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Dose-Free Monitoring of Radiotherapy Treatments
With Scattered Photons: Concept and
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Abstract—Modern radiotherapy (RT) techniques provide
increasingly higher conformality, a potential invaluable clin-
ical benefit to the patient. Consequently, in both single and
multi-fractionated RT, patient misalignments and changing in-
ternal anatomy are also becoming more critical since higher
conformality may equally represent a higher risk of target un-
derdosage or organ-at-risk overdosage. Even with rigid fixation
devices, maximum positioning errors higher than 1 cm are
observable. In addition, anatomical morphological variations
induced by cardiorespiratory or bowel motion, or RT-related
biological responses, have been reported. The latter include
tissue swelling, edema, inflammation, tumor shrinkage/growth,
or filling of body cavities with unaccounted mucus or edematous
tissue. State-of-the-art image-guided radiotherapy (IGRT) aims at
providing feedback to the radiation oncologist in regard to these
matters, some times at the cost of increased dosage (e.g. kilo and
megavoltage IGRT), other times providing insufficient clinical
information. We investigate a novel imaging system specially
designed for monitoring both conventional and intensity/volu-
metric modulated photon radiotherapy (IMRT/VMRT, static and
dynamic). The proof-of-principle and feasibility of such system
indicate its potential for monitoring each field (and segment, for
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IMRT/VMRT) during all treatment fractions without whatsoever
additional dose. We present a clear 2D correlation between the
dose delivered in a heterogeneous phantom and the number of
scattered photons detected perpendicular to the photon beam.
Simulations of high-energy, multi-hole collimators show real-time,
high-detectability of abnormal (though possible) irradiation sce-
narios with pertinent target morphological alterations, such as
tumor dislocation or formation of edematous tissue.

Index Terms—Compton scattering, dosimetry, gamma-ray cam-
eras, medical imaging, Monte Carlo simulation, radiation imaging,
real time systems, therapy.

I. INTRODUCTION

ANDLING single- and multiple-fraction radiotherapy

(RT) requires extreme care to guarantee maximum dose
exposure to the tumor and minimum healthy-tissue dosage so
to limit undesirable side-effects. Nevertheless, several physical
and biological mechanisms disturb that precision requirement
to an unknown and unpredictable extent. Examples of such
RT-disturbing imprecisions range from patient mispositioning
(maximum positioning errors higher than 1 cm are observable
[1]), to anatomical morphological changes occurring during the
course of treatment [2], [3] (e.g. tissue swelling due to edema
or inflammation [4], tumor shrinkage, and/or filling of initially
air-filled cavities). These and other morphology-changing
factors [5] constitute the main challenge to the development of
modern RT techniques. Consequently, it is desirable to detect
and quantify such dose-changing mechanisms. This knowledge
would allow the improvement of RT clinical outcomes by
continuously supporting the medical doctor in its decision to:
(1) stop and re-plan a given treatment that has evolved to a
situation that does not fulfill the initial dose assumptions, or (2)
continue the treatment with reassured quality. State-of-the-art
technology aiming at this task is named image-guided radiation
therapy (IGRT).

A. Rationale for Dose Verification in Photon Radiotherapy

The use of information obtained from images is crucial in
any type of radiotherapy. It can be useful either in the diagnosis
phase, in the treatment planning, for monitoring the accuracy of
dose delivery, and finally for monitoring the response to treat-
ment [5], [6]. Dose verification assumes particular relevance in
this process since during delivery any type of intra- or inter-frac-
tion deviations relatively to the planning computed tomogram
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Fig. 1. Implementation of the monitoring system into a clinical RT environ-
ment. The photon beam coming from a linear accelerator (linac) interacts with
the target (e.g. patient) and photons scattered at approximately right angles with
the beam direction are collimated and collected by one or more detector heads.

may reduce the effectiveness of the treatment and may cause
severe patient complications. In the case of photon RT different
methods have been and are being developed to assess such pa-
tient variations, namely ultrasound, optical surface tracking sys-
tems, implantable electromagnetic markers, megavoltage X-ray
electronic portal imaging (EPI), and in-room megavoltage (MV)
or kilovoltage (kV) X-rays [5], [7], [8]. Other imaging methods
like magnetic resonance imaging (MRI) or positron emission
tomography (PET) may also be used [5], [6]. The process in
which deviations of patient repositioning and anatomy from the
initial planning computed tomogram are detected and corrected
for, if needed, is called adaptive radiotherapy (ART), in contrast
to conventional static radiotherapy in which the treatment plan-
ning is based on one single computed tomogram and delivered
to the patient throughout all fractions [1].

Fast 2D image-guided techniques have been available since
the 80’s with the integration of portal imaging devices in linear
accelerators (linac) [9]. However, these cannot generally be
used to visualize soft tissue [6], thus providing only bony struc-
tures deviations. Consequently, any anatomical deformations,
organ movement or tumor response during treatment cannot
be accounted for. Three-dimensional IGRT, with or without
functional tumor information, becomes then an essential step
in the treatment process and even more when new treatment
techniques are delivered. With intensity modulated radiation
therapy (IMRT) highly irregularly-shaped dose distributions
with steep dose gradients in the tumor borders can be produced
[3], [10], [11]. Cone-beam computed tomography (CBCT)
tools produce a 3D online patient representation [8]. Using this
technology, daily 3D in vivo dosimetry has been investigated
and it is becoming standard practice in some clinical centers
[12], [13]. Alternative solutions include CT or MRI scanners
inside the treatment rooms [10], [14] or integrated in the linac
[15]. Each of these techniques has its imaging potentialities
and limitations, with potential side effects due to extra-dosage
in both MV and kV CBCT.

For moving targets like lung tumors, 4D gating and tracking
solutions are under development [16] or already under clin-
ical use [17]. Several systems based on feedback mechanisms
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Fig. 2. Differential distributions of the two spectra with endpoint energies of
6 MeV and 18 MeV implemented into Geant4. The 6-MV linac energies are
typically used for head-and-neck IMRT treatments, whereas the 18-MV energies
are used for irradiation of the trunk (e.g. lung tumors).

that enable online adaptation of the radiation delivery are be-
coming available [18]. Also, new methods for in vivo dosimetry
based on the physical interactions occurring during irradiation
are being tested like the in-beam PET applied to photon RT. This
is based on the emission of positrons produced by photoneutron
reactions [19]. However, the technique is mainly applicable for
photon energies above 20 MeV (i.e., above the endpoint ener-
gies of most linacs).

None of the aforementioned techniques is able to provide a
complete answer to the quest of detecting the dose-changing
mechanisms. The present work investigates by detailed simula-
tion a novel gamma-camera-like system capable of monitoring
photon radiotherapy by searching in real time for convenient,
dose-correlated radiation escaping the patient during each treat-
ment. In particular, the main goal of this work consists in ana-
lyzing whether the physical information obtained from photons
escaping at 90° from an irradiated phantom is correlated with
the deposited dose. In addition, we also investigate if a first ten-
tative target morphological alteration (edema) can be detected
with this system.

It must be stated that other important uses of Compton scatter
measurements were attempted before for imaging purposes
[20]-[22]. The novelty of this work lies in its first time attempt
to use Compton scattering for therapy monitoring.

II. CONCEPT

A. Principle of Operation: High-Energy Multi-Hole
Collimation

The implementation of the proposed monitoring system in a
clinical RT environment is depicted in Fig. 1. A single, or mul-
tiple, detector-head is positioned at right-angle(s) with the beam
direction (only one detector head shown in the image). Each de-
tector head accepts photons that are scattered in the target only
if they are emitted also at approximately right angles with the
beam direction.

III. MATERIALS AND METHODS

All simulations were performed using the Geant4 toolkit
[23], [24], version 9.4, and the emstandard opt3 physics list
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Fig. 3. Schematic side view of the simulated phantoms. Left: Normal. Right: Morphological alterations: air cavity partially filled with water.

(only electromagnetic processes were activated). In order to
gain a first insight into the potentialities of the proposed mon-
itoring system we have simulated some possible treatment
scenarios.

The first approach to test this concept was to use a 30-mm-di-
ameter photon beam with no divergence impinging on a cylin-
drical, heterogeneous target phantom. The shape of the beam
spectra is depicted in Fig. 2 and was adapted from [25]. Most
linacs in current use have two endpoint energies of 6 and 15
or 18 MeV. For this reason we have implemented into Geant4
the energy spectra of a linac from Varian Medical Systems
[25] with endpoint energies of 6 MeV and 18 MeV. The 6 and
18-MV photon spectra were used in the first studies pertaining
to Sections II1-B-1 and III-B-2. For the studies with a fully-de-
ployed, multi-hole collimation system (Section III-B-3) only
the 6-MV photon spectrum was simulated.

A. Geant4 Dose Validation

In order to validate the physics list implemented in Geant4,
the longitudinal dose profile delivered into a homogeneous
phantom made of water was simulated. The phantom consists
of a cylinder with 90-mm radius and 300-mm length. The
divergent beam used has a cross section of 40 mm x 40 mm
at the isocenter, and an endpoint energy of 6 MeV (Varian 6
MYV profile in Fig. 2). The simulated, longitudinal dose profile
obtained was compared with the measured dose profile pub-
lished in [26]. The dose profile was calculated by collecting, on
a step-by-step basis within the Geant4 Monte Carlo, the energy
deposited in the phantom. To compute the dose, this energy
was then divided by the corresponding density and volume of
the appropriate target (water in this case; water, bone, or air in
the following sections).

B. Geant4-Based Heterogeneous Phantom

Two different phantoms, depicted in Fig. 3, were used. Both
consist of a 90-mm-radius water cylinder with a cylindrical-
shaped air cavity and cortical bone inserted in it. The purpose
of such phantoms is to mimic a human head, with the cortical
bone representing a tumor, and in which the scattered radiation
must traverse an amount of tissue-like material before escaping
into the perfect detector.

1) Normal Irradiation: The phantom depicted in Fig. 3 (left)
represents what was considered to be a normal irradiation. A
cylindrical-shaped, 30-mm-long air cavity is positioned prox-

imal to a 30-mm-long piece of cortical bone. Both the air cavity
and the cortical bone have a diameter of 40 mm. A cylindrical-
shaped perfect detector surrounding the phantom (Fig. 3) was
used as target in a first-stage analysis. (Sections III-B-1 and
II1-B-2). This allows for a comparison to be made between lon-
gitudinal dose profiles and profiles obtained with detected pho-
tons. The term perfect detector refers to a solid or surface de-
fined in Geant4. Every particle hitting such detector is stored in
list mode format for further analysis such as e.g. optimum ac-
ceptance angle and energy threshold. In this case, photons were
collected on the detector surface with an acceptance angle 8,,..
given by 89.3° < .. < 90.7°.

2) rradiation With Morphological Alterations: The
phantom depicted in the right image in Fig. 3 represents an
irradiation scenario with morphological modifications. Namely,
the length of the air cavity is reduced to 7 mm in respect to
the normal irradiation. The purpose of this configuration is to
emulate the partial filling of the initially air-filled cavity with
mucus or edematous tissue.

3) Fully Collimated System: The concept of the proposed
monitoring system relies on using photons that scatter in the
phantom and reach the detector with approximately right angles
in respect to the beam direction. For this, the implementation of
a multi-hole collimator system is required. In order to test the
feasibility of this concept, we have introduced a fully-collimated
system built of lead into Geant4. Fig. 4 represents the front view
of such a generic multi-hole collimator. Several multi-hole col-
limators (hexagonal holes) with different geometrical parame-
ters, such as collimator thickness, septa distance (i.e., distance
between two consecutive holes), and face-to-face distance (i.e.,
distance between two opposite faces of the hexagon) were sim-
ulated. The collimator front face, i.e., the face that is looking at
the phantom, was always fixed at a distance of 280 mm from
the beam central axis. The initial approach for designing these
collimators was based on the work by Gunter [27]. We used
those equations only as a first approach in order to collimate
photons with nominal energies of 200, 300, 400, 500, 600, and
800 keV. The resulting parameters are summarized in Table 1.
A plane perfect detector built in Geant4 was positioned be-
hind the multi-hole collimator, allowing the 2D image sampled
with that detector to be seen. In addition, a longitudinal pro-
file was computed along the direction Z. The integration in X
(perpendicular to the beam axis) for this profile is limited to
—15mm < X < 15 mm since that is the width of the pene-
trating photon beam. This longitudinal profile of photon counts
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Fig. 4. Scheme of a hexagonal, multi-hole collimator. Parameters such as col-

limator thickness, septa thickness and face-to-face distance were manipulated
in order to develop different collimators for different photon energies.

TABLE I
GEOMETRICAL PARAMETERS FOR EACH ENERGY COLLIMATOR COMPUTED
ACCORDING TO [27]

Energy Collimator Septa thickness Face-to-face
(keV) thickness (mm) (mm) distance (mm)
200 45912 0.12763 0.96548
300 80.811 0.31217 1.5349
400 116.99 0.52669 2.0196
500 151.40 0.73275 2.4051
600 182.93 0.91566 2.7080
800 237.43 1.2104 3.1445
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Fig. 5. Comparison between the dose profile simulated by Geant4 (brown, solid
line) and a measured dose profile (blue, dashed line) [26]. A homogenous water
phantom irradiated with a divergent, 6-MV beam with a cross section of 40 mm
X 40 mm at isocentre was used in the simulation.

was normalized to the average dose in the tumor (bone), with
the longitudinal dose profile also being shown.

IV. RESULTS

A. Geant4 Dose Validation

Fig. 5 shows the comparison between the Geant4 simulated
longitudinal dose profile (brown, solid line) and a measured
dose profile (blue, dashed line) published in [26]. This figure
was constructed in accordance with a different published exper-
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iment [26] with the sole purpose of validating the simulation
code in respect to dose profiles. The visual correlation verified
between both profiles is very good, with a minor difference near
the entrance to the phantom.

B. Geant4-Based Heterogeneous Phantom

1) Normal Irradiation: The left column in Fig. 6 shows
results obtained by irradiating the normal phantom with an
18-MV (top) and 6-MV (bottom) photon beam. In each plot
the dashed, brown curve represents the longitudinal dose pro-
file, whereas the solid, blue curve shows the yield of photons
reaching the perfect detector with 89.3° < #,.. < 90.7°. This
photon yield is quantified as the ratio of the number of photons
detected on each slice of the perfect, annular detector over the
initial number of photons simulated out of the linac spectrum
(6 x 107 photons).

2) Irradiation With Morphological Alterations: The right
column in Fig. 6 shows results corresponding to an abnormal
irradiation both with 18-MV photons (top) and with 6-MV pho-
tons (bottom). The difference of dose profiles obtained between
the normal irradiation (left column in Fig. 6) and the irradiation
under morphological alterations (right column in Fig. 6) are de-
picted in Fig. 7. The maximum percentage bone tumor under-
dosage is 5.6% and 9.3% for the 18-MV (left) and 6-MV irradi-
ation (right), respectively. In addition to showing the maximum
tumor underdosage, the figure also shows that the bone tumor
suffers an almost-constant underdosage throughout its longitu-
dinal extension in the Z axis. Although it is the tumor under-
dosage that correlates with probability of tumor relapse, tumor
overdosage is also a (legal) problem. The maximum tumor over-
dosages for the 18-MV and 6-MV irradiation were 94% and
68%, respectively.

3) Fully Collimated System: Figs. 8 through 11 show the re-
sults obtained with four hexagonal, multi-hole collimators im-
plemented in Geant4 in order to discriminate photons with nom-
inal energies of 400 (Fig. 8), 500 (Fig. 9), 600 (Fig. 10), and
800 keV (Fig. 11). The top plot in each figure shows the 2D
photon count distribution arriving to a perfect detector posi-
tioned in the plane behind each multi-hole collimator. The di-
mensions of each collimator were presented in Table I. In the
bottom plots in Figs. 8 through 11 (6-MYV irradiation only) the
corresponding depth-dose profiles (brown, dashed curve) along
with the integral of the photon counts in the perfect detector
occurring in the range —15 mm < X < 15 mm (blue, solid
curve) are shown. Similar collimators for nominal photon en-
ergies typical of nuclear medicine scenarios (gamma camera,
single photon emission computed tomography—SPECT) were
also studied (200 and 300 keV) but the plots are not shown be-
cause such collimators yield very poor correlation with the dose
profiles. Table II presents the root mean square error (RMSE)
and the correlation R between the dose and the scattered pho-
tons detected with each energy collimator. Regarding the cor-
relation test, a 95% confidence interval was used to assess the
statistical information and for all cases a statistical significance
of p < 0.001 was found.
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Fig. 6. Comparison between depth-dose profiles (brown, left Y-axis, dashed line) and collimated photon profiles (blue, right Y-axis, solid line). The
angle of acceptance, defined as the angle f,.. between the beam axis and the direction of each photon incident onto the perfect detector in Fig. 3,
was set to 89.3° < €,., < 90.7° in all images. Top left: Irradiation of a bone tumor located between 150 and 180-mm depth (Fig. 3, left) with an
18-MV photon beam. Top right: Edematous tissue fills 11.5 mm of each cavity wall, as depicted in the right image in Fig. 3. The morphological
changes presented yield a maximum tumor underdosage of 5.6% (Fig. 7, left). Bottom left: same as above, but irradiation with a 6-MV photon beam.
Bottom right: same as above, but now yielding a maximum tumor underdosage of 9.3%. In both cases the profiles of the photons that arrive to the
perfect detector provide enough information allowing to discriminate between both irradiation scenarios (left and normal, from right and abnormal).
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Bottom: Simulated depth-dose profile in the phantom (brown, dashed
curve), together with the integral of the number of photon counts
detected (blue, solid curve) within —15 mm < X <15 mm in
the perfect detector, shown along the Z axis.
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Bottom: Simulated depth-dose profile in the phantom (brown, dashed
curve), together with the integral of the number of photon counts
detected (blue, solid curve) within —15 mm < X <15 mm in
the perfect detector, shown along the Z axis.
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Fig. 11. Results obtained with a hexagonal multi-hole collimator designed
for 800-keV photons [27]. Top: Two-dimensional distribution of photon
counts hitting a perfect detector positioned behind the collimator.
Bottom: Simulated depth-dose profile in the phantom (brown, dashed
curve), together with the integral of the number of photon counts
detected (blue, solid curve) within —15 mm < X <15 mm in
the perfect detector, shown along the Z axis.
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TABLE II
RESULTS OF THE STATISTICAL TESTS [28] ASSESSING THE RELATION BETWEEN
THE DOSE DATA AND THE NUMBER OF DETECTED PHOTONS IN THE PERFECT
DETECTOR PLACED BEHIND THE HEXAGONAL-HOLES OF EACH MULTI-HOLE
COLLIMATOR. ENERGY REFERS TO THE OPTIMIZED COLLIMATION ENERGY
ACCORDING TO [27]. RMSE REFERS TO THE ROOT MEAN SQUARE ERROR

Correlation (R)
Gevy | RMSE e photoms

profiles
200 10813.15 -0.9430
300 2143.04 -0.9029
400 319.24 -0.4749
500 119.91 0.9308
600 110.78 0.9442
800 94.03 0.9324

An analysis of the results presented in Table II makes it pos-
sible to conclude that, for hexagonal holes, the dimensions uti-
lized in the collimator designed for a nominal photon energy of
600 keV yield the best dose-correlated results.

V. DISCUSSION

We have so far considered the physics in a heterogeneous
target phantom in great detail. This included normal and ab-
normal conditions (target with morphological alterations).

We have shown (Fig. 6) that both 6-MV and 18-MV photon
irradiation allows for the profiles of the photons that arrive to
the perfect detector to provide sound information in respect to
a normal and abnormal (target with morphological alterations)
irradiation scenario. The same conclusion may be drawn even
when using a complete collimation system based on multiple,
hexagonal-shape holes. Figs. 10 and 11 show that photons
emerging from a heterogeneous phantom and passing through
such a full collimated system do correlate with dose delivery
(Table II). That table shows that the best correlation between
the dose and the number of detected gammas occurs for the
collimator designed for 600 keV, although the collimators
designed for 500 keV and 800 keV also show fairly good
correlation values. In addition, the dose in the bone tumor rep-
resented in the more realistic case depicted in Figs. 8 through 11
(6-MV irradiation only) is ~3 mGy in all cases. This is quite a
subtherapeutic value since the dose of IMRT beamlets, for ex-
ample, starts at about 25 mGy, which is a factor 8 higher. These
results provide good reasons for pursuing the implementation
of such system for assisting external beam photon radiotherapy,
potentially allowing for improvements in quality assurance
of RT treatments. The fact that the events used for image
construction are promptly collected renders the method fully
insensitive to dynamical, biological mechanisms. Furthermore,
the mathematics utilized for the construction of the dose-cor-
related photon depth-profiles is straightforward, requiring no
iterative computation and, consequently, presenting no artifacts
or distortions whatsoever, a potential advantage of this imaging
system.

It must be finally stated that the images shown in
Figs. 8 through 11 reveal that momentum conservation al-
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lows quite a number of photons dispersed in the forward
direction to be collected if the face-to-face distance of the
collimator holes is too large (Figs. 8 and 9). Reducing that
parameter (face-to-face hole distance) strongly improves image
quality by reducing such forwardly peaked photons (Figs. 10
and 11). The same can be seen in Fig. 6, which represents data
collected with a perfect detector positioned in much closer
proximity with the target. Consequently, a larger number of
photons emitted in the forward cone is collected at larger
penetration distance Z due to momentum conservation. In fact,
an image obtained with a perfect collimator located at 210 mm
from the phantom edge (not shown) reveals indeed a smaller
influence of such forward-emitted photons.

VI. CONCLUSIONS

The outcomes of this simulation work show that there are
potentialities in the proposed monitoring system concerning RT
treatment verification (including dose). The system shows po-
tential to be able to detect morphological variations in real time
and without whatsoever additional dose imparted to the patient.
These results, together with the corresponding experimental
measurements by Simdes et al. [29], give a real insight of the
capabilities that such system could have in clinical practice,
both for treatment monitoring as well as for dosimetric veri-
fications, potentially strongly complementing the information
provided by other IGRT and ART techniques.

The dose simulated in the 6-MV scenario studied in this work
is at least a factor eight smaller than minimum doses typically
utilized in therapy, therefore substantiating the clinical feasi-
bility of the RTmon technique.

Nevertheless, it remains to be proven in a forthcoming study
whether non symmetric and non homogeneous targets yield
these same conclusions. In addition, it also remains to be
proven which of the various morphological modifications may
be detected with this technique and to which level. Preliminary
results obtained already with a simulated anthropomorphic
phantom show some of the potentialities of RTmon for as-
sisting radiotherapy [30].
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