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Abstract

Background: Pre-clinical ultra-high dose rate (UHDR) electron irradiations on
time scales of 100 ms have demonstrated a remarkable sparing of brain and
lung tissues while retaining tumor efficacy when compared to conventional dose
rate irradiations. While clinically-used gantries and intensity modulation tech-
niques are too slow to match such time scales, novel very-high energy electron
(VHEE, 50-250 MeV) radiotherapy (RT) devices using 3D-conformed broad
VHEE beams are designed to deliver UHDR treatments that fulfill these timing
requirements.

Purpose: To assess the dosimetric plan quality obtained using VHEE-based
3D-conformal RT (3D-CRT) for treatments of glioblastoma and lung cancer
patients and compare the resulting treatment plans to those delivered by
standard-of-care intensity modulated photon RT (IMRT) techniques.
Methods: Seven glioblastoma patients and seven lung cancer patients were
planned with VHEE-based 3D-CRT using 3 to 16 coplanar beams with equidis-
tant angular spacing and energies of 100 and 200 MeV using a forward planning
approach. Dose distributions, dose-volume histograms, coverage (Vgs¢,) and
homogeneity (Hlggo,) for the planning target volume (PTV), as well as near-
maximum doses (D5¢,) and mean doses (Dpean) for organs-at-risk (OAR) were
evaluated and compared to clinical IMRT plans.

Results: Mean differences of Vg9, and Hlgge, of all VHEE plans were within 2%
or better of the IMRT reference plans. Glioblastoma plan dose metrics obtained
with VHEE configurations of 200 MeV and 3—-16 beams were either not signif-
icantly different or were significantly improved compared to the clinical IMRT
reference plans. All OAR plan dose metrics evaluated for VHEE plans created
using 5 beams of 100 MeV were either not significantly different or within 3%
on average, except for Dy,ean for the body, Dyean for the brain, Do, for the brain
stem, and D9, for the chiasm, which were significantly increased by 1, 2, 6, and
8 Gy, respectively (however below clinical constraints). Similarly, the dose met-
rics for lung cancer patients were also either not significantly different or were
significantly improved compared to the reference plans for VHEE configurations
with 200 MeV and 5 to 16 beams with the exception of Dy, and Dyean to the
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3D-CONFORMAL VHEE FLASH-RT FOR GBM AND LUNG CANCER

spinal canal (however below clinical constraints). For the lung cancer cases, the
VHEE configurations using 100 MeV or only 3 beams resulted in significantly
worse dose metrics for some OAR. Differences in dose metrics were, however,
strongly patient-specific and similar for some patient cases.

Conclusions: VHEE-based 3D-CRT may deliver conformal treatments to sim-
ple, mostly convex target shapes in the brain and the thorax with a limited
number of critical adjacent OAR using a limited number of beams (as low as
3 to 7). Using such treatment techniques, a dosimetric plan quality compara-
ble to that of standard-of-care IMRT can be achieved. Hence, from a treatment
planning perspective, 3D-conformal UHDR VHEE treatments delivered on time
scales of 100 ms represent a promising candidate technique for the clinical
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1 | INTRODUCTION

Recent studies have found that large doses (=5 Gy)
delivered at ultra-high dose rates (UHDR) with short
overall delivery durations (on time scales of 100 ms)
result in reduced normal tissue damage while retaining
tumor toxicity compared to doses delivered at con-
ventional dose rates (CONV) (< 0.1 Gy/s)."? This
experimental observation is called the “FLASH effect”
and is receiving significant attention in the field of radi-
ation therapy (RT), especially because dose-modifying
factors (DMF) up to 1.8 have been reported for nor-
mal tissues, whilst almost no differences have been
observed for tumors.3~° Hence, UHDR dose delivery in
sub-seconds has the potential to improve the therapeu-
tic ratio compared to CONV RT. Encouraging preclinical
results led to the treatment of the first human patient in
2018 with FLASH-RT using a 5.6 MeV UHDR electron
beam®7 Additional clinical trials using FLASH-RT are
currently underway or were recently concluded &9
The UHDR irradiations that have demonstrated a
substantial normal tissue sparing used single beam
portals that delivered the whole dose to the irradi-
ated tissue mostly in time scales of 100 ms® The
execution of RT treatments at such time scales for
deep-seated targets (> 5 cm) that are dosimetrically as
conformal as standard-of-care RT pose a substantial
technical challenge. UHDR RT devices proposed for the
delivery of FLASH-RT to deep-seated targets encom-
pass multiple beam modalities and associated delivery
techniques including MV photon beams,'’ transmis-
sion (“shoot-through”) protons,'?~1® 3D patient-specific
range modulated proton and ion beams,'®~'? and very-
high energy electron (VHEE, 50—-250 MeV) beams 2927
The design and optimization of such devices are further
complicated by the fact that the mechanisms of action
for the FLASH effect are still being debated?2 and pre-
cise temporal dose delivery conditions to obtain and

transfer of the FLASH effect.

3D-conformal radiotherapy (3D-CRT), FLASH effect, treatment planning, very-high energy electrons

optimize the FLASH effect are still being investigated.?®
Preclinical studies suggest that the whole treatment
dose needs to be delivered in time scales of 100 ms
to obtain an optimized FLASH effect®>3? This poses
a demanding technical requirement for the delivery of
conformal dose distributions in depth. In particular, con-
ventional C-arm gantries with typical rotational speeds
of one rotation per minute are not suited for delivering
multiple beams within such short durations. Further-
more, intensity modulation or beam scanning also needs
to be accomplished swiftly with severe requirements on
timing. Hence, a relatively simple treatment technique
that may achieve conformal dose delivery on such time
scales to optimize its FLASH potential is the use of a
limited number of fixed beam lines (FBL) that deliver col-
limated broad VHEE beams quasi-simultaneously using
3D-conformal RT (3D-CRT).20-21.25-27 More particularly,
there are several initiatives that aim at the clinical imple-
mentation of VHEE-based FLASH-RT by applying or
exploring the use of multi-directional collimated broad
VHEE beams to administer UHDR treatments?’-2731
For this VHEE-based 3D-CRT delivery approach, the
achievable dosimetric conformity is of concern and
will depend on the patient cohort and individual target
characteristics.

Multiple comparative VHEE treatment planning stud-
ies have unanimously concluded that VHEE RT may
deliver conformal dose distributions that are superior to
those from state-of-the-art intensity modulated photon
RT (IMRT) techniques??-2429:32-34 For these studies,
inversely optimized VHEE treatment plans were created
assuming VHEE RT devices that deliver multiple (mostly
seven or more) coplanar fields using small beamlets
with full-width-at-half-maximum sizes of a few millime-
ters. However, a large amount of FBL and small scanned
beamlets may not be compatible with the temporal dose-
delivery requirements producing an optimized FLASH
effect with a UHDR VHEE device and may result in a
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disproportionate size, cost, and technical complexity of
the device.

The objective of this study was to investigate the
feasibility of delivering dosimetrically conformal UHDR
VHEE 3D-CRT treatments for selected clinical indi-
cations using collimated broad VHEE beams with a
limited number of 100 to 200 MeV FBL. If a given
VHEE device configuration could be shown to provide
conformal absorbed dose distributions that are com-
parable to those achieved by current standard-of-care
treatment modalities (i.e., non-inferiority design), then
any additional sparing of normal tissues due to the
FLASH effect while retaining tumor efficacy would con-
tribute to further improve clinical outcome. Therefore,
in this study we only evaluated absorbed dose (here-
after only “dose”) distributions and did not model the
FLASH effect quantitatively, since this would imply addi-
tional assumptions. We performed treatment planning
using multiple VHEE device configurations for glioblas-
toma multiforme (GBM) and lung cancer patient cases.
This was motivated by the need to improve outcomes
for glioblastoma and locally advanced non-small-cell
lung cancer treatments®>3® as well as by preclinical
experiments that reported DMF of 1.4 and more when
irradiating brain and lung tissues with UHDR."3537
At the same time, glioblastoma and lung cancers
often present with comparatively simple planning tar-
get volume (PTV) shapes. This reduces the potential
for dosimetric advantages of using intensity-modulated
compared to 3D-conformal treatment techniques.® We
compared the resulting dose distributions with those
delivered clinically at our hospital using the standard of
care, that is, volumetric arc therapy (VMAT) and helical
tomotherapy (HT), hereafter referred to as IMRT refer-
ence plans, and we also evaluated the impact of the
used energy and number of FBL on plan quality.

2 | MATERIALS AND METHODS

21 | Patient selection and IMRT
reference plans

We selected seven GBM patients and seven lung can-
cer patients from our clinical database to be planned for
VHEE RT applying the following criteria.

* We required the PTV extensions along each axis to
be smaller than 15 cm, since UHDR broad beam irra-
diations are more difficult to perform for large field
sizes.

* We excluded cases with complex PTV geometries
involving simultaneous integrated boosts (SIB), mul-
tiple disjoint targets, and targets with major concave
parts, since for such cases, 3D-CRT techniques can
be expected to perform worse compared to intensity
modulated techniques, as initially mentioned. A large
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fraction of GBM and lung cancer patients fulfil these
conditions.

» For lung cases, we also required that the PTV be
larger than 30 cm?® to exclude small targets with good
clinical outcome using standard of care.

We used the clinically applied IMRT plans that were
generated for delivery with an Elekta Synergy linac
(Elekta, UK, 6 and 10 MV VMAT) or a Tomotherapy unit
(Accuray, USA, 6 MV HT) as reference plans. Clinical
dose was computed with a Collapsed Cone dose engine
(RayStation dose engine v5.2 and v5.5). Clinical GBM
and lung plans were mostly planned using a conven-
tionally fractionated scheme (30 x 2 Gy) with the median
dose to the PTV Dpegian Normalized to 60 + 0.5 Gy. Plans
not following this treatment scheme were renormalized
to 60 Gy to facilitate a comparison of doses.Patient case
and reference plan characteristics are summarized in
Table 1.

2.2 | VHEE beam modelling and
treatment planning

The VHEE beam model and its validation is described
in detail elsewhere?® In brief, electron beams of differ-
ent sizes and energies were simulated using the clinical
electron Monte Carlo (eMC) algorithm (ElectronMon-
teCarlo v3.5) from RayStation (RayStation 9 lonPG)
extended to VHEE energies (100-250 MeV). This eMC
version uses a dedicated Monte Carlo code for the trans-
port in the treatment head (merely used for tracking
in the context of this work) and the VMC++ Monte
Carlo code®%#0 for energy transport and energy scor-
ing in patients. The VMC++ code uses physics models
that are applicable to several hundreds of MeV and
that were benchmarked against general-purpose Monte
Carlo codes and against measured VHEE data?® For
this treatment planning study, we used an ideal cutout
collimation and a cutout-to-isocentre distance of 50 cm.
Parallel beams with energies of 100 and 200 MeV were
simulated. As VHEE RT device designs with more than
ten FBL have been proposed and appear technically
feasible?® (even if less FBL may reduce technical com-
plexity, size and cost), we investigated different coplanar
FBL configurations with 3, 5, 7, and 16 beams with
equidistant angular spacing and identical energies, as
specified in Table 2. We allowed couch kicks up to + 30°
for GBM VHEE treatment plans provided that they did
not result in collisions. Sixteen beams were chosen as
a maximum, because such a configuration was used as
a reference by other VHEE studies?? and it was found
that plan quality did not substantially improve by adding
further beams?* Five and seven coplanar beams with
equidistant angles are constellations that are commonly
used for IMRT treatments. Three beams were chosen
as the lower limit of potential clinical interest. VHEE
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TABLE 1 Summary of characteristics of patient cases and reference plans.

PTV size median (range)
Indication Patient number (cm?3) Prescribed dose (Gy) Reference plans
GBM 7 183.2 (163.4-323.7) 60 3 VMAT 4 HT
Lung cancer 7 138.3 (35.8-211.8) 60 6 VMAT 1 HT

Abbreviations: HT, helical tomotherapy; PTV, planning target volume, VMAT, volumetric arc therapy.

TABLE 2 List of evaluated very-high energy electron beam
configurations. Fixed beam lines are arranged coplanar with
equidistant angular spacing and the first beam incident at 0°. Labels
are used in the following to refer to specific VHEE configurations.

Number Angular
Label Energy of FBL spacing
16 x 200 MeV 200 MeV 16 22.5°
7 x 200 MeV 200 MeV 7 51.4°
5 x 200 MeV 200 MeV 5 72°
3 % 200 MeV 200 MeV 3 120°
5% 100 MeV 100 MeV 5 72°

Abbreviations: FBL, Fixed beam lines; VHEE, very-high energy electron.

beams with small divergences create “high dose tun-
nels” in patient anatomies?° Hence, an uneven number
of such coplanar VHEE beams with equidistant angles
is usually preferable over an even number, since the
dosimetric benefit of opposed VHEE beams is typically
limited 2> Furthermore, we chose VHEE beam configu-
rations with energies of 100 and 200 MeV, since other
studies indicate that this is the VHEE energy range that
is more clinically useful in terms of depth-dose profile
and lateral penumbra 222541

Seventy VHEE treatment plans were generated with
3D-CRT forward treatment planning. We conducted
a manual iterative optimization employing a two-step
sequential scheme. Our first step was to perform an iter-
ative optimization of cutout shapes to maximize PTV
coverage, usually Vggo, > 95%—98%, while maximiz-
ing dose fall-off outside the PTV. For this purpose,
the couch angle and beam weights were chosen to
avoid critical organs-at-risk (OAR) and to decrease the
mean dose to the patient body (Dyean). Secondly, we
spared critical OAR while maintaining Vgs¢, to be within
2% of the one of the reference plan (or better), by
optimizing cutout shapes and beam weights further.
Optimization was stopped when further OAR sparing
resulted in a notable decrease of Vgs9, beyond the
one of the reference plan. Dose distributions were nor-
malized to a median dose (Dpedian) Of 60 Gy in the
PTV.

2.3 | Plan evaluation

We evaluated multiple target and OAR dose metrics
of the VHEE and the reference plans. For the PTV,

we evaluated Vg50¢, and the homogeneity index Hlggy =
Dggy/D2g, . For OAR, we evaluated the near-maximum
dose (Dy¢,) and the mean dose (Dean)- For the lung,
we evaluated additionally Vs g, and Vg gy. Box-and-
whisker plots were used to display dose metrics. Outliers
were plotted explicitly if they lay outside the interquar-
tile range times 1.5. Symmetric organs (e.g., lungs, eyes,
lenses, optic nerves), were pooled for combined evalua-
tion. We employed two-sided Wilcoxon signed-rank tests
for statistical analysis to compare the VHEE dose met-
rics to those of the reference plans. Differences in dose
metrics were considered to be statistically significant for
p-values below 0.05. For each clinical indication, dose
metrics averaged over all patient cases were computed
for the reference plans and percentage differences from
these averages were evaluated for the VHEE plans.
For some patient cases, not all OAR were delineated,
present or of relevance (e.g., pituitary glands and main
bronchus) and, hence, corresponding statistics are lower.
Extraction of dose metrics was performed using python-
based scripting capabilities of RayStation. Data analysis
and visualization was equally performed using python
(v3.8) and its libraries.*?

3 | RESULTS

3.1 | Glioblastoma

An example of axial dose distributions and DVH for a
GBM patient case are shown in Figure 1. Dose metrics
for all seven patient cases are summarized in Figure 2,
in Table 3, and in Table S1. PTV dose metrics of all
plans are always within the following limits: D5o, < 107%,
Dgge, > 90%, and Vgse, > 95%. The main critical OAR
was the brain for most patient cases and the PTV
were mostly distant to other critical OAR of the head
including eyes, lenses, and cochlea. For a few cases, the
brain stem, chiasm and optical nerves received higher
doses, but D,¢, was always less than 54 Gy. Evaluated
VHEE configurations with 200 MeV and 3 to 16 beams
resulted in plan dose metrics, which were either not sig-
nificantly different or which were significantly improved
compared to the clinical IMRT reference plans. Notably,
this also includes the VHEE configuration using only
3 beams. VHEE plans created using 5 x 100 MeV
beams, resulted in significantly increased mean doses
Dpnean for the body (on average by 1 Gy) and the brain
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FIGURE 1

(on average by 2 Gy) and significantly increased near-
maximum doses D,q, for the brain stem (on average
by 6 Gy) and the chiasm (on average by 8 Gy). All
other evaluated plan dose metrics for this configuration
were either not significantly different or within 3% on
average.

3.2 | Lung

Axial dose distributions and DVH for an exemplary lung
cancer patient case are displayed in Figure 3. Dose

Treatment plan comparison for a glioblastoma case. Axial images of the clinical reference plan (a) (tomotherapy) and VHEE
plans using the 7 x 200 MeV configuration (b) and the 3 x 200 MeV configuration (c). Panel (d) displays DVH for the planning target volume
(dark blue), the ventricles (dark green), and the brain (light green) for the reference (solid lines), the 7 x 200 MeV (dotted lines), and the

3 x 200 MeV (dashed lines) plans. Doses to other critical OAR (chiasm, optical nerves, brain stem, spinal canal, cochlea, pituitary gland, lacrimal
glands) are low (Dy¢, < 5 Gy) and are therefore not displayed. DVH, dose-volume histograms; VHEE, very-high energy electron.

metrics for all seven patient cases are summarized in
Figure 2, in Table 3, in Figure S1, and in Table S2. PTV
dose metrics of all plans were always within the follow-
ing limits: Dyo, < 107%, Dggo, > 90%, and Vg5, > 93%.
Vgse, and Hlgge, of the PTV for VHEE plans did not sig-
nificantly differ from the IMRT reference plans or were
significantly improved for the VHEE plans. Two IMRT ref-
erence plans had a Vgso, slightly below 95%. This was
due to a slightly increased clinical emphasis on OAR
sparing for these cases. Dyy,ean Of the body was found to
be substantially increased for the 5 x 100 MeV and the
3 x 200 MeV configurations compared to the reference
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FIGURE 2

Box-and-whisker plots of PTV and OAR metrics for GBM patient cases (left panels) and lung cancer patient cases (right panels)

planned with VHEE RT and compared to the clinical IMRT reference treatments. Values for individual structures are overlaid as scattered grey
dots. Mean values are indicated by green triangles. p-values of the two-sided Wilcoxon signed-rank test of the VHEE planning technique with
respect to the IMRT reference plan are provided in red above each VHEE column. Left and right lungs were pooled for combined evaluation.
GBM, glioblastoma; IMRT, intensity-modulated photon radiation therapy; OAR, organ-at-risk; PTV, planning target volume; RT, radiation therapy;
VHEE, very-high energy electron. Significance levels of p < 0.05,p < 0.01, p < 0.001 are indicated by *, **, and ***, respectively.
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TABLE 3 Planning target volume and organs-at-risk dose metrics for the evaluated glioblastoma (a) and lung cancer (b) patient cases.
Averages of dose metrics (over n structures) are provided for the intensity-modulated photon radiation therapy reference plans. For the VHEE
plans, percentage differences of the dose metrics with respect to those of the reference plans are provided. Left-right symmetric organs were
grouped for combined evaluation. Significant differences (p < 0.05) are highlighted in green (in favor of VHEE) and red (in favor of IMRT) if
differences are larger than 3% and in yellow if differences are within 3% (in favor of one or the other).

(a) Structure: PTV Body Brain Brain stem Chiasm Optic nerve
n 7 7 7 7 7 14
Planning
technique Dose metric: Vgso, Hlggy, Doo, Dmean D2 Dmean Do Diean D29, Dmean D29 Dimean

IMRT reference Mean value 98.0% 0.92 60.0Gy 8.5Gy 61.1Gy 236Gy 253Gy 64Gy 191Gy 11.7Gy 64Gy 3.6Gy

VHEE Difference 1.3 -13 -06 0.3 1.2 125 6.7 9.5
5x 100 MeV (%)

VHEE Difference —04 05 -0.3 19 -05 20 3.7 -02 -306 278 13.3
3% 200 MeV (%)

VHEE Difference —04 -0.7 -0.5 0.4 00 0.1 -0.8 155 —-46.7
5x 200 MeV (%)

VHEE Difference  —0.2 0.3 -04 -0.3 -04 07 -71 -5.7 —20.6 -28.1
7 x 200 MeV (%)
VHEE Difference  —0.1 03 -04 0.0 -03 -14 —-11.9 -3.5 -18.6 -27.2
16 x 200 MeV (%)
(b) Structure: PTV Body Lung Esophagus Trachea Heart
n 7 7 14 7 7 7
Planning
technique Dose metric: Vgsy, Hlggy, Dag, Dmean D29, Dmean D2 Dean D2y, Dimean D2%  Dmean

IMRT reference Mean value 96.2% 0.9 330Gy 3.1Gy 339Gy 87Gy 241Gy 57Gy 173Gy 41Gy 215 43

VHEE Difference 02 0.0 5.8 286 307 453
5x 100 MeV (%)

VHEE Difference 04 01 20 136 287 378 403 21.1 .

3x200MeV (%)

VHEE Difference 09 04 52 4.1 7.2 6.9 32  —04 192  -04 42 116
5x 200 MeV (%)

VHEE Difference 06 05 64 2.2 4.4 61 -38 -21 8.6 0.4 49 -56
7 x 200 MeV (%)

VHEE Difference 21 17 0.1 25 1.4 6.3 20 -55 148  -06 13 132

16 x 200 MeV (%)
Abbreviations: IMRT, intensity-modulated photon radiation therapy; OAR, organs-at-risk; PTV, planning target volume; VHEE, very-high energy electron.

plans, on average by 18% and 14%. Instead, for the 4 | DISCUSSION

other tested VHEE configurations with more beams,

body Dyyean Were not significantly changed and on aver-  Multiple initiatives set out to explore the clinical appli-
age within 5% of the reference plans. Dyean Of the lung  cation of broad beam VHEE using UHDR?"27:3" and
were significantly increased for the 3 x 200 MeV and  novel VHEE RT devices using a limited number of fixed
the 5 x 100 MeV configurations, on average by about  beam portals are designed to deliver a whole treatment
1.5 Gy, whereas for the other configurations there were fraction on time scales compatible with those of pre-
no significant differences and average differences were  clinical irradiations that resulted in a substantial FLASH
about 0.5 Gy. Voo gy and Vs, of the lung were also  effect?” The achievable dosimetric plan quality is of
significantly increased for the 3 x 200 MeV and the  concern when using only a few 3D-conformed broad
5 x 100 MeV configurations. Instead, there were no sig- VHEE beams and may therefore decisively influence
nificant differences for Vo g, and Vs ¢, for all other con-  patient selection for such a treatment modality. The
figurations. Similarly, Dyo, and Dpean to the heart were  objective of this work was therefore to evaluate if a
increased by about 4 Gy and 1.5 Gy on average,respec-  \VHEE machine with a few 3D conformal beams can
tively, for both 3 x 200 MeV and the 5 x 100 MeV config-  provide competitive dose distributions (non-inferiority
urations, whereas for the other VHEE configurations dif-  design) so that the FLASH effect would be on top of
ferences were not significant and on average within 1 Gy.  that instead of compensating for a lack of dosimetric
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FIGURE 3 Treatment plan comparison for a lung cancer case. Axial images of the clinical reference plan (a) (Volumetric arc therapy) and
VHEE plans using the 7 x 200 MeV configuration (b) and the 3 x 200 MeV configuration (c). Panel (d) displays DVH for the planning target
volume (dark blue), lungs (dark and light green), trachea (yellow), esophagus (purple), and spinal canal (light blue) for the reference (solid lines),
the 7 x 200 MeV (dotted lines), and the 3 x 200 MeV (dashed lines) plans. DVH, dose-volume histograms; VHEE, very-high energy electron.

conformity. This study demonstrates that such VHEE
treatment approaches may provide conformal absorbed
dose distributions with steep dose fall-offs already with
a few (3 to 7) 3D-conformed broad VHEE beams for
GBM and lung cancer patients. Furthermore, we found
that the respective dose distributions are competitive
with those obtained by standard-of-care photon IMRT
techniques in terms of target coverage, homogeneity
and OAR sparing. An increased biological selectivity
due to normal tissue sparing by FLASH could therefore
either contribute to improve the toxicity profile of GBM

and lung cancer treatments or make it possible to
escalate doses delivered to the tumors.

Critical dose limiting toxicities (DLT) for GBM are
found mostly in the high dose region inside and in close
vicinity of the PTV. Critical OAR are the brain and may
also include brain stem, optical nerves and chiasm for
cases where the tumor is adjacent to those structures.
For all tested configurations with 200 MeV, averaged
Dy, and Dynean Values of those OAR are either within
2 Gy and not significantly changed compared to the ref-
erence plans or a larger sparing is achieved by VHEE
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on average, which is sometimes statistically significant.
Instead, for the 5 x 100 MeV configuration there is an
increase in the average Dy, for the brain of about
2 Gy. This dose increase can be mostly attributed to the
larger lateral penumbra of lower energy VHEE beams
and may be an incentive to select higher energy VHEE
beams for treatments?®> While configurations with more
than 3 beams usually created more flexibility in OAR
sparing, they generally only led to smaller improvements
of dose metrics for the evaluated GBM cases. In con-
trast, configurations with 5 or more beams were found
to improve dose metrics for lung cancer cases. VHEE
configurations with 200 MeV and 5, 7 and 16 beams
show non-significant but mostly slightly increased aver-
aged Dyyean for the lung and for the heart (at most about
0.6 Gy), compared to the reference plans. We found that
the spinal canal, the esophagus, and the trachea were
not OAR of principal clinical concern in terms of toxicity
and they were consequently not considered a high pri-
ority for sparing during the optimization. Most important
improvements of VHEE dose metrics were obtained for
VHEE plans with 5 or more beams and with 200 MeV
compared to plans with only 3 beams or 100 MeV. How-
ever, differences in dose metrics were patient-specific.
For instance, Figure 1 displays a case, where using 7
instead of 3 beams did not result in important improve-
ments of the DVH for both the PTV and the brain. Note
that for configurations with 5 or more beams, the opti-
mization process often resulted in some relative beams
weights being low (<10%), so that the dose distribu-
tion was effectively determined by fewer beams (see
for instance VHEE plans with 7 beams in Figure 1 and
Figure 3). It is anticipated that better plans are achieved
using only 5 or less VHEE beams if beam directions
would also be optimized *3

Our results suggest that 3D-conformal VHEE RT
can be expected to provide a reasonable dosimet-
ric conformity for simple, mostly convex target shapes
with a limited number of critical OAR in close vicin-
ity. Accordingly, one recent study suggested using two
opposed collimated 40-MeV-electron beams for deliv-
ering pediatric whole brain UHDR RT?' It is expected
that for more complex clinical indications (e.g., tar-
get geometries with convex, partially disjunctive, large
volumes and cases with multiple OAR in vicinity of
the target), plan quality of 3D-conformal VHEE treat-
ments could be substantially degraded compared to
standard-of-care IMRT techniques, as this is gener-
ally observed when comparing 3D-CRT with IMRT
techniques for photon beams384445 For such cases,
intensity modulated (i.e., scanned) VHEE treatments
may be more adequate and, indeed, several treatment
planning studies have reported on intensity modulated
VHEE techniques providing a dosimetrically superior
plan quality compared to standard-of-care IMRT tech-
niques, as previously mentioned??2432-34 However,
delivery of intensity modulated UHDR VHEE treatments

MEDICAL PHYSICS——%

may prolong the time to deliver a field compared to 3D-
conformal UHDR VHEE treatments and might therefore
result in a reduction or disappearance of the FLASH
effect.

Differences in OAR dose metrics between 3D-
conformal VHEE RT and clinical IMRT reference plans
obtained in this study are mostly below 10% (Table 3).
This is small compared to the sparing that has been
reported by some preclinical FLASH studies for brain
and lung tissues with a DMF of 1.4 and more.? Since the
FLASH effect is expected to be the most pronounced
in the high dose region? it may provide additional
substantial and biologically-selective sparing of healthy
tissues inside and in the vicinity of the PTV, if suf-
ficient geometric sparing using steep dose gradients
cannot be reached. This is particularly of interest for
healthy tissues inside the GTV-to-PTV margin, which
often encompasses a substantial fraction of the over-
all PTV volume. 3D-conformal UHDR VHEE treatments
may therefore be clinically superior specifically for cases
where DLT are encountered in the high dose region.
While this work assesses only the absorbed dose distri-
butions achieved by VHEE-based UHDR RT, future work
is envisaged to encompass a quantitative assessment
of the FLASH effect.

There are several limitations to the current work. The
beam model we used assumes a homogenous parallel
beam fluence at the isocenter, which is perfectly colli-
mated without scattering in air. Instead, clinical electron
machines of 4—25 MeV present with inhomogeneities
in transverse fluence and dose profiles (~5%).46:47
Such inhomogeneous fluences may also be expected
for future clinical VHEE RT devices that deliver broad
beams. Furthermore, air, collimation devices, and other
beam-interfering treatment head elements will produce
scattered electrons and bremsstrahlung that will resultin
additional doses to the patient and may increase the lat-
eral penumbra. The simulation of a more realistic beam
phase space may further increase the lateral penumbra.
Compared to the VHEE dose distributions presented
here, all these factors may somewhat decrease dose
homogeneity in the target and the dosimetric conformity.
However, for larger depths, the penumbra of the VHEE
beams is mostly driven by Coulomb scattering in the
patient.?>*" Moreover, bremsstrahlung is mostly forward
directed, and corresponding dose contributions may be
factored in for treatment planning.*’ To summarize, one
can assume that the simulation of an idealized VHEE
beam used in this study will only have a limited impact
on our findings compared to simulations using a more
realistic description of the VHEE beam and treatment
head.

The 3D-conformal VHEE plans created for this work
were optimized using forward planning (i.e., an iterative
manual procedure to optimize dose distributions) and
higher quality 3D-conformal VHEE plans would have
been likely achieved if an inverse optimization approach
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would have been used. A Collapsed Cone dose engine
was used to compute clinical plans for MV photons.
Instead, a Monte Carlo dose engine was used to obtain
dose distributions for VHEE plans. Monte Carlo dose
computations are generally regarded to be the gold
standard for treatment planning in RT and are known
to result in more accurate but also in more unfavorable
dose distributions compared to simpler dose computa-
tion techniques, especially in heterogeneous anatomies
such as lungs*® This may somewhat bias comparisons
between IMRT reference plans and the VHEE plans
presented here. On the other hand, dose distributions
of VHEE beams were reported to be less perturbed
by heterogeneities compared to photon beams and
more robust to anatomical changes compared to proton
beams*84° This increased dosimetric robustness may
be a further asset for VHEE RT.

5 | CONCLUSIONS

This study shows that simple target shapes in the
brain and thorax may be conformally treated using 3D-
conformal VHEE RT delivery with a number of beams as
low as 3 to 7 without the use of intensity modulation and
that a dosimetric plan quality comparable to standard-
of-care intensity-modulated photon RT can be achieved.
UHDR FLASH treatments using such 3D-conformal
VHEE delivery may facilitate shorter overall delivery
times (~100 ms) compared with intensity-modulated
and pencil beam scanning delivery techniques, thereby
potentially optimizing the FLASH effect. Hence, quasi-
simultaneously delivered 3D-conformal UHDR VHEE
beams represent a promising option for the initial clini-
cal exploration of the FLASH effect using external beam
UHDR RT for deep-seated tumors.
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