Dictionary-based software for proton dose
reconstruction and submilimetric range verification

V.V. Onecha'?, P. Galve'?, P. Ibanez'?, C. Freijo'?, F.
Arias-Valcayo'?, D. Sanchez-Parcerisa'?, S. Espana'?, L.M.
Fraile!?, J.M. Udias'?

L Grupo de Fisica Nuclear, EMFTEL & IPARCOS, Universidad Complutense de
Madrid, CEI Moncloa, Madrid, Spain

2 Instituto de Investigacién Del Hospital Clinico San Carlos (IdISSC), Ciudad
Universitaria, Madrid, Spain

3 Centro Nacional de Investigaciones Cardiovasculares (CNIC), Madrid, Spain

E-mail: vicvalla@ucm.es

Abstract.

Proton therapy are significantly improved if proton range verification techniques
are implemented during treatment. They would make it possible to immediately detect
deviations in the deposited dose with respect to the plan. Furthermore, they could
also provide information to recalculate the plan. The use of PET to verify proton
range thanks to the 81 radiation induced by protons has been studied at length, as
the activity produced by these isotopes allows for deriving the proton range. Even,
it might be possible to reconstruct the deposited dose from PET activation data, but
full dose reconstruction has been scarcely explored. This paper presents a new method
that allows for very fast reconstruction, compatible with in-beam use, of both the
deposited dose and proton range during proton therapy, using data acquired from a
PET scanner. A new MLEM & Simulated Annealing (MSA) algorithm, developed
specifically for this work, reconstructs the deposited dose from a realistically pre-
calculated activity-dose database (Dictionary). The dictionary contains the activity
and dose contribution of each beam in the plan calculated by a Monte Carlo (MC)
simulation. The MSA algorithm, using a priori information of the treatment plan,
seeks for the linear combination of activities of the precomputed beams that best
fits the PET data, obtaining at the same time the deposited dose. The method has
been validated with realistic simulations under different situations, determining the
minimum dose necessary to reconstruct accurately the deposited dose. A study has
also been made of the feasibility of using this method on-line and/or intra-fraction,
or with offline inter-fraction verification protocols. Finally, the ability to verify range-
shifts induced by deviations with regards to the planning CT has been studied. A
realistic proton therapy plan composed of 928 beams of between 120 and 190 MeV
generated with matRad from a prostate CT, paired with a clinical commercial PET
scanner, was used to carry out these studies. The results show the ability of the
method to accurately reconstruct doses from PET data corresponding to activations
right after 1 Gy irradiations, both in an intra-fracton and an inter-fraction verification
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scenario. For a dose of 1 Gy it has also been shown that the program is able to identify
deviations as small as 0.6 mm.

1. Introduction

Proton therapy presents dosimetric advantages over conventional radiotherapy with
lighter ionizing particles, such as photons and electrons [1, 2]. These advantages are
related to the way the protons deposit their energy, concentrating a significant part of
it at the end of their path, and generating a dose peak known as Bragg peak (BP).
However, proton therapy is more sensitive to anatomical variations than conventional
radiotherapy, as inaccuracies in proton range positioning can lead to severe target
underdosage or overdosage of critical structures [1, 3]. Inaccurate conversion of linear
attenuation coefficients used in CT scans to stopping power values, errors in patient
positioning or alignment, or intrafractional anatomical changes may all be sources of
uncertainty of in-patient proton range [1, 3, 4, 5, 6, 7]. The current strategy to mitigate
the aforementioned range uncertainties is to extend the target volume by about 3% of
the proton range [3, 8, 9, 10] which in turn results in added integral dose to healthy
tissues, limiting the potential sparing impact of proton therapy [1]. In-vivo proton range
verification techniques are being pursued to potentially reduce damage to healthy tissue
and increase the benefits of proton therapy.

Most explored solutions for in-vivo PT range verification are based on Positron
Emission Tomography (PET) [11, 12, 13, 14]. PET-systems are able to detect S+
isotopes generated by protons in the irradiated regions, and activation maps can be
correlated to dose deposition maps [14, 15]. In human tissues, some positron emitters
are created by protons at clinical energies via nuclear reactions, mostly O and ''C
isotopes [16]. Alternatively, PET emitters may be generated by proton interaction
with administered contrast agents [17, 18]. The main challenge of in-vivo PET
dose verification for proton therapy is the derivation of accurate dose maps from
experimentally measured activity maps [1, 3, 19] due to the fact that activation and
dose are related to different physical processes [12, 14]. Indeed, in the few clinical
implementations of PET proton range verification [13, 20], usually dose maps are not
derived from activity maps, but measured activity maps were directly compared with
planned activity maps derived from Monte Carlo simulations. Any reported deviations
were used to flag potential inaccuracies in dose delivery caused by range uncertainties.
While this approach can indeed detect range errors with relative success [13, 20], it
lacks the ability to perform a full reconstruction of the delivered dose maps, which
would in turn allow for online plan adaptations that could make up for any observed
under/overdosage. Further, the involvement of lengthy Monte Carlo simulations and the
relatively small activation expected, makes it difficult to reconstruct the dose anywhere
near to real time.



3

This issue has been studied extensively in previous works. The first proposed
method (and the only one fully implemented in a clinical case), was the filtering approach
analytical method [21]. This method used the Pencil Beam (PB) approximation [22]
to transform PET activation maps to absorbed dose maps. The main idea of this
method is to fit the observed activity maps to analytical expressions describing proton
transport (based on the PB approximation) and nuclear activation processes in order to
transform the activity PET images in dose. Fit parameters are precalculated, allowing
dose reconstruction to be completed in just a few seconds after the PET image is
available. But the principal drawback of this method is the use of approximate analytical
expressions for dose calculation, making it significantly less accurate than a Monte Carlo-
based approach. An experimental validation of this method was performed by [23] using
homogeneous phantoms. Monte Carlo (MC) simulations were also employed to evaluate
the accuracy in the reconstruction of dose for treatments based on clinical CT [24]. The
results of these validations indicate a precision of 2 mm in proton range estimation, and
better than 10% local dose reconstruction. An inconvenient of this method is that it is
highly sensitive to the noise in a PET image associated to a 2-Gy irradiation. Other
recent works have proposed machine-learning algorithms, in particular recurrent neural
networks, for correlating PET activity and proton dose [25, 26]. A recent theoretical
study [25] showed a prospective accuracy better than 1 mm in proton range estimation,
which is very promising, but the method has implemented only in 1D.

In this work we propose a novel 3D dose reconstruction method using the full power
of Monte Carlo simulations [27, 28], but decoupling the time-demanding simulation steps
from the reconstruction phase, allowing thus to implemented the method near real-time.
This takes advantage of the fact that the vast majority of future and recent proton
therapy centers employ active beam scanning.

To this end, a database (or dictionary) of precalculated activity and dose maps
for every proton pencil beam in the treatment plan is created, during the planification
step. This can be done in a few hours, in a, powerful but otherwise common, computer.
During the reconstruction phase, the linear combination of precomputed activity maps
from the dictionary which best matches the observed activity is identified, which takes
just a few seconds and thus can be performed for intra-fraction verification.

A similar approach has been successfully implemented for protoacoustic range
verification [29], also employing a precomputed database, what we call Dose-Activity
Dictionary (DAD). Generating the DAD is a time-consuming process, but as said before,
in a clinical setting, it could be carried out in parallel to treatment planning, as soon as
the simulation CT is available and before the first treatment fraction is delivered. This
precalculation step separates realistic simulation of expected activation in a patient CT
(using Monte Carlo transport codes) from dose reconstruction, dramatically reducing
the amount of time required for the latter. Our algorithm, when fed with a measured
PET activity map, uses the existing DAD to find a linear combination of pencil beams
that fits the observed PET image. Then, the same linear combination of spots is used
to derive the most probable absorbed dose map, a process that takes only a few seconds.
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This method has several advantages. The first and most important one the
increased accuracy of Monte Carlo calculation (over analytical methods), which is
implemented in the DAD calculation. Another benefit is the use of activity maps for
individual pencil beams which, combined with precalculation of dose kernels, can help
flag problematic areas within the patient volume which may have received a significantly
different dose than in the treatment plan.

The main objective of this work is to demonstrate the viability of the proposed
method in a clinical setting, focusing on the dependence of the quality of the
reconstructed dose maps with two main limiting factors: deposited dose and time
interval from dose deposition and PET measurement. Both factors effect directly the
PET image quality and therefore, the quality of the reconstructed dose maps [19].

Our approach has been applied to detect range uncertainties originated from in-
patient anatomical variations [4] in a prostate plan, whose expected PET activity was
realistically simulated as would be detected by a clinical Siemens mMR PET system
[30]. In parallel, a DAD was also created for this case and combining the simulated PET
images and the DAD, the deposited doses associated to the PET images were obtained
and further analyzed using the proposed method.

2. Methods

The proposed verification workflow begins at treatment planning time and ends with
the reconstruction of the absorbed dose from detected PET images, captured shortly
after irradiation.

2.1. Workflow

The process can be divided in several steps. 1) Calculation of the Dose-Activity
Dictionary (DAD) database, which can be done as soon as the the treatment plan
is available, and must be ready before the initial fraction is given. 2) After irradiation,
patient is taken to an (in-beam, in-room or off the room) clinical PET scanner. The
recorded PET data are analyzed to find the linear combination of precalculated pencil
beams from the DAD that can reproduce it more accurately. The convergence of this
method is controlled by a x? test, to determine the validity of the final solution. 3) If
step 2 is satisfactory, the same linear combination of plan spots is used to reconstruct
the delivered dose map, which is compared with the reference dose in order to detect
potential delivery errors.

2.2. Creation of the Dose-Activity Dictionary (DAD) database

The Dose-Activity Dictionary (DAD) is created by simulating the propagation of all
beamlets in the treatment plan across the patient CT, generating deposited dose and
isotope-specific activation maps. The Monte Carlo code TOPAS (TOol for PArticle
Simulation) [31] is employed for this purpose. The simulated activities for each isotope
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are stored separately in order to be able to recreate PET images at any time interval,
correcting for the specific half-life of each beta emitter. The simulated activity volumes
are filtered /smoothed to reflect the geometry and detection properties of the specific
PET system employed; for most systems, a 3D-Gaussian filter point spread function
(PSF) is suitable [13, 32]. The PSF must be determined in advance, and it is specific
for each PET system but this procedure is straightforward and needs to be performed
only once for a given PET scanner. In our case we modeled the PET scanner in a fast
Monte Carlo PET simulation [33] and characterize the actual activity maps which would
be obtained from the PET scanner under realistic conditions. Realistic MC simulations
[34, 35] combined with reconstruction codes [36] help us reproduce the PET signal under
realistic conditions, and the actual image quality obtained by the scanner.

TOPAS is particle transport Monte Carlo tool layered on top of Geant4 [37] and
specialized in particle therapy physics. For our study, TOPAS version 3.2 was used,
along with with Geant4 version 9.6p02x and default physics modules for electromagnetic
and nuclear interactions. The used CTs were segmented in Hounsfield Units and the
conversion to density and material composition has been used as proposed by [38]. To
obtain the 81 activation maps, a specific TOPAS scorer was developed based on the
yield formula [39], adapted to a MC code (1) [18]:

Y(E) = puro(E)dx (1)
where p,; is the atomic density, o is the cross section, dz is the step-length of the
particle and E is the mean energy of the particle at each step of the path. This formula
calculates the production probability of a specific isotope after each proton step during
the simulation. The accumulation of these probabilities in the voxels generates the
activation distribution. This method provides results with good statistics using a low
number of simulated protons, which reduces the simulation time. The reaction channels
and the cross-section data used are provided in Table 1.

Reaction Threshold CS Integral
Isotope T} /2(min) Reference
Channel  Energy (MeV) 100 MeV (barn-MeV)
O 20.364(20)  2C(p,X)''C 17.9 6.32 [40, 41]
MN (p,X)11C 3.1 2.61 [42]
1O(p,X)1C 23.6 1.26 [43, 42]
BN 0.965(4) “N(p,X)®N 8.9 1.88 [44, 45]
160 (p,X) 3N 5.5 0.65 [43, 42]
150 2.037(3)  190(p,X)150 14.3 5.44 [43, 44, 46, 47]

Table 1: Physical properties of the most relevant isotopes produced in human tissues

during a proton irradiation.



2.3. GPU MLEM & Simulated Annealing (MSA) Algorithm

The GPU MLEM & Simulated Annealing (MSA) Reconstruction Algorithm is used to
reconstruct the 1 activation images obtained by a PET system (and therefore the
dose deposition) using the precalculated DAD to find the combination of pencil beams
that best fits the recorded PET activation image. The algorithm has been implemented
in GPU to increase the calculation speed. For this purpose two different parts were
implemented, a maximum likelihood estimation method (MLEM) and a Simulated
Annealing (SA) functionality.

e MLEM is an iterative algorithm based on the principle of likelihood maximization
for parameter estimation. It has been used in many different optimization problems
in physics, biology, economy and others [48, 49]. Generally, the reconstruction
of an MLEM starts from a flat image and iterates pixel-by-pixel maximizing the
loglikelihood until it finds the maximum likelihood between your image and your
data. In this work, instead of reconstructing the activation image pixel-by-pixel
we use the coefficients of each beam to find the best solution. In order to do that,
the general MLEM equation has been used. This allows us to obtain the linear
combination of precalculated beams that maximizes the log-likelihood function [50].

ntl_ G Aij - d;
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Where:

— j is the pixel index of the ROI image.

— iis the index of each pencil beam of the Dictionary.

— ¢} is the coefficient of each beam at iteration n: value that multiplies the
associated activation and dose image.

— dj is the data input activation.

— Aj; is the activity stored in the DAD database. Every pixel data of the ROI
image (j index) of each beam of the Dictionary (i index).

e The Simulated Annealing (SA) is used in combinatorial optimization problems in
which it is necessary to find some configuration of parameters X = (X1, Xs, ..., Xy)
that minimizes some function f(X) [51]. The SA algorithm randomly varies
this parameters and analyzes the result according to some cost function, which
determine if the new solution is better than the previous one. This process is
carried out iteratively using the best solution of the precious step to minimize the
cost function. Our problem can be described in that way associating the beam

coefficient to X parameters and using the y? test as cost function.

The MSA algorithm requires an initial solution to begin optimization, in this
case, a combination of plan spot coefficients. The final solution is, in general, highly
dependant on the choice of initial solution. It is not uncommon to use neutral solutions
(as would be, in our case, a uniform coefficient distribution) as initial solution. The
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advantage of this approach is to avoid using a priori information, so that the final
solution is independent of the choice of initial conditions. However, using this approach
slows down the convergence to the best solution. Furthermore, in proton therapy the
expected solution is, in general, well known, so this knowledge can be used to speed-up
the calculation process without loss of generality. Intermediate coefficient distributions
between the uniform case and the canonical (planned) case can also be selected. From
here on we will refer to as a priori information or a priori initial beam test distribution to
the initial solution that mixes information from the expected solution (initial coefficient
beam value 1) and the more general case (initial coefficient beam value 0.5).

Both algorithms (MLEM and SA) are applied consecutively defining each cycle
of the iterative process as XX iterations of MLEM, followed by YY iterations of SA.
This cycle is repeated until a convergence is reached. The combination of MLEM and
SA implies that the x? is minimized, while the log-likelihood function is maximized.
This combined optimization process avoids getting stuck in local suboptimal solutions
of either algorithm, and performs better than both methods separately.

A figure of merit is needed to determine the quality of the obtained dose/activity
maps. The control of the activity reconstruction and the evaluation of its quality is
contained in a specific parameter developed for the MSA algorithm, in the for of a
normalized x? test.

1 (Az truth — Az reco)2
2 — 9 i 3
X B Z Ai,truth + C ( )

)

where ¢ is the index of each pixel, A,y is the PET input image data set and A; eco
is the reconstructed data. In addition two normalization constants were included. The
C constant depends on the PET input image and its value is equal to a 5% of the
maximum activity in the PET image. This is the smaller threshold which eliminates
the effect of background noise without affecting the global result. On the other side,
the B constant normalises the x? so that the expected solution obtained from the DAD
provides a value of y? equal to 1 when it is compared to a simulated PET image that
has been calculated from the expected solution.

3. Benchmark Study

An extensive theoretical study has been performed to test the potential of the DAD MSA
Algorithm. A clinical proton therapy plan for a prostate CT has been used to study the
dose dependence of the method, the viability of different acquisition time intervals for
the PET and the ability of the method to identify minimal anatomical changes in the
CT. The performance of a Siemens Biograph mMR PET system to detect the induced
activity has been simulated in detail. .



3.1. Creation of the dose-activity dictionary

A realistic prostate treatment plan has been generated using matRad [52] covering
a target volume defined over prostate CT [53] segmented in 24 biological materials
following Schneider et. al [38]. The treatment comprises 927 beams of energies between
130 and 190 MeV. These beams have a Gaussian spatial distribution with sigma values
of 0.21 cm and 0.28 cm in Y and Z, respectively.

Therefore, a DAD was created with 927 data sets of dose and activity of O, ¥N
and 'C for each beam. They were generated with TOPAS using 10 histories for each
beamlet. A volume with 150x60x70 pixels of dimensions 1x2x2 mm? (XYZ, with finer
grid size in the beam propagation direction) was used as region of interest (ROI). This
region includes the whole dose deposited by every pencil beam in the prostate and its
vicinity (see Fig 1 ). The total amount of space required to store the complete dictionary
is 9.2 GB and the time required to do that is about 6 hours.

o o i
Tﬂ*‘ £\ s, / f
w ./

Figure 1: Whole dose contribution as result of the sum of every pencil beam simulated
for the Dictionary database. In yellow the region of interest (ROI) where data is stored.

3.2. Simulation of PET images

To generate the PET signal resulting from the proton activation, the Siemens mMR
Biograph [30] system was chosen, a state-of-the-art clinical PET scanner. This scanner is
composed of 8 rings with 56 detector blocks each, 8x8 lutetium oxyorthosilicate crystals
(4x4x20 mm) per block, covering a transverse field of view (FOV) of 59.4 cm and an
axial FOV of 25.8 ecm. The energy resolution is 14.5% at 511 keV, and the energy
window is 430-610 keV. In Figure 2 we show the scheme of the scanner and the human
CT used for the study case of this work.

PET signals of the mMR Biograph were simulated using the Ultra-fast MC PET
simulator [33], a GPU-accelerated code for MC transport of photons that includes
the physics related to positron range, photon interactions with the CT, and detector
response. The activities used as input to generate PET signals were generated taking
into account the dose deposited and the time interval of the PET measurements. To
build the dictionary, high statistical activities were simulated, to avoid contributing
to statistical noise. Photon emissions are generated all over the space taking into
account the density probabilities provided by the activity distributions. The number
of the simulated photons in for each beam is high enough to avoid noise produced by
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MC simulations. The simulated PET signal is reconstructed including normalization,
resolution modeling with PSF, attenuation, and scatter corrections in the Ordered

Subsets Expectation Maximization algorithm with a maximum a priori regularization
(MAP-OSEM) [54, 55].

TRANSVERSAL CORONAL

Figure 2: Siemens Biograph mMR system (red) used for the photon simulation by the
Ultra-fast Monte Carlo PET simulator [33] to obtain realistic PET signals. The prostate
CT chosen to validate the method is represented at the same geometrical position with

respect to the PET as it was used to simulate the photon transport.

3.5.

Test scenarios

Different scenarios were selected to test the proper functioning of the DAD MSA-

Algorithm using the treatment plan and the PET system previously described.

(1)

(i)

Quality of reconstructed dose maps according to the dose administered:
absorbed dose is directly related to the number of generated S* isotopes, so the
quality of the PET image (and therefore, of the reconstructed dose map) depends
on it. Using a dictionary proton beam with a range in water of 21 cm, PET images
and reconstructed dose maps were generated for doses ranging from 0.01 Gy to 10
Gy. Beyond 10 Gy it was observed that the reconstructed dose does not improve
any further.

Dependence of image reconstruction quality on the PET data acquisition
time: increasing acquisition time and therefore the statistics of the activation maps
also has a positive impact on the quality of the reconstructed dose maps. To study
the viability of online vs. offline acquisition, we performed a similar analysis to (i)
using all dictionary beams in the 179-180 MeV interval, a fixed dose of 1 Gy and
two acquisition scenarios: in-room (0-1 minutes post irradiation) and offline (10-30
minutes post-irradiation).



(iii)
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Sensitivity of reconstructed dose to anatomical changes: in order to mimic
realistic clinical situations where interfractional anatomical changes occur, we
simulated these changes by altering the density of a certain CT region in the
beam path. This produces variations in the proton range which may lead to a
final deposited dose different from what was expected [4, 56, 57]. To study the
sensitivity of our approach to these variations, we recreated two scenarios. First, a
global 10% density increase was considered (CT-Altered-Box), causing a maximum
range shift of 8 mm. Second, a 10% density increase was applied to a slice of 1 cm
perpendicular to the beam (CT-Altered-Slice), introducing a range shift of just 0.6
mm.

Metrics

To evaluate the accuracy of the dose reconstruction, we define a set of metrics to compare

the reconstructed dose with the reference dose (ground truth), as calculated by TOPAS.

These metrics will be combined to flag possible dose deviations due to range errors or

interfractional anatomical changes.

()

(i)

Comparison of the derived in-patient ranges Rgg, Rs0 and Ry in reconstructed
and planned dose maps. These R# represents the position of the dose along the
longitudinal profile where the dose is a #% of the maximum value of the Bragg
Peak [5, 58]. "Range deviation” histograms are created by studying the R# values
for every pixel in the transversal XY plan, considering all non-zero voxels in the
beam propagation direction.

Pixel-by-pixel dose deviation, calculated as the relative error between the
reconstructed and planned dose maps [24], as
Di - Di,'ref

RE ose = =
b maz;(D; res)

- 100, (4)

where D; is the i-th voxel of the reconstructed dose and D; . is the i-th voxel of
the reference dose.
Gamma analysis as defined by [59], quantifying agreement between measured and

reference dose distributions in terms of both relative dose difference and distance
to agreement (DTA). The ~ criteria is defined as

’Y(Tm) = min{F(Tm, TC)}V{Tc} (5)
where I' is defined as
| (rm,re) 6 (rm, Te)
C(rm,re) = \l AZ, + AD?, (6)

in which a gamma less than 1 indicates a satisfactory result for a specific pixel. For
this work the values of Ady; and ADj; were set to 1 mm and 3% of the maximum
dose respectively (gamma 1mm-3% with dose global criteria). Only voxels with
at least 5% of the maximum dose value where taken into account for the gamma
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analysis. Gamma analysis was applied separately to the complete dose image and
to the dose fall-off region, to further evaluate the ability of our algorithm for range
verification.

4. Results

4.1. Sensitivity to fraction dose

Three different activity maps, associated to respective doses of 0.1, 1 and 10 Gy
delivered by a 180-MeV pencil beam, were simulated and further reconstructed (as
described in Section 2). No a priori information was used for dose reconstruction, i.e.
a uniform distribution of beams was used as initial solution. Simulated activity maps
and reconstructed dose distribution are shown in Fig 3, with dose profiles detailed in
Fig. 4. Dose curves reconstructed with above 1 Gy are virtually indistinguishable from
reference dose; for lower dose (0.1 Gy), reconstructed dose (normalized to maximum)
is locally overestimated by 5% along the beam profile, contributing to the REposg
with values close to 2% (fig 5d) because of the normalization applied in this parameter.
Furthermore, the reconstructed range is about 2 mm shorter than the reference case.

(a) PET Activity - 10 Gy  (b) PET Activity - 1 Gy  (¢) PET Activity - 0.1 Gy

(d) Dose - 10 Gy (e) Dose - 1 Gy (f) Dose - 0.1 Gy

Figure 3: (a-c) Simulated PET activities, associated to 0.1, 1 and 10 Gy, used as input
for the dose reconstruction. (d-f) Reconstructed doses from each of the PET activities.
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Figure 4: Central dose profiles representation of the reconstructed doses from PET
activities associated to 10, 1 and 0.1 Gy and the ground truth dose (Ref dose). A zoom
of the fall-off of the Bragg peak (orange box) is also represented.

To further quantify the obtained differences, range and dose deviation (the latter
named REppsg) histograms of each of the three reconstructed doses were calculated
(Fig. 5) and also its mean and sigma values were obtained (Table 2). In this table
also the 1mm-3% gamma test results are shown. The results are coherent with the
observed the dose profiles. Values of REppsg close to zero indicate a practically perfect
reconstruction of the dose (within 1%) in every case. In terms of range, for 10 and 1
Gy, no deviations above 0.2 mm are observed in any of the considered pixels. However,
for the lowest dose of 0.1 Gy, range errors of up to 1 mm are observed, which are
highest for Rgg and decrease the further away from the BP. Furthermore, the gamma
test analysis shows a perfect dose reconstruction in the 10 and 1 Gy examples (pass rate
above 99.99%) but decreases to 95.62 for the 0.1-Gy test.
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Deviation - R90 Deviation - R50
120
Dose - 0.1 Gy ] Dose - 0.1 Gy ]
Dose - 1.0 Gy mmmm Dose - 1.0 Gy mmmm
Dose - 10 Gy 100 Dose - 10 Gy
40 40
—_
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Reference R90 - Reconstructed R90 (mm) Reference R50 - Reconstructed R50 (mm)

(a) Rgo Histogram Deviation (b) Rsp Histogram Deviation

Deviation - R10 Dose Deviation by pixel
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Dose - 10 Gy 05 Dose 10 Gy
J_iIL
E s 0
Reference 10 - Reconstructed R10 (mm) Dose Deviation (%)

(¢) Ryg Histogram Deviation  (d) Dose Histogram Deviation

Figure 5: Range deviation histograms of the Rgg, Rso and Ry (a-c) and Dose Deviation
histogram (d). The histograms show the results for doses of 0.1, 1.0 and 10 Gy (red,
blue and green, respectively).

Rogo (mm) Rso (mm) Rip (mm) REpose (%) Gamma Analysis

Dose (Gy)
Mean o | Mean oo | Mean o | Mean o Imm-3%
10 0.01 0.03 | 0.00 0.00| 0.00 0.00| 0.00 0.07 100
1 0.00 0.05|-0.02 0.06 | -0.03 0.05|-0.32 0.61 99.99
0.1 043 037 | 025 0.12| 0.09 0.07|-094 1.32 95.62

Table 2: Mean and sigma values of range and dose deviation histograms of the
reconstructed pencil beam doses in Fig. 5

4.2. Sensitivity to acquisition modality

Two different activation maps associated to a dose of 1 Gy and two different acquisition
schemes were studied: in-room PET (simulated by measuring interval 0-1 min post
irradiation) and offline PET (10-30 min after irradiation). Both schemes were simulated
and used to obtain reconstructed dose maps using the algorithm described in Section 2.
Reference dose and activation maps obtained from the Monte Carlo code are shown in
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Fig 6, together with reconstructed activation and dose maps. Initially, reconstructions
were carried out starting from a homogeneous distribution of beam coefficients.

(a) Reference activation (b) In-room PET activation (c) Offline PET activation

(d) Reference dose (e) In-room dose (f) Offline dose

Figure 6: Reference dose and activation produced by TOPAS of the distal dose (a,d).
Reconstructed dose and simulated PET image associated with the 0-1 min time interval
after the irradiation (b,e) and the 10-30 time interval (c,f).

Range and relative dose deviation histograms can be seen in Fig 7. Mean and sigma
values of the associated distributions are shown in Table 3. Note that the integrated
activity is about 2 times higher in the offline scheme than in the in-room scheme (see
table 3). At the view of this data, two effects can be spotted in the reconstruction.
First, reconstructed doses tend to be slightly blurred compared to the reference dose
distributions, which in turn results in a positive shift of the observed Bragg peak and Rgg
values and an overall slight underestimation of the local dose. In terms of dose deviation,
the results are satisfactory since in both cases 90% of the pixels suffer a deviation below
5% compared to the reference dose. These effect is caused by an overestimation of the
coefficients associated to low-dose beams, as seen in the REppgg histogram in Fig 7d.
The blurring presents similar trends for both in-room and offline acquisition.

Second, the dispersion in the calculated ranges seen in the in-room study (about
4-5 times larger than in the offline study) implies that reconstructing a PET image
associated to a dose of 1 Gy with a 1-minute acquisition is not suitable, at least using
a uniform distribution of coefficients as input.
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Figure 7: Range (Rogo, Rso and Rjg) and dose deviation histograms for each acquisition
modality: in-room (0-1 min, red) and offline (10-30 min, blue).

Ry (mm Rs0 (mm Rio (mm RE %
Time (min) Decays Dose (Gy) o (mm) 50 (mm) 10 (mm) pose(%)

Mean o Mean o Mean o Mean o
0-1 6.3-10° 1 054 0.77 1035 059 |009 035 |-064 271
10 - 30 1.19-106 1 049 0.19 | 031 0.09 |0.16 0.08 |-196 2.45

Table 3: Mean and sigma values of range and dose deviations histograms of the
reconstructed distal doses in Fig. 7.

To improve this result, we repeated the study using the planned distribution of
beam coefficients as initial solution for the reconstruction algorithm. The results (Table
4) show a substantial improvement in the obtained dose maps in comparison with the
uniform (more general) case. Using this methodology, we observe that the reconstruction
artifacts seen previously are solved: blurring is reduced to a minimum and ranges can be
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reproduced with submillimetric precision for both acquisition modalities, in-room and
offline. The use of the planned distribution of beam coefficients as input clearly improves
the quality of the reconstructed dose. However, using this a priori information might,
in principle, imply a lost of generality and hamper dose reconstruction if anatomical
changes are present. Precisely, in the next section we explore the ability of the DAD-
MSA algorithm using a priori information to detect anatomical changes in planning CT
and reconstruct absorbed dose in modified patient geometries.

Dose 1.0 Gy - Planned Beam Distribution as Input

Roo (mm) Rso (mm) Rio (mm) REpose(%)

Time Interval (min) Dose (Gy)

Mean o Mean o Mean o Mean o
0-1 1.0 0.08 042 009 047 | -0.16 048 | -0.62 2.21
10 - 30 1.0 004 036 0.12 0.521] 0.09 0.32] -0.35 1.23

Table 4: Mean and sigma values of range deviations histograms of Distal Activation
associated to 1.0 Gy reconstructed using the expected distribution of coefficients as
input condition.

4.3. Detection of anatomical variations in planning CT

Fig 8 shows reconstructed dose maps for the three study cases, namely reference case,
altered box (10% global density increase, causing a shift of 8 mm) and altered-slice
(10% density increase in a 1-cm slice, causing a shift of 0.6 mm). Reconstructions were
performed using a priori information from treatment plan as initial solution for the
inverse problem. A dose of 1 Gy in the target volume was used for all case and an
offline scheme was applied.

The results of the study, in the form of associated range deviation histograms,
statistics of the distributions and gamma analysis, are presented in Fig 9 and Table 5.

(a) Original CT (b) Slice Altered CT (c) Box Altered CT

Figure 8: Reconstructed dose overlying planning CTs for the three cases under study.
The altered regions with a density increment of a 10% are remarked in orange.
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Figure 9: Rsq deviation histogram with respect to reference dose for original CT (red),
slice-altered CT (green) and box-altered CT (blue).

Rso (mm)  Expected Gamma 1mm-3%
Case

Mean o  Rjp (mm) Total  Fall-off

Original CT 0.13 0.14 0.00 93.99 92.40
Slice CT 0.55 0.22 0.61 83.20 84.24
Box CT 8.14 0.56 8.03 72.33 5.87

Table 5: Statistics of the range deviation histograms (Fig. 9) and gamma analysis

Results show that both metrics under study (range deviation and gamma analysis)
can potentially be used to detect range shifts as small as 0.6 mm caused by anatomical
variations in the planning CT using the MSA algorithm, provided that relevant
thresholds are defined.

The analysis of Rsg from the reconstructed distributions for slice- and box-altered
CTs can be easily used to detect range variations. The mean value (calculated as
the average range shift over all voxels in the XY plane irradiated by the beamlet) is
compatible with the expected range shift induced by the CT density modification.

Finally, the gamma analysis test can also be used to flag inadequate dose
depositions, particularly if applied to a certain area of interest near the distal edge of the
planned dose distribution. While more than 70% of the considered voxels can still pass
the test even with an 8-mm global range shift (box CT), this number is decreased to
only 5% of the "fall-off” voxels, providing a clear way of identifying failed irradiations.
Again, this number is reduced from 92% to 84% for the 0.6-mm shift (slice CT), which
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suggests that appropriate thresholds can be found to flag potential delivery errors in
reconstructed activity patterns.

5. Discussion

A novel workflow for proton dose reconstruction from PET activation is proposed, as
an alternative to the existing ones such as the filtering approach [21] and the use of
deep learning [25, 60]. It is based on a Dose-Activity Dictionary (DAD) database and
a GPU implementation of the MLEM & Simulated Annealing (MSA) algorithm that
reconstructs dose maps from acquired PET images. The developed DAD-MSA software
is natively three-dimensional and it can be adapted to any clinical scenario (beam pulse,
PET time measurement, etc.). By construction, it produces inherently noiseless dose
distributions, which represents a clear advantage over others [24, 60] and simplifies
analyzing range distributions and identifying potential delivery errors.

In view of the presented dose-dependency study, we expect our method to be able
of accurately reconstructing doses larger or equal than 1 Gy. For specific (simpler)
situations, such as the reconstruction of an individual pencil beam, dose can be
reconstructed with remarkable agreement from the activation obtained after just a 0.1
Gy irradiation.

The DAD-MSA algorithm could, in principle, be applied to both in-room and off-
line PET proton range verification schemes. While the offline approach (with higher
integrated activity, but which may suffer from biological wash-out [32, 61, 62, 63, 64])
presents slightly better results, both schemes have been proven viable for dose
reconstruction, provided that a priori information from treatment planning is used as
an input to the reconstruction algorithm.

These numbers represent a breakthrough in comparison with previous works
[24, 60], which required doses of about 2-6 Gy and time intervals of 10-15 minutes after
irradiation, significantly higher than the 1-Gy dose and first-minute reconstruction used
in this work, yet achieving comparable accuracy.

Our implementation of the DAD-MSA algorithm using a priori information from
treatment planning has proven effective at detecting anatomical variations in a realistic
clinical scenario resulting in altered dose distributions [3, 4, 8]. We were able to
effectively detect range shifts smaller than 1 mm, for a deposited dose comparable
to a treatment fraction (1 Gy) and offline acquisition. Furthermore, the ability to
perform a full dose reconstruction in an instantaneous fashion allows us to perform a
deeper analysis on the absorbed dose distribution, such as gamma-analysis (Table 5),
which would allow the treatment team to establish realistic thresholds for intra-fraction
replanning, and to decide on potential plan adaptations for subsequent sessions to make
up for delivery errors.

From a technical point of view, there is some room for improvement in certain
aspects of the dose reconstruction algorithm, which we leave for future works. We have
observed a tendency of the DAD-MSA algorithm to overestimate the flat dose region
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proximal to the Bragg peak, causing a slight underestimation of the relative proton
range. This is caused by activity in this region being erroneously attributed to low-
energy beams rather than higher-energy beams: the MSA algorithm fails to establish
a zero-contribution for the former, which causes a smoothing of the coefficients which
translates into a smoothing of the dose distribution, broadening the Bragg peak. On the
contrary, high-energy beams tend to be avoided, as any activity contribution beyond the
limit of the PET images is strongly penalized in the calculation of the y2. A potential
improvement on the method would have to consider this effect, adding a correction
factor to the y? value used in the optimization to avoid over-penalizing high-energy
beams. Moreover, the biological wash-out effect [32, 61, 62, 63, 64] (i.e. diffusion of 5+
isotopes in patient body after irradiation) has not been included in our study yet. While
probably negligible for the online and in-room approaches, its effect should be studied in
detail for offline acquisition by implementing a time-dependent version of the Ultra-fast
MC PET simulator, encapsulating PET machine dependence and patient washout.

6. Conclusions

We propose a novel method to reconstruct maps of deposited dose in proton therapy
from measured PET secondary radiation in an instantaneous fashion. Our software is
able to reconstruct doses from 1 Gy for both online and offline approaches by using
a priori information of the treatment plan and patient anatomy. The algorithm also
presents a favorable response at detecting anatomical variations causing submillimetric
variations in the in-patient range. Experimental tests of the proposed method are now
required to validate the observed findings.
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