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Abstract— Physicians ordering CT scans are often
interested only in an anatomical region of interest (ROI),
such as the spine or hip. Even if the reconstructed field of
view is reduced to the ROI, traditional reconstruction
algorithms require equal radiation exposure throughout
the axial of the body to produce an accurate
reconstruction, resulting in the irradiation of organs and
tissues that are not of clinical interest. This work presents
Focused Tomography, a modified filtered back-projection
(FBP) algorithm that permits accurate reconstruction of a
limited FOV with a 90% or greater reduction of radiation
exposure outside the clinical ROIl. This improvement is
possible because only the low-frequency components of
the off-ROI data are required for accurate reconstruction,
and these are largely unaffected by noise. The algorithm
was tested using CT images of a cadaver acquired with
radiation doses of 17 mGy within the ROl and 1.7 mGy
outside of the ROI. ROIs using the new algorithm were
compared to the original 17 mGy image, with near-perfect
preservation of spatial resolution and Hounsfield units.
Trials with additional simulated noise suggest that even
lower off-ROI doses would suffice. Current CT machines
do not have a mechanism to reduce the radiation delivered
to areas outside of an ROIl; however, with this
development of the mathematical basis for focused
reconstruction, the engineering of a movable, semi-

radiolucent collimator would permit clinical
implementation.
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|. INTRODUCTION

COMPUTERIZED Tomography (CT) has become a standard
diagnostic tool in modern medicine. In the last 30 years,
however, CT use has become so prevalent that the cumulative
radiation dosage which patients are exposed to during their
lifetime has increased dramatically [1], leading to much
speculation about the potential population-level effects of
increasing radiation exposure.

Oftentimes the clinical focus of a CT scan is a limited
Region of Interest (ROI) which has been identified through
clinical means or previous imaging; for some study types,
such as spinal imaging, the reconstructed image is restricted to
this limited field of view (FOV). However, current CT
technology is unable to restrict the radiation exposure to an
ROI, and all tissues within the axial plane are exposed, even if
they are not of clinical interest. This limitation is due primarily
to the reconstruction algorithms used, which require
information about all attenuating objects within each
projection to produce accurate reconstructions. Thus, data
from the entire axial slice must be collected, even if it will not
be displayed in the final image. Although the technology to
limit radiation exposure outside of the clinical ROI could
certainly be developed, there is little incentive to do so unless
reconstruction algorithms can cope with the loss of data.

This work presents a modified filtered back-projection
(FBP) algorithm that permits accurate reconstruction of a
limited FOV with substantial reduction of radiation exposure
outside the clinical ROI. Because modern iterative
reconstruction algorithms generally start from an initial
“guess” generated by FBP, this novel algorithm would also be
beneficial for most implementations of iterative
reconstruction.

Historical Background

Local tomography, the ancestor of the algorithm presented
here, was first investigated in the early 1990’s. However, these
early investigations preserved the edges but not the pixel
values of the image, instead returning a transformed image [2].
Because the pixel values in CT are “Hounsfield units” (HU)
that have a physical meaning related to the attenuation
properties of the tissues, preservation of these values is
important. HU measurements are used by radiologists to
characterize tissues, and are also important for specialized
applications including material identification in dual-energy
CT and attenuation correction in hybrid imaging, among other
applications.
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Subsequent improvements to localized tomography were
able to preserve the original pixel values [3-4]. This is possible
when one realizes that the low-frequency components of the
image are the only components which need non-local x-rays
(i.e., those that do not intersect the ROI) for their estimation.
The high-frequency components can be measured with the
local line integral measurements which pass through the ROI
(Fig. 1). Thus, one does not need to send radiation on paths
which do not intersect the ROI to find the high-frequency

components of the image.
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Fig. 1. Stylized illustration of a typical scenario for localized
tomography. The Region of Interest (ROI) is shown as a brown
circle within the larger blue circle that represents entire CT slice.
Green arrows represent “local” x-ray paths which pass through
the ROI. Red arrows represent “non-local” x-ray paths which do
not pass through the ROI.

In order to provide a complete and accurate reconstruction
of the ROI, two methods were presented which, featured a)
Regular sampling of local x-rays through the ROI, in order to
reconstruct the high-frequency components of the image, and
b) Sparse sampling of non-local x-rays, allowing for the
recovery of low frequency components of the image. The
combination of these methods resulted in an accurate
reconstruction of the ROIL, with the potential for greatly
reduced radiation dosages [3], [4].

Many other methods have been presented since these initial
works [6-10]. These methods work very well but only allow
binary sampling, i.e., either an x-ray is measured along a line
integral or it is not. Unfortunately, this idea of “skipping” line
integrals has no technological parallel that would permit a
practical reduction in radiation dose, as x-ray tubes do not
produce radiation in such a manner. Thus, an algorithm must
be designed that has a practical corollary that can be applied to
physical CT systems.

This work proposes a third method, which allows variable
sampling of the x-rays to permit a dramatically reduced
radiation flux through the portions of the body outside of the
ROI. The lower doses applied outside of the ROI will be
sufficient because they will only be utilized to determine the
low-frequency components of the image. Thus, the lower
signal- t o- noise ratio (SNR) measurements can be averaged,

producing adequate SNR measurements for these low-
frequency components. On the other hand, the tissues within
the ROI will be exposed to the usual radiation dose typical of
standard clinical imaging, allowing the detailed, high-
frequency components of the image to retain standard SNR
measurements.

Theoretical Background

CT data is generally collected in a helical fan-beam
geometry; however, for the discussion of the reconstruction
process, we will assume that this data has been reformatted
into a parallel beam data set. Thus we assume that the data can
be viewed as a function of two variables, angle 6 and distance
r from the origin, or that the data P, from each projection has
the form

Pr(r,6) = [ f(r6 + t6+4)dt, (1)

where t is an arbitrary variable chosen for the purposes of
integration (Fig. 2).
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Fig. 2. lllustration of the projection angles, coordinates, and

vectors referred to in (1).

The natural coordinates for tomography are x = 0 +

t6+. Morcover -0+ =1r. We want to sece what the
Fourier coefficients propagating at a fixed direction 6 have in
common with the projections, so we consider

f(s6) = — J Pr(r, e"sdr, ©)

where s is radial polar component of the polar representation
of the Fourier transform.
Thus, a central slice of the two-dimensional Fourier

transform of f(x,y), ie. f (55), can be obtained from the

one -dimensional projections of the function, or P (7, ﬁ)
This is the Radon Transform, which can be written:

Fi (Pf(r, 5)) = %f(sé) 3)

From (3), we can derive the formula for filtered back-
projection (4), which uses |w(s)| as a frequency cut-off
window.
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F@ ~—f [ F(s8) Isl ws)e™dsdo

=I5 (Pf(r' 6) « F(Isl W(S))) @-6)do (4)

By choosing w(s) appropriately we can make the
approximation above arbitrarily small. If we denote
F _1(|s| w(s)) = k(r) then, by the convolution theorem, we
have:

FG@ =~ [, (Pr(r,6) « k() (% - 6)de . (5)

One problem with (5) is that the kernel k(r) is very broad
as a function of r, due to the jump discontinuity of the
derivative of the function |s| at the origin. As a result,
radiation measurements would be required far from the ROIL.

This problem can be solved by separating the discontinuity
at the origin of |s| into separate portions: |s|w,(s) at the
origin, and |s|(1—w2(s)) away from the origin. The
corresponding inverse Fourier transforms will involve two
terms: a low-frequency kernel k;(r), which is the inverse
Fourier transform of |s|w,(s), and a high-frequency kernel
ky(r), which is the inverse Fourier transform of |s|(1 -
wz(s)). Thus, k(r) = k;(r) + k;(r), and (5) can be re-
written:

f& = [J (B (r,6) ki () (R - 6)do +
fon(Pf(r' 5) * k(1) (X -5)de , or

f@&) = fi(D + fn(D. (6)

The kernels are illustrated in Fig. 3. The energy of kj(r) is
contained within the interior 9 pixels of the current 512-
pixel digitization to an accuracy of 1/10000. The energy
concentration of k;(r), similarly measured, takes 175 terms.
Thus, the low-frequency terms require a great deal of non-
local information, and the high-frequency terms can be
measured locally.
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Fig. 3. The kernel decompositions k;(r) and k(1) are shown
in blue and green, respectively.

Initially there seems to be no advantage to decomposing
k(r) into two kernels from a radiation reduction standpoint,
since the low-frequency kernel still requires gathering large
quantities of data from outside the ROI. To understand the

benefit, consider the structure theorem for the projections or
Radon transform, which states that:

Pr(r,8) = (1 = r2) V2 X2 T,(r)hy(6), (7)

where T, (r) are the Chebyshev polynomials. Taking the
Fourier transform of this yields:

F(s8) =B 0,9 = () S2o i i)

2

= (E)_l/z YT () (6) +

2

o\~ 1/2
(3) e i )(O)

= f1(s,0) + fu(s,0), (8)

where J;(s) are the Bessel functions, and h;(8) is a
trigonometric polynomial of order /.

The key to understanding (8) is that the low-frequency
terms in s, which are the Bessel functions, are only
multiplied in frequency by the low-order terms h;(6). Thus,
we do not have to measure the low-frequency terms for many
angles @ in order to accurately determine the complete low-
frequency components of the image.

The approach of Localized Tomography espoused in [3],
[4] suggested sampling the sinogram outside the ROI at a
limited number of angles, while sampling the ROI at all
angles. Essentially, the method would require a narrow,
linear x-ray beam similar to those found in the earliest CT
machines of the 1970’s, which could be sampled or not as
needed. However, this approach cannot be implemented on
modern CT machines. Firstly, the sampling theory is based
on an axial parallel-beam geometry which does not exist;
modern scanners use fan beams or cone beams, most often
with helical scanning. Secondly, the x-ray tube cannot shut
off or modulate individual “rays” of the beam to permit full
sampling of the ROI with a reduced number of angles
sampled outside the ROI. Thus, refinements to the technique
are required to make the approach feasible.

Proposed Refinements to the Theory

Rather than utilizing a standard x-ray flux at a limited
number of angles for off-ROI imaging, an alternative would
be to sample all angles with a lower flux. We call this
approach “Focused Tomography” to differentiate it from the
earlier attempts at localized tomography. This scenario would
likewise save dose, but in contrast to earlier proposals, could
be implemented on physical systems with arbitrary
geometries. Movable attenuating filters, described in more
detail in the Discussion, could be used to accomplish this off-
ROI dose reduction while permitting the full dose to be used
within the ROI.

To illustrate this approach mathematically, we will assume
for now that the ROI is circular with radius »;, and for
simplicity that the x-ray tube is centered on the center of the
circle when 8 = 0. There is a distance d from the isocenter of
the scanner to the center of the ROI. As the x-ray tube moves
with 6, the center of the circle will then be a distance
d(0) = d sin 8 off of the center of the gantry. Thus we want
to gather a full data set of the x-rays which pass through the
ROI, which represent our first data set:
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PP(6,7) = P;(6,7) )

where 0 <6 <mandr € [dsinf —r,,dsin6 + r; ]. This
data set is gathered with full radiation dose, and thus will
have a respectively high SNR. The notation Pfh 0,7
recognizes that this data will be used to reconstruct the high
frequency details of the image.

A second data set is then gathered from all of the lines or
projections which did not intersect the region of interest. This
is our lowfrequency data set:

Pfl(e,r) = Pr(0,7) (10)
where 0 <60 <m and r ¢ [dsin® —r;,dsin0 +r; ]. This
data set is gathered with minimal radiation, and will have very
low SNR. This data will only be needed to reconstruct the low
frequency portion of the image, however, and will not affect
the final image in the ROI, however.

We now simply combine the data sets to get our
approximate, noisy sinogram or Radon transform:
P(6,7) = P*(6,7) + P{(6,7), (11)

noting that we have sampled all of the Radon transform,
some of it at high SNR and some at low SNR. Referring to
(6), we see that our final reconstruction will be:

F@) = [ (PG 0) * k() +
PH(r,6) * kh(r)) (x-6)do +
[T (PR 0) % k() +
P(r,0) + ky(r)) (% - 6)dO .
12

Let us analyze each term separately. The first (12
term, Pfh(r, 0) * ky(r), will yield most of our high
resolution image, and is highly sampled through the ROI. This
is the foundation of our reconstruction. The second term,
P} (r,0) * k,(r), will be essentially zero, since it is the
convolution of high frequency data with a low frequency
kernel. The third term, Pfh (r,80) = k;(r), is essentially zero for
the same reason: it is the convolution of low frequency data
and a high frequency kernel. The lastterm, Pfl (r,0) * ki (r), is
the low frequency term which is essential. At first one might
think that this would end our ability to accomplish the task of
lowering the radiation levels, since these low frequency terms
are global and cannot be measured locally. We must remember
the structure of the Radon transform to minimize this non-
local information.

We have a high-SNR estimate for the high-frequency
components inside the ROI. The low-frequency component
can be accomplished with the low SNR estimates: recall from
(8) that the low-frequency components are only affected by
lowHrequency sines and cosines with respect to 4, and that

f1(s,0) = T2y i i($)y(6), (13)

with N being very small. Restating this, if you look at the
Fourier transform from a polar viewpoint, the small circular
components are controlled by very low-order sines and
cosines. Therefore, we are estimating very few parameters in
the low frequency component. We have a great number of data

samples, so the law of large numbers will yield a very solid
estimate for the low-frequency component. The purpose of
this study is to show that we can accomplish this even if we
are gathering this data at very low SNR levels, i.e. with very
little radiation.

II. METHODS

Initial proof-of-concept trials were performed in Matlab
using a simple mathematical phantom (Fig. 4). Projection
images of this phantom were created using the ‘“radon”
command and subsequently reconstructed using FBP. Fig. 4A
displays a reconstructed image with added Poisson noise, with
Figs. 4B and 4C demonstrating magnified views of central and
inferior sections of 4A, respectively. These can be compared
with Figs. 4D and 4E, which show the same regions
reconstructed with the proposed method of Focused
Tomography with a simulated radiation reduction of
approximately 92%. Fig. 4F demonstrates a reconstruction
from totally local data, i.e., ignoring the Focused Tomography
methodology.

Fig. 4. Results from the mathematical phantom uses in initial
trials, showing A) a reconstruction of the entire phantom, B)
magnified view of the central section of the phantom image, C)
magnified view of the inferior section of the phantom image, D)
central portion of the phantom reconstructed with a simulated
92% radiation reduction, E) inferior portion of the phantom
reconstructed with a simulated 92% radiation reduction, and F)
an attempt at reconstruction using only local data.

Based on the success of these initial attempts, we obtained
Institutional Review Board approval to acquire data by
imaging human cadavers at different radiation dose levels: a
volumetric CTDI (CTDI,,) of approximately 1.7 milligray
(mGy) and 17 mQGy, as calculated by the CT scanner . These
will be referred to as the low dose and high dose, respectively.
These dose levels were selected because 17 mGy is typical of
a clinical CT scan of the torso, and we anticipated that a 10-to-
1 ROI/non-ROI dose ratio would perform well with the
focused tomography method and represent a sizeable radiation
dose reduction.

A Canon Aquilion ONE CT scanner was used to acquire the
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images. The different dose levels were obtained by adjusting
the mA modulation settings on the scanner, and all other scan
techniques were the same as those used in the clinical protocol
selected: 120 kV, helical acquisition with pitch of 0.813, 40
mm collimation width, 1-mm slice thickness, and iterative
reconstruction with a “body” kernel (FC18).

Because it was not possible to obtain raw projection images
from the CT scanner, the reconstructed images were loaded
into Matlab and sampled with the “radon” function using 1000
projection angles, The | oversampling of angles reduced any
numerical errors and-is-after the fact and numerical in nature..
The data were then re-reconstructed using the Focused
Tomography methodology. While the use of processed data is
not ideal due to the unavoidable contribution of the original
reconstruction algorithm and image processing kernel to the
data, this approach still permits the methodology to be tested
in a reasonable way to demonstrate proof-of-concept using
clinical images.

For this work, we combined images to use high dose for the
local (on-ROI) data and the low dose for the non-local, off-
ROI data. Production of the composite image is a
straightforward substitution of the pixel values from the high-
dose data set that correspond to the location of the intended
ROI into the low-dose data set; because the pixel values in CT
images are already normalized as a function of their
attenuation properties rather than their total signal levels,
additional normalization between the two data sets was not
necessary.

Reductions of the off-ROI dose below one-tenth of the ROI
dose might be possible, but the CT scanner we used did not
permit further dose reduction below 1.7 mGy. The main effect
of lowering the dose in CT is to increase the image noise; thus,
we simulated lower doses by simply adding Gaussian noise to
the manufactured projections for the off-ROI data. While this
is not ideal, the process showed the robustness of the
algorithm without being able to obtain original projection data,
prior to the logarithmic conversion and original
reconstructions by the manufacturer..

Due to the sharp transition in noise levels between the two
regions of the image, we also investigated whether it was
necessary to include a transition region to avoid artifacts.
Thus, we specified two different modes for our images: the
first denoted as Focused Tomography 1 (FCT1), which used
the lower dosage measurement outside the ROI and the higher
dosage measurements inside the ROI, with no transition region
between them; and the second denoted as Focused
Tomography 2 (FCT2), which used a raised cosine transition
window between the lower dosage and the higher dosage
measurements.

To ensure that FCT does not create small image differences
that are not easily apparent, a difference image was also
created in which the data within the ROI of the FCT image
was subtracted from the data in the same area of the original
image. The difference between the pixel values within the ROI
was also calculated as the mean square error (MSE).

lll. RESULTS

Fig. 5 demonstrates an ROI positioned on the thoracic
spine, at the level of the heart. The original reconstruction

Fig. 5. Results from use of the FCT method to produce an ROI
over the thoracic spine, showing A) a magnified view of the
original CT scan using 17 mGy, B) a magnified view of the
original CT scan using 1.7 mGy, C) the complete reconstruction
using FCT1, D) the complete reconstruction using FCT2, E) a
magnified view of the ROI using FCT1, and F) a magnified view
of the ROI using FCT2, G) the difference image between the
original high-dose and FCT reconstructions of the ROI, and H) a
reconstruction of an ROI using only local data, for comparison
purposes. Notice that A and F are essentially identical in the
interior.

with 17 mGy (Fig. 5A) shows typical levels of clinical image
quality. The reconstruction with only 1.7 mGy (Fig. 5B)
shows a significant loss of detail, increased noise, and
shadowing around the spinous process resulting from beam
hardening artifact. Figures 5C-F combine these images to
demonstrate the FCT methodology on a composite image with
high dose in the ROI and low dose outside the ROI. The detail
within the ROI is preserved with both the FCT1 and FCT2
methods, although Gibb’s ringing is noted around the borders
of the ROI using the CT1 method. Inclusion of the transition
window with FCT2 removes the appearance of ringing. The
difference  image between the original high-dose
reconstruction and the FCT1 reconstruction shows obvious
noise-related differences outside the ROI, but there is no
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perceptible difference within the ROI (Fig. 5G). The MSE of
this reconstruction was only 0.0041, which is negligible
considering that the standard deviation of the pixel values can
often exceed 10-20 HU in a uniform background. Fig. 5H
shows what the ROI would look like if calculated from local
data only, i.e., by neglecting the off-ROI data completely. The
severe artifacts apparent in this image would make it
unsuitable for clinical use.

The 10-to-1 ROI/non-ROI dose ratio performs well, and it
is likely that the algorithm would perform as well at even
lower off-ROI doses. Although it was not possible to acquire a
CT image with a lower dose than 1.7 mGy, the artificial
addition of Poisson noise simulated the effect of using a lower
dose outside of the ROI. Both the FCT1 and FCT2 algorithms
were tested; Fig. 6 shows the results using FCT1. Even with
the addition of so much noise that only the vague outlines of
the anatomy are visible through the noise in the off-ROI areas,
the image quality within the ROI remains as high as it was in
the original image. The MSE was again very low, at 0.00024.

Fig. 6. Results from use of the FCT method with added off-
ROI noise, showing A) the complete reconstruction using
FCT1, B) a magnified view of the ROI, and C) the difference
image between the original high-dose and FCT
reconstructions of the ROI

The ROI over the spine shown in Figs. 5-6 is near the
isocenter of the CT scanner gantry, but it is not necessary to
restrict the method to centrally-placed ROIs. Fig. 7 shows the
FCT2 method applied to a CT image of a hip with added
noise, demonstrating that the ROI can be placed anywhere
within the reconstructed field-of view, even in the high-noise
condition.

I\VV. DISCUSSION

The Focused Tomography method clearly provides a
solution to allow reconstruction of an ROI within a CT image
with limited data from the regions outside the ROI. All that is

needed for accurate reconstruction is the low-frequency
information from outside of the ROI, which can be obtained
even when there are very high levels of noise. We believe that
this success is due to the low-frequency coefficients being
nearly invariant on standard human scans. This modification
to existing reconstruction algorithms would allow sizeable
dose reduction for regions outside the ROI: the data shown
using the CT images acquired at 17 mGy and 1.7 mGy

Fig. 7. Results from use of the FCT method for an ROI over
the hip, showing A) the original reconstruction, B) the
complete reconstruction using FCT2 with added off-ROI
noise, C) a magnified view of the hip on the original image,
and D) the magnified view of the ROI from B.

demonstrate that a reduction in absorbed dose of ~90% to the
off-ROI tissues is certainly possible, and the trials with
simulated noise suggest that even lower doses would likely
suffice.

The potential to reduce off-ROI dose is of particular interest
because reduced field-of-view imaging often includes as
“collateral damage” some of the most radiosensitive organs
and tissues in the body. For example, spine imaging is one of
the most common exams to employ a reduced field of view,
but the spine is surrounded by radiosensitive organs including
the lungs, stomach, liver, and breast in the thoracic region; and
the colon, bladder and reproductive organs in the lumbar
regions [6]. Sensitive red bone marrow is also exposed in all
areas of spine imaging, e.g. in the shoulders, ribs, sternum,
and pelvis. Reduced-radiation imaging of off-ROI regions
would likely lower the effective dose the patient receives (and
hence, the risk of stochastic effects such as cancer) by an even
greater degree than it lowers the absorbed dose. When patients
are exposed to multiple CT scans using ROI imaging, as if
often the case when evaluating ongoing injuries, treatment
options, and outcomes, the benefit multiplies.

Current CT machines do not have a mechanism to reduce
the radiation delivered to areas outside of an ROI. However,
now that the mathematical basis for reconstruction is
understood, the engineering of a movable, semi-radiolucent
collimator would permit implementation (Fig. 8). The
anatomy to be included within the ROI would be determined
by the CT technologist from the anteroposterior and lateral
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topograms, which are already acquired as the first step in
routine CT scanning. The opening in the collimators would be
adjustable from fully open, for traditional unfocused exams, to
fully closed, with the position of the opening adjustable
laterally. The key is that the collimator is of an appropriately
strong material with atomic number and density high enough
to block 90-95% of the radiation exiting the bowtie filter
through the non-ROI region; the detailed specifications would
depend on the beam quality of the most-commonly used x- ray
tube potential, but 3-4 mm of tungsten would be a reasonable
proposal. This collimator would adjust position to center on
the main ROI via continuous motion throughout each rotation
of the x-ray tube, allowing full dosage radiation to be gathered
from the ROI while shielding the areas outside of the ROI.
Implementation of this device will require collaboration with a
CT manufacturer.

- Existing X-ray tube
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Fig. 8. Drawing of the side view of a CT machine with the
gantry cover removed. The proposed movable, semi-
radiolucent collimators that would make FCT possible are
shown below the bowtie filter and pre-patient collimator.

V. CONCLUSION

The focused tomography algorithm makes CT imaging of
an ROI possible using radiation doses reduced by 90% or
more in the off-ROI region. Image quality and Hounsfield unit
accuracy within the ROI is essentially unchanged, and the ROI
can be located anywhere within the scan field-of-view. This
improvement is possible because only the low-frequency
components of the off-ROI data are required for accurate
reconstruction, and these are largely unaffected by noise.
Unlike previous approaches, the FCT algorithm can be
implemented on physical systems with arbitrary geometries.
With manufacturer support, implementation of FCT on a
clinical system could be accomplished by the addition of semi-
radiolucent collimators.
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Leon,Stephanie Marie
“Topograms” is the correct word. It refers to the 2D planning images acquired before the CT scan. “Tomograms” would be the reconstructed 3D images. 
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