 cm (E) and -2.5 cm (F).

Figure 9. Sagittal CT slices taken at level -3.9 cm (A), -4.1 cm (B) 
and -4.2 cm (C).

Figure 10. A – Figure obtained by addition of all EPID images 
without any shifting. B-E - DTS tomograms reconstructed at -3.7 
cm (B), -3.9 cm (C), -4.1 cm (D), -4.2 cm (E) and -4.4 cm (F).

A B C

A B C



107

should be found in the future to make the process more 
streamlined.

Phantom configuration 3

The third phantom was created with much smaller 
metallic markers present which allowed for testing to 
be done on the accuracy of the depth information 
obtained when using DTS based on the shift-and-add 
algorithm. The 3 CT slices shown in Figure 7 were 
chosen to represent the CT slice that has the highest 
intensity for the marker and the fi rst 2 slices on both 
sides which did not contain any seed information. 
Figure 8 show various images reconstructed using at 1 
mm interval. The DTS image reconstructed at -2.0 cm 
defi nitely shows that the seed is present on that tomo-
gram. However, when we reconstructed the tomograms 
at -1.8 cm and -2.3 cm, an observer may still conclude 
that the seed is present at these depths. It is only at a 
depth of -1.5 cm and 2.5 cm that there is enough of a 
deviation to assume that the seed is not present. For 
the sagittal reconstructions, the same phenomenon is 
observed where tomograms reconstructed at depths 
where the CT shows complete absence of the seed can 
still be interpreted as containing the seed.

While DTS is known to produce images with 
much better resolution in the plane of reconstruction 
as compared to the perpendicular planes [31], there are 
also some further sources of uncertainty involved in 
this experiment. As previously mentioned, the location 
of each seed was manually highlighted to overcome the 
problem of low contrast seen in the original portal im-
ages. It may be that we inadvertently highlighted some 
pixels which did not receive the signal from the seed, 
which would cause an artifi cial shift to be introduced, 
leading to incomplete overlap of the signal. We also 
did not perform a correction of the center of rotation, 
instead depending on the corrections automatically 
applied to each image from data obtained during the 
monthly quality assurance checks for the EPID. Fi-
nally, there is defi nitely a certain amount of observer-
dependence in deciding whether a particular object is 
located at a particular depth by assessing the signal for 
overlap.

The dose delivered to the patient for acquiring 
the images is comparable to what would be used for 
portal verifi cation. The time of acquisition slightly 
increased but the acquisition process could potentially 
be automated. The calculation time for the data set is of 
the order of seconds on a PC with an AMD dual-core 
processor with nominal speed of 1.9 GHz and 2 GB of 
memory. Thus, with minimal extra effort and time, we 
would gain a 3D tomographic dataset instead of 2D 

projection images for the purposes of patient align-
ment.

Conclusions

The purpose of this work was to determine the
feasibility of using the technique of DTS to generate
tomograms based on portal images acquired using a
gantry-mounted CCD-based EPID. We have demon-
strated that, while the tomograms are not of CT quality,
we can obtain enough information to determine depth
localization information with a 5 mm precision, which
is analogous to setting the slice thickness to 5 mm in a
CT study. While this is not adequate for any stereotactic
application, the current implementation has several
sources of error which challenge more precise depth
localization. We believe that this precision could be
brought down with pre-processing of the source images
to get rid of any geometrical artifacts associated with
image acquisition.

Given the low contrast inherent to MV quality
images, it is not surprising that the fi nal tomograms
do not provide a lot of contrast, even in highly bony
regions like the head. Work is currently being done to
investigate if the different reconstruction algorithms
perform the same way with MV quality images.  This
will also allow us to determine whether the other recon-
struction algorithms produce tomograms with better 
depth resolution.

However, we believe that our results have, at the
very least, proved that the use of tomographic data for 
patient alignment is not limited to centers with the most 
up-to-date equipment but can also be achieved using
a software implementation as long as the center has a
portal imaging device.
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