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A B S T R A C T

To explore the potential of utilizing Compton scattered x-ray photons for imaging applications, it is critical to
accurately evaluate scattered x-ray transmission properties of targeted tissue materials. In this study, scattered x-
ray transmission of breast tissue equivalent phantoms was evaluated. Firstly, two validations were carried out
using a primary x-ray beam at 80 kVp with both experimental measurement (ion chamber with narrow-beam
setup) and analytical calculation (Spektr toolkit). The tungsten-anode x-ray spectrum model was thus validated
by measuring and calculating the transmission through increasing thickness of 1100 Aluminum filters. Similarly,
the composition models of breast tissue equivalent phantoms (CIRS, 012A) were validated by measuring and
calculating x-ray transmission for three different breast compositions (BR30/70, BR50/50, and BR70/30).
Following validation, transmission properties of Compton scattered x-ray photons were measured with a GOS
based linear array detector at the 90° angle from the primary beam. The same study was performed through
three independent approaches: experimental measurement, analytical calculation, and Monte Carlo simulation
(GEANT4). For all three methods, the scattered x-ray photon transmission as functions of phantom thickness
were determined and fit into exponential functions. The transmission curves from all three methods matched
reasonably well, with a maximum difference of 6.3% for the estimated effective attenuation coefficients of the
BR50/50 phantom. The relative difference among the three methods of estimated attenuation is under 3.5%. As
an initial step to develop a novel Compton scatter-based breast imaging system, the quantitative results from this
study paved a fundamental base for future work.

1. Introduction

In the photon energy range used for diagnostic x-ray exams
(~20–140 keV), Compton scattering is the dominant interaction be-
tween x-ray photons and human soft tissue. However, the x-ray detec-
tion and image formation are all based on the “straight-line” assump-
tion and only the total linear attenuation through the imaging target is
utilized as the source of image contrast. For the current scheme of
clinical x-ray imaging, the scattered photons were either undetected
(scattered off the source-to-detector pathway, causing radiation safety
concerns), rejected (by anti-scatter grid), or incorrectly detected with
primary photons without differentiation. It is challenging to solely use
Compton scattered photons for imaging purpose. Only shallow in-
formation can be provided with backscatter setup and limited success
had been demonstrated in the archaeology field and industrial non-
destructive examination [1–4]. To detect Compton scattered photons

generated within greater depth of the object (with certain approach to
reject photons from multiple scatter), many previously proposed
methods [5–9] had to rely on monoenergetic x-ray sources and still had
major challenges to determine two key factors: the location of the
Compton interaction and the attenuation of the Compton scattered
photons before detection. Both information relies on the imaging object
itself. So, there’s no theoretical viable solution. Most studies either as-
sumed uniform water-equivalent background, or only applied to small
sized specimen samples [10–12] (Fig. 1-a and b). Either method won’t
provide satisfying solutions or practical “image” of the object.

Hypothetically speaking, if Compton scattered photons can be di-
rectly detected from an existing x-ray projection system (Fig. 1-c), it
will bring two key advantages: 1. the added secondary image contrast
mechanism to the existing primary contrast for x-ray imaging; 2. the
reduced radiation shielding requirement for the system with added
detectors as secondary barriers. Several other different approaches had
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been proposed with preliminary setups [13–16]. As a preliminary study
to explore the feasibility to utilize scattered x-ray photons for imaging,
this study focuses on the application of breast imaging when scattered
photons are detected at the 90-degree angle. We would like to em-
phasize that in this approach we do not make any assumptions on the
imaging object, nor do we try to decipher the Compton scatter coeffi-
cients of the interaction spot. On the other hand, we will generate
projection images which provide additional depth information other
than just the primary beam projection radiograph. Like all x-ray related
imaging system development, the first step is to accurately evaluate x-
ray transmission properties of scattered x-ray photons through targeted
tissue materials. Therefore, the purpose of this study was to use the

Compton scattered photons from tissue equivalent phantoms as the
additional x-ray source and then evaluate the transmission profiles
through different tissue equivalent materials. We performed the study
using three different approaches with experimental measurement,
analytical calculation, and Monte Carlo simulation.

2. Methods and materials

2.1. X-ray spectrum model and phantom composition model validation

The experimental measurements in this study were all performed
from a clinical radiographic system (DX-D600, AGFA, Morse, Belgium).

(a) (b)

(c)

) (b)

Fig. 1. Conceptual diagram for different approaches utilizing Compton scatter. (a): Traditional way with large object, the attenuation paths (brackets) are un-
determined. (b): Traditional way for small-sized specimen object, which cannot be utilized for in vivo imaging. (c): Our approach presented in this study, which will
provide “additional” information from the primary projection image.
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To provide input data for analytical calculation and Monte Carlo si-
mulation, the x-ray spectrum model and the phantom material were
first validated. As shown in Fig. 2, the x-ray spectrum model using
TASMIP [17] via Spektr [18] (in MATLAB, Natick MA) was validated by
measuring and calculating the transmission through increasing thick-
ness of 1100 Aluminum filters (10 cm × 10 cm) with a 0.6 cc thimble
ionization chamber (10x6-0.6CT, Radcal, Morovia, CA). The ion
chamber had an effective length of 19.7 mm and was calibrated by the
manufacturer with equipment traceable to NIST standard for the HVL
range of 3–20 mm Al.

Several key details were implemented to best set up a narrow-beam
geometry. The x-ray field was tightly collimated (4 mm × 9 mm at
100 cm from focal spot) by manual adjustment of the collimator. The
ion chamber and the aluminum sheets were placed at 128 cm and
64 cm away from the focal spot, respectively. In addition, two sets of
lead sheets were added to minimize scatter, with one set just below the
aluminum sheets and one set just above the ion chamber. The para-
meters used for measurements were 80 kVp (with HVL of 3.2 mm Al),
50 mAs. The aluminum sheet thickness was incremental from 0.5 to
9 mm (specifically 0.5, 1, 2, 3, 4, 5, 7, and 9 mm). With the measured
transmission data, the inherent tube filtration was iteratively de-
termined using Spektr with the TASMIP model.

The next step was to validate the elemental composition models of
breast tissue equivalent phantoms used this study. From the CIRS 012A

phantom series (CIRS, Norfolk, VA), three uniform sets were tested for
different glandular/adipose percentages (BR30/70, BR50/50, and
BR70/30). With the exactly same narrow-beam setup as the spectrum
validation (Fig. 2), phantom blocks with increasing thickness (0.5, 1, 2,
3, 5, 7 cm) were placed in the x-ray beam and the transmission was
determined through the measurements by the ion chamber. Using the
spectral model confirmed above and the manufacturer provided ele-
mental composition information, the transmission data were calculated
analytically using Spektr and compared to the experimentally measured
data.

The calculation details for the above two steps are straightforward
and not included in this study for brevity. Very similar examples can be
referred to a previous study [19].

2.2. Transmission measurements with Compton scattered photons

As shown in Fig. 3, with the same x-ray system, minimally-colli-
mated (2 mm × 3 mm at 100 cm from focal spot) primary x-ray beam
was targeted onto a tissue equivalent block (BR50/50, CIRS 012A). The
scattered photons were detected at a 90-degree angle to the incident
primary beam, using a solid-state linear array detector, which is a GOS
scintillator based indirect detector (X-Scan 0.8f3-512, Detection Tech-
nology Inc, Finland). This detector (referred to as “DT detector” below)
is composed of a linear array of 640 pixels with pixel dimension of

X-ray tube with collimator

1
st

 set of lead collimator

Aluminum sheets or Breast tissue 

2
nd

 set of lead collimator

Ion chamber

Lead to prevent back scatter

(a) (b)

(c)

Fig. 2. Narrow-beam transmission measurements with an ion chamber. Two sets of lead sheets were added to reject scatter. (a): Diagram for the setup (for illustration
purpose, distance not to scale). (b): Transmission measurements through aluminum for spectral validation. (c): Transmission measurements through breast tissue
equivalent material for material composition model validation.
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0.8 mm × 0.7 mm. This detector had been previously utilized to
measure scatter signal from a Digital Breast Tomosynthesis system for
shielding purpose [20,21] and had demonstrated high detection sensi-
tivity, which was crucial for this experiment. The x-ray focal spot is
65 cm away from the top of the scattering block. The 1st set of lead
collimator (back end of the scattering block) is 10 cm away from the
attenuating block and 20 cm away from the DT detector. To achieve the
best data quality under the geometry of “pencil-beam-in and pencil-
beam-out”, double lead collimators with very small openings (as shown
as the 1st plus 2nd set of collimators) were added right behind the
phantom and in front of the detector. It is worth noting that additional
lead shielding was also added to minimize x-ray tube leakage and
scattering from the tube assembly and the experiment table.

The parameters used for measurements were 80 kVp, 500 ms,
320 mAs. The detector integration time was set as 10 ms and therefore
50 readings per exposure. With the narrow collimation setup (Fig. 3),
twelve detector pixels were used to detect the scattered photons. The
standard deviations between the 12 × 50 = 600 measurements was
used to estimate the measurement uncertainty. The averaged signal
from these 600 measurements was used to reduce noise. Two groups of
transmission data were measured: same material (BR50/50) with dif-
ferent thickness (0.5–5 cm) and same thickness (1 cm) with different
materials (BR30/70, BR50/50, BR70/30).

2.3. Analytical calculation of transmission of Compton scattered photons

With the x-ray spectrum and phantom materials confirmed in
Section 2.1. A, a simple analytical calculation model was set up using

the Spektr toolkit to evaluate transmission properties of Compton
scattered photons through different phantom materials.

Assuming the primary incident x-ray spectrum is kV EΦ ( , )0 , which
is photon fluence with units of photons/mm2 and the linear Compton
scatter coefficient of the BR50/50 material is σ E( ) (in cm−1). After the
initial interaction at the top 1 mm layer of the scattering block, the new
spectrum at the 90-degree scattering angle is determined as:

= − −kVp E kV E eΦ ( , ') Φ ( , )(1 )σ E
c90 0

0.1· ( ) (1)

where =
+

E ' E

1 E
keV511

, and ∈E kVp[0, ].

The scattered signal detected by the DT detector after the attenua-
tion through x cm of phantom material is:

∫= −I kVp x kV E e D E dE( , ) Φ ( , ') ( ') '
kVp x μ E

0 c90
· ( ')

(2)

where I kVp x( , ) is unit-less digit number output from the detector,
μ E( ') is the linear attenuation coefficient for the attenuating material in
cm−1. D(E) is the response of the DT detector as modeled previously for
a 0.1 mm Aluminum window plus a 0.8 mm GOS block [19] as:

= −− −( )D E k e E e( ) 1GOS
μ E μ E( )·0.01 ( )·0.08Al GOS (3)

The transmission was then calculated as:

=kVp x
I kVp x
I kVp

Γ( , )
( , )
( , 0) (4)

Therefore kGOS, the scaling constant in Eq. (3) was cancelled out.

(a)

(b) (c) (d)

(a)

Fig. 3. Experiment setup for Compton scatter measurements. (a): Overview diagram of the setup (for illustration purpose, distance not to scale). The arrows indicate
the primary and scattered x-ray photon path. Two different sets of lead collimators were used to reject x-ray signals not going along the path defined by the green
arrow. (b)–(d): Pictures of the setup, including (b) the detector and 1st set of lead collimator, (c) the breast tissue phantom and 2nd set of lead collimator, and (d) lead
sheets to block tube leakage and scatter from tube assembly. The lead thickness was all 2 mm and above.
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2.4. Monte Carlo simulation

The Monte Carlo simulation was performed by the Geant4 toolkit
(Geant4.10.2), which was well validated for photon and charged par-
ticle simulation [22]. The Penelope electromagnetic physics list (with
energy range down to a few hundred eV) was used to cover the rela-
tively low energy range (keV) of this study. A 1 × 1 cm2 square beam
was used as the incident primary beam. In line with the above experi-
ment setup, we set up the Monte Carlo simulation model as shown in
Fig. 4. For simplification, only a single individual GOS detector element
(0.7 mm × 0.8 mm) was simulated. The incident energy was sampled
according to the spectrum from the result of Section 2.1. A. For each
simulation, ×1 108 histories were tracked on a Linux cluster platform
(Partners ERISone). A total of 1000 simulations for each attenuating
block material (BR3070, BR5050, BR7030) and thickness (0, 1, 2, 3, 4,
and 5 cm) were performed.

3. Results

3.1. X-ray spectrum model and phantom materials validation

Fig. 5 shows the transmission profiles for increasing thickness for Al
sheets (Fig. 5-a) and breast tissue equivalent blocks (Fig. 5-b). The re-
sults from experimental measurements and analytical calculations had
very good agreements. Therfore the spectrum model and the phantom
materials were validated for the analytical calculation and Monte Carlo
simulation for tranmission evaluation of the Compton scattered pho-
tons.

3.2. Compton scattered photon transmission

Fig. 6 shows the comparison of photon transmission profiles through
increasing thickness of BR50/50 blocks. Data from three methods
(Monte Carlo simulation, experimental measurements, analytical

calculation) all agreed to each other very well. The transmission de-
creases as the phantom thickness increasing, closely following an ex-
ponential curve (as shown by the trend lines). The transmission data
was fitted to the phantom thickness with a single term exponential
function as = −x aeΓ( ) bx . Approximately considered as the “effective
attenuation coefficient” of the given material and thickness, the fitting
parameter “b” in the unit of mm−1, was 0.0254, 0.0238, and 0.0251,
for Monte Carlo, experimental measurements, and analytical calcula-
tion, respectively. The largest difference is 6.3% between all three
methods. Again, given the polyenergetic nature of x-ray spectrum (and
the Compton scattered x-ray spectrum), a single exponential curve as
the simple Beer-Lambert law in theory cannot fully describe the
transmission profiles. Therefore, the fitting parameters shown above
can only be used as a rough approximation of the overall attenuation of
the material.

Table 1 summerizes the tranmisson comparison for three different
materials with the same thickness of 1 cm. The maximal difference
between all three methods is 3.5%. For Monte Carlo method, the mean
and standard deviation of the attenuation coefficients were estimated
from the results of the 1000 simulation runs.

The differences in transmission between different phantom material
is relatively small, given the subtle differences in the adipose/glandular
percentage.

4. Discussion

At the very initial stage of developing a new Compton scatter
imaging system, many practical questions remain unanswered, in-
cluding the optimal system geometry and the primary x-ray spectrum,
which directly affects the trade-off between the contrast-to-noise ratio
(CNR) of the image and the radiation dose to the object. In this study,
only 80 kVp was tested, based on previous experience from dedicated
breast CT [23,24]. However, the data clearly showed the promising
nature of utilizing scattered photons given that the transmission

Fig. 4. Monte Carlo simulation model. The setup was to closely match the experiment setup shown in Fig. 3. Primary x-ray beam travels down along the y-axis with
the scattering tissue block placed within the x-y plane at z = 0. Two sets of lead collimators (1st and 2nd to match Fig. 3) with a thickness of 5 mm were placed
parallel to the y-z plane and at x = 10 cm and 30 cm, respectively. The attenuating block with various material and thickness was placed right in front of the 1st set of
lead. The green lines shown are x-ray photon tracks and the red lines are electron tracks.
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properties can be accurately measured and calculated. The current
setup is assuming a pencil beam primary incidence and a pencil beam
scatter detection. The main reason is to help the localization of the
scatter interaction and reject x-rays which underwent multiple scatters.
Apparently, this “pencil-beam-in and pencil-beam-out” setup requires the

modification of the existing primary imaging system and has a rela-
tively low detection efficiency of scattered photons. This geometry
might be further optimized to improve the detection efficiency, to-
gether with other system parameter optimizations through a more
comprehensive study.

5. Conclusions

It is the first time to quantitatively evaluate the transmission/at-
tenuation properties of breast tissue equivalent materials under
Compton scatter imaging setup. The initial results from this study de-
monstrated the potential characteristics of Compton scatter imaging for
breast imaging applications. Even though we focused our study on
breast imaging, results in this study can also be applied to other po-
tential applications, including general radiography and imaging gui-
dance for radiation oncology treatment.
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