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Abstract

During pregnancy, the use of radiation therapy for cancer treatment is often consid-
ered impossible due to the assumed associated fetal risks. However, suboptimal treat-
ment of pregnant cancer patients and unjustifiable delay in radiation therapy until
after delivery can be harmful for both patient and child. In non-pregnant patients,
proton-radiation therapy is increasingly administered because of its favorable dosi-
metric properties compared with photon-radiation therapy. Although data on the use
of pencil beam scanning proton-radiation therapy during pregnancy are scarce, differ-
ent case reports and dosimetric studies have indicated a more than 10-fold reduction
in fetal radiation exposure compared with photon-radiation therapy. Nonetheless, the
implementation of proton-radiation therapy during pregnancy requires complex fetal
dosimetry for the neutron-dominated out-of-field radiation dose and faces a lack of
clinical guidelines. Further exploration and standardization of proton-radiation ther-
apy during pregnancy will be necessary to improve radiotherapeutic management of

pregnant women with cancer and further reduce risks for their offspring.
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1 | INTRODUCTION

With growing evidence on its fetal safety, chemotherapy is increas-
ingly administered to pregnant women with cancer, resulting in
more live births and less prematurity.! Nowadays, chemotherapy
during pregnancy is administered to about half of pregnant patients.
However, a decreasing trend has been observed for the use of ra-
diation therapy (RT) during pregnancy, currently only administered

to 2% of pregnant cancer patients. Indeed, the safety of RT during

pregnancy is probably the least investigated, with most data on fetal
safety being derived from small cohorts as well as pregnant survi-
vors of atomic bombs and nuclear accidents.?®

Following current consensus, RT can be administered during
pregnancy when the fetal radiation exposure is kept below 100mSy,
which is being considered a safe threshold for deterministic effects
during all stages of pregnancy.>* On the other hand, the probabil-
ity of stochastic effects, such as cancer and genetic effects, is con-

sidered linearly proportional to the fetal radiation dose without a

Abbreviations: MC, Monte Carlo; MU, monitor units; PBS, pencil beam scanning; RBE, relative biological effectiveness; RT, radiation therapy; WENDI, wide-energy neutron detection

instrument.
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threshold. For instance, based on in utero atomic bomb fallout and
radiographic exposure, the excess relative risk for childhood cancer
is estimated to be 2%-4% per mSv of fetal radiation exposure.“’s
For this reason, ALARA (As Low As Reasonably Achievable) remains
the guiding principle for fetal radiation exposure when applying RT
during pregnancy.?®

Still, in current clinical practice RT is often postponed post-
partum in favor of chemotherapeutic treatment during pregnancy.
However, postponing RT is particularly problematic when it is es-
sential for the primary treatment. Moreover, when chemotherapy
or surgery is performed early in pregnancy, a potential gap exists
between the end of treatment and fetal maturity at 37 weeks' gesta-
tional age. With more early detections of cancers, such as lympho-
mas, through noninvasive prenatal testing,® delay of RT until after
delivery may be undesirable. Besides, as chemotherapy can only be
administered after the first trimester of pregnancy, RT might pro-
vide an initial treatment opportunity for tumors detected early in
pregnancy.

Practical guidelines exist for the use of photon-RT during preg-
nancy,? being the most common RT modality. Here, the fetal dose
is dependent on a combination of parameters (Figure 1A), such as

the distance between target and fetus, the prescribed dose and the
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Based on a few cases, proton therapy for pregnant cancer
patients can reduce the fetal radiation dose over a 10-fold
compared with state-of-the-art photon therapy. However,
its implementation is still faced with dosimetric challenges

and a lack of guidelines.

number of monitor units (MU) used. With fetal dose contributions
from treatment head leakage and collimator scatter relating to the
number of MU used, it is important to minimize the amount of MU
during treatment planning. However, modern techniques such as
intensity-modulated radiotherapy (IMRT) and volumetric-modulated
arc therapy (VMAT) require more MU3 than conformal RT. Therefore,
treatment plan conformality is often sacrificed to reduce the fetal
radiation exposure. Further fetal dose reductions can be achieved
by placing 5- to 7-cm lead shielding over the abdomen and limiting
beam angles to directions where shielding can be applied. To con-
sider all these factors, careful preparations and expert knowledge

are required.
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FIGURE 1 Contributions of fetal dose during photon-radiation therapy (RT) and proton-RT. (A,B) Schematic overview of the major
contributions to the fetal dose, during photon-RT and PBS proton-RT, respectively. (C,D) Schematic comparison of the in-field (C) and out-of-

field (D) dose-distribution of photon-RT and proton-RT.
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In non-pregnant cancer patients, proton-RT is increasingly being
used due to its favorable dosimetric properties compared with pho-
ton-RT, most notably with no exit dose (Figure 1C),” often improving
treatment conformality and reducing normal tissue complications.
Nowadays, pencil beam scanning (PBS) is the most versatile form of
proton-RT, with an expected reduction in out-of-field doses com-
pared with passive scattering proton-RT and photon-RT® creating
new opportunities for the treatment of cancer during pregnancy.
Nevertheless, proton-RT generates a secondary radiation field dom-
inated by neutrons, creating several dosimetric challenges. The fear
concerning the impact of the fetal neutron dose is still today the
main factor in hesitancy to apply proton-RT for pregnant patients.

Here, we will discuss current knowledge on the use of proton-RT
during pregnancy from out-of-field dosimetry research and clinical
cases. Based on current evidence, we will define the potential ben-
efits of proton-RT for radiotherapeutic management of pregnant
women with cancer, as well as challenges and knowledge gaps to
overcome in further implementing proton-RT during pregnancy
(Figure 2).

2 | OUT-OF-FIELD DOSIMETRY DURING
PROTON-RT

The generation of secondary neutrons is an unavoidable conse-
quence of proton-RT, creating several challenges when estimating
the fetal radiation dose. In this section, we introduce several key as-
pects to consider when estimating the out-of-field dose for the fetus
during proton-RT.

Secondary neutrons in PBS proton-RT are mainly produced in

the patient, depositing their energy outside of the irradiated volume

Photon-RT

(Figure 1B). Indeed, during PBS, a pristine proton pencil beam is
magnetically scanned over the target volume without interacting
with additional devices, except for range shifters used for shallow
target volumes. In contrast, passive scattering proton-RT requires
a complex system of scatterers in the treatment nozzle, as well as
a field-specific aperture and compensator, leading to the additional
creation of neutrons in these components. As a result, PBS pro-
ton-RT produces a lower neutron background compared with pas-
sive scattering.

Neutrons created during proton-RT have a wide range of energies,
ranging from thermal energies (<0.4eV) up to the maximum proton
energy (up to 250MeV).”!° As neutrons are indirectly ionizing, they
will deposit energy by creating ionizing secondary particles. These
nuclear reaction cross-sections strongly depend on the neutron en-
ergy, causing the relative biological effectiveness (RBE) of neutrons
to vary greatly for different neutron energies. Furthermore, reports
on in vivo and microdosimetric studies observe different RBEs, also
depending on cell type and biological endpoint, rendering the use of
RBE impractical for neutron dosimetry.®!

The International Commission on Radiological Protection has
therefore defined ‘dose equivalent’ to weigh the dose according to
the biological impact of the radiation. In practice, a radiation quality
factor Q has been described as a function of energy for neutrons up
to 400MeV and for several materials including human soft tissue.'?
Still, knowledge of the neutron energy spectrum is required to cal-
culate the equivalent neutron dose, which can be obtained only from
dedicated experiments or virtual modeling with Monte Carlo (MC)
simulations.

Dedicated detector systems, such as ambient neutron monitors,
can be used to measure and monitor the out-of-field dose inside

proton-RT facilities. The wide-energy neutron detection instrument
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(WENDI) has been used for this purpose®® and an intercomparison
exercise by the European Radiation Dosimetry Group (EURADQS)
of active dosimetry systems in proton-RT found that WENDI-II per-
formed well.}* However, due to their large size, these detectors can-
not be placed inside anthropomorphic phantoms to estimate fetal
doses. On the other hand, commonly available small-sized thermolu-
minescent detectors (TLDs) have limited to no response to neutrons.
Alternatively, the use of track etch detectors and bubble detectors
has been reported, showing good agreement with each other'® and
compared with MC simulations.'® Further, though still in its explor-
ative phase, the use of a miniaturized radiation camera (MiniPIX,
Advacam) has proven useful to discriminate particle types and ener-
gies of the stray radiation field.!” However, these specialized detec-
tors are not routinely used in a clinical setting.

Besides detector systems, the geometry and tissue of the patient
has to be adequately modeled through anthropomorphic phantoms
to allow accurate dosimetry for the fetus. While adult female phan-
toms are commercially available, there are no commercial phantoms
modeling pregnant women. Therefore, some research groups have
modified anthropomorphic phantoms mimicking a pregnant bel-
Iy.18'20 However, using such approaches, it is impractical to model
individual patients. Therefore, anthropomorphic phantoms can be
used to validate computational methods, which can allow more ana-
tomical variation. Computational phantoms have been developed by
researchers both at the University of Florida?! and at the Helmholtz
Zentrum Munich,?? including different stages of pregnancy. The
further development and clinical implementation of these compu-
tational phantoms, combined with validated MC simulations, are an
essential pathway towards patient-specific fetal dosimetry during
proton-RT.

3 | DOSIMETRIC STUDIES

A few dosimetric studies have investigated fetal radiation exposure
during proton-RT (Table 1a).

Roy & Sandison?® performed pioneering experiments using a
mono-energetic research beam with a 4-cm spot size to measure
the fetal neutron dose in an anthropomorphic phantom using bub-
ble detectors. The measured fetal dose ranged from 0.1 mSv/Gy to a
target in the head, to 0.26 mSv/Gy when irradiating the upper abdo-
men. More recently, Hopfensperger et al.?* measured the fetal dose
to a spherical target in the brain using the WENDI detector and an
anthropomorphic phantom. The fetal dose was measured at three
representative distances - 47, 39.5 and 32cm - between the isocen-
ter (ie the central point around which the RT gantry is positioned)
and the edge of the WENDI detector. Different aperture set-ups,
ie none, static adaptive and dynamic adaptive, were also compared.
Estimated fetal doses ranged from 22.5 to 33.2puSv/Gy, compared
with 82-330mSv/Gy when using volumetric-modulated arc therapy
photon-RT. Higher fetal doses during proton-RT were observed at
closer distances to the target and when dynamic apertures were
used.

MC simulations have also been employed to estimate the fetal
radiation dose. Geng et al.?> used MC simulations to model the fetal
dose during irradiation of a 6.5x6.5%x.4.5 cm?® brain target compar-
ing PBS proton-RT with passive scattering proton-RT and photon-RT
at 3, 6 and 9 months of gestation. Equivalent fetal doses during PBS
proton-RT increased with gestation from 1.5 to 2.5pSv/Gy, with
photon-RT and passive scattering proton-RT respectively leading to
10 times and 100 times higher fetal doses. Next, De Saint Hubert

et al.%¢

calculated equivalent doses during PBS proton-RT on a cy-
lindrical brain volume, comparing three computational models of
pregnant women in their second trimester, as well as two versions of
the Monte Carlo N-Particle® (MCNP) code and two material mod-
els. Whereas differences in material composition and MCNP version
led to small differences, differences in phantom geometry led to
variations in fetal dose of up to 50%. This shows that the estimated
fetal dose is highly dependent on the individual geometry of patient
and fetus. Finally, Yeom and colleagues27 used MC simulations to
estimate the fetal dose across different stages of pregnancy and
for different fetal organs during craniospinal irradiation with PBS
proton-RT for a 36-Gy prescribed dose, based on a clinical case by

1.28 (see below). The total fetal absorbed dose (ie not ac-

Kalbasi et a
counting for RBE) varied between 3.66 and 5.80 mGy, amounting to
26-41mSv equivalent fetal dose when using a fixed quality factor
of Q=7, with lower doses occurring later in pregnancy as the fetus
moves anteriorly. However, individual fetal organ doses were more
variable, with the largest variation at 40 weeks’ gestation, where the
fetal lens received a dose three times higher than the adrenals. This
shows that when the target is close to the fetus, the exact fetal dose
will be highly dependent on the fetal position within the womb and
cannot be considered homogeneous. In such cases, the positioning
of the patient and fetus, as well as individual fetal organ doses need
to be considered.

These dosimetric studies provide key insights into the potential
dose reduction during proton-RT compared with photon-RT, but it is
important to note that these simulations use generalized and often
simplified models of both patient and tumor. Moreover, MC simula-
tions are most often not validated against physical measurements.
Moreover, studies apply different Q-factors to account for the neu-
trons’ RBE, and it is therefore unclear to what extent these simula-

tions are representative for clinical practice.

4 | CASE REPORTS

A few pioneering case studies?®~3! have described the use of proton-
RT during pregnancy (Table 1b).

Wang et al.?’

reported on a woman who was diagnosed with
a recurrent chordoma at the base of skull and cervical junction at
19 weeks’ gestation, who was treated with proton-RT. To minimize
the fetal radiation exposure during treatment, the authors iteratively
optimized the PBS proton-RT treatment plan for minimal fetal expo-
sure using physical phantom measurements. Most notably, the initial

plan included a vertex beam which contributed 85% of the total fetal
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dose, with the other five beams each contributing 1.7%-3.7%. This
shows that one should be careful in using high energy beams aligned
towards the fetus. By replacing this vertex field, an estimated fetal
dose of 0.35mSv was achieved, compared with 70 and 105mSv es-
timated during passive scattering proton-RT and photon-RT, respec-
tively. After proton-RT, a healthy child was delivered.

Next, Kalbasi et al.?® described a case of a pregnant woman
with an atypical teratoid/rhabdoid brain tumor who, after surgery,
was to receive 36 Gy craniospinal irradiation and a 19.8 Gy boost
to the tumor bed. Based on the literature, the fetal dose from PBS
proton-RT was estimated to be 72mSyv, with an additional 64 mSv
from daily kV imaging and computed tomography. Proton-RT was
administered in the late second trimester and third trimester, with
a healthy boy delivered at 34 weeks' gestation, after which chemo-
therapy was initiated. Both mother and child were healthy at the
3-year follow-up.

Further, le Guevelou et al.*>° briefly report on a patient under-
going PBS proton-RT of 64.8 Gy for treatment of a head-and-neck
tumor during the first trimester of pregnancy. Physical phantom
measurements estimated a fetal exposure at 0.83mSv.

Finally, Heimovaara et al.3!

reported on a pregnant patient with
a nasopharyngeal carcinoma who was treated with PBS proton-RT
for 70 Gy to the therapeutic volume and 54.25 Gy to the prophylac-
tic volume starting at 27 weeks’ gestation. With the fetal position
estimated at 20cm from the caudal border of the clinical target vol-
ume, the fetal radiation exposure was estimated at 5.5mSv during
PBS proton-RT, compared with 185mSv when using photon-RT. At
39weeks' gestation a healthy boy was delivered (3820g, APGAR
9/10 at 1/5minutes, respectively). While microscopic placental ex-
amination showed high-grade fetal vascular malperfusion which
could not be directly related to the radiation treatment, no other
placental or neonatal abnormalities were seen, and the child showed
age-adequate growth and motor development at the 2-month fol-
low-up. Three months after the end of treatment, complete remis-
sion of the tumor was observed.

5 | DISCUSSION

Notwithstanding the dosimetric challenges and uncertainties in es-
timating the fetal radiation dose during PBS proton-RT, a small body
of literature, consisting of both dosimetric studies and clinical cases,
has shown the potential of proton-RT in further reduce the fetal ra-
diation dose during RT. However, the implementation of proton-RT
for pregnant cancer patients still faces several challenges.

First, all identified studies applied different measurement tech-
niques to estimate the fetal dose, with physical measurements using
different phantoms and detectors, and MC simulations using differ-
ent physics models and Q-factors. Moreover, these computational
and physical models were never validated against each other. For
instance, whereas Kalbasi et al. estimated the fetal dose during
36 Gy craniospinal irradiation to be 72mSv based on the litera-

|27

ture, MC simulations by Yeom et a estimated this dose to only

be 26-31mSy, despite using the same Q-factor. Often, these dis-
crepancies are acceptable, as fetal doses typically remain well below
100mSv and considering more than the 10-fold dose reduction typ-
ically observed compared with photon-RT. However, to better quan-
tify fetal risks during proton-RT, more research is necessary on the
conversion of physical to biological doses, as well as the translation
of these biological doses in terms of risks for the unborn child.

Secondly, in most radiation oncology centers, MC models for
out-of-field dosimetry and compact wide-range neutron detectors
are not readily available. More commonly available neutron detec-
tors, such as REM500 and WENDI-II, are large detectors, limiting
the accuracy of measurements. Therefore, practical evidence-based
guidelines need to be established for fetal dose estimation during
proton-RT, using clinically readily available tools, to ensure the qual-
ity of the fetal dose estimates.

Thirdly, whereas most studies so far have used routine proton-RT
treatment planning for pregnant women, Wang et al.?’ showed
that it might be useful to adapt the plan to reduce the fetal radia-
tion exposure further. For instance, it might be advisable to avoid
high-energy beams in line with the patient and to minimize neutron
scatter by additional components in the beamline such as apertures,
compensators and range shifters. However, additional research is
necessary to calculate the impact of different planning parameters
on the fetal dose to better inform clinical decision-making.

Next, the fetal dose might theoretically be further reduced
through abdominal shielding. However, whereas 5- to 7-cm lead
shielding is effective for shielding photons, and therefore often
useful in reducing fetal radiation exposure during photon-RT, lead
is inefficient for shielding neutrons. Indeed, the design of effec-
tive compact abdominal shielding for pregnant patients undergoing
proton-RT is very challenging. However, since PBS proton-RT, as
compared with passive scattering proton-RT and photon-RT, makes
fewer contributions to the fetal dose from scatter at the treatment
head, abdominal shielding will have less impact. The omission of
redundant abdominal shielding during proton-RT will decrease the
patient time on-table and will improve patient comfort and safety.

For several cases, such as brain and head/neck tumors, rou-
tine planning might often suffice to achieve a fetal dose that is al-
ready well below 50mSv or even below the public limit of 1 mSv.
Notwithstanding the dosimetric uncertainties of those fetal dose
estimations, this clear reduction might already be enough to apply
PBS proton-RT for these patients. On the other hand, proton-RT
might also allow for the treatment of more challenging cases such as
craniospinal irradiation.?”?® However, in such cases it is important to
account for dosimetric uncertainties as well as uncertainties on the
fetal position, in order to ensure fetal doses remain below accept-
able threshold levels.

Also, the fetal exposure during imaging procedures should be
considered. Whereas in most reports the fetal doses during imaging
remained a factor lower than the exposure during proton-RT treat-

ment, 2%t in the report by Kalbasi et al.?8 imaging procedures led to
an additional 64 mSv fetal dose. Accounting for the fetal exposure

during imaging becomes especially important in cases where the
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imaging field is close to or includes the fetus, or when computed
tomography imaging is often repeated for adaptive therapy. Here,
site-specific optimization of the image-guided proton-RT protocol
is advisable, eg by replacing low-dose computed tomography with
planar imaging and/or surface scanning whenever possible.

So far, we have only identified four clinical cases and four do-
simetry studies discussing proton-RT during pregnancy. While these
studies provide essential information on the feasibility of proton-RT
during pregnancy, they discuss isolated and thereby selected cases.
More data are necessary to confirm and generalize these findings.
To achieve this, it is important to report on known cases of pregnant
women undergoing proton-RT and to register them in (inter)national
databases such as the INCIP registry (www.cancerinpregnancy.org).?

In conclusion, although data are scarce, different case reports
and dosimetric studies using PBS proton-RT for pregnant patients
have shown a strong reduction in fetal radiation exposure compared
with photon-RT, with good health outcomes for the offspring being
reported. Nonetheless, the implementation of proton-RT during
pregnancy is still faced with the complex fetal dosimetry, including
neutrons, and a lack of clinical guidelines. The further implementa-
tion and standardization of proton-RT during pregnancy is therefore
necessary to improve radiotherapeutic management of pregnant
women with cancer with minimal risks for their offspring.
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