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Background and Purpose: Hippocampal-avoidance whole brain radiotherapy (HA-WBRT) can be a time-consuming
process compared to conventional whole brain techniques, thus potentially limiting widespread utilization.
Therefore, we evaluated the in silico clinical feasibility, via dose-volume metrics and timing, by leveraging a
computed tomography (CT)-based commercial adaptive radiotherapy (ART) platform and workflow in order to
create and deliver patient-specific, simulation-free HA-WBRT.

Materials and methods: Ten patients previously treated for central nervous system cancers with cone-beam
computed tomography (CBCT) imaging were included in this study. The CBCT was the adaptive image-of-the-
day to simulate first fraction on-board imaging. Initial contours defined on the MRI were rigidly matched to
the CBCT. Online ART was used to create treatment plans at first fraction. Dose-volume metrics of these
simulation-free plans were compared to standard-workflow HA-WBRT plans on each patient CT simulation
dataset. Timing data for the adaptive planning sessions were recorded.

Results: For all ten patients, simulation-free HA-WBRT plans were successfully created utilizing the online ART
workflow and met all constraints. The median hippocampi Doy, was 7.8 Gy (6.6-8.8 Gy) in the adaptive plan vs
8.1 Gy (7.7-8.4 Gy) in the standard workflow plan. All plans required adaptation at first fraction due to both a
failing hippocampal constraint (6/10 adaptive fractions) and sub-optimal target coverage (6/10 adaptive frac-
tions). Median time for the adaptive session was 45.2 min (34.0-53.8 min).

Conclusions: Simulation-free HA-WBRT, with commercially available systems, was clinically feasible via plan-
quality metrics and timing, in silico.

1. Introduction

Hippocampal-avoidance whole brain radiation therapy (HA-WBRT)
limits radiation dose to the hippocampal-region. This technique has
been shown to better preserve cognitive function in patients with brain
metastases outside of the hippocampal-avoidance region with no dif-
ference in intracranial progression-free and overall survival [1-4].
However, HA-WBRT requires potentially longer planning times when
compared to conventional WBRT (5-10 business days, compared to as
quickly as within 24 h). This is due to the comparative complexity of
plan styles used: volumetric modulated arc therapy (VMAT) and in-
tensity modulated radiotherapy (IMRT) for HA-WBRT versus two-
dimensional planning used for conventional WBRT. Brain metastases

can grow in as rapidly as one week and are highly morbid, with the
median survival time of one month in untreated patients, and thus can
lead to urgent clinical scenarios that require foregoing HA-WBRT in
order to deliver timely treatment (i.e., WBRT) at the expense of neuro-
cognitive preservation [5].

One potential solution to a quicker plan turnaround time is to utilize
simulation-free approaches. Simulation-free workflows with conven-
tional linacs and diagnostic imaging have been implemented in simple
palliative settings with the use of 3-dimensional (3D) fields [6,7].
However, this approach is limited by the anatomical changes between
the diagnostic imaging session and treatment where positional or target
changes can be expected. Therefore, the use of adaptation at first frac-
tion to better match the observed “anatomy-of-the-day” as seen on on-
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board treatment images can be used to create an original plan [8-10]. To
date, the treatment targets in simulation-free approaches are relatively
lower in complexity such bony or large lung metastases and have min-
imal dose-volume objectives to limit planning complexity. However,
cone-beam CT (CBCT) adaptation can be clinically implemented in
wide-variety of clinical settings with varying levels of complexity
[11-15]. Therefore, the use of simulation-free adaptive approaches in
complex treatment settings is possible. The use of simulation-free
adaptive radiotherapy (ART) in complex treatment scenarios, such as
HA-WBRT has not been reported to date.

We have developed an institutional simulation-free HA-WBRT
workflow, using a commercially available, CT-based online ART plat-
form. Additionally, we aimed to create a methodology that can be per-
formed with the proposed adaptive system in combination with a
commercially available treatment planning system or image registration
software, thus making it broadly accessible. Here, we evaluate this novel
workflow, in silico, for the creation of patient-specific, simulation-free
HA-WBRT plans. We hypothesized that simulation-free HA-WBRT
would be clinically feasible, in silico, by assessing dose-volume metric
compliance and timing information.

2. Materials and methods
2.1. Patient selection

Ten patients previously treated for central nervous system (CNS)
cancers with adequate diagnostic brain magnetic resonance images
(MRYI), simulation CT, and daily CBCT imaging and suitable anatomy for
this study were identified. All patients in this study were included in an
institutional review board protocol (#202009080). Specifically, pa-
tients included were selected from those clinically treated for CNS
cancers on a TrueBeam Edge linear accelerator (Varian Medical Systems,
Palo Alto, CA) at our institution in 2021. This machine was chosen for
the in silico analysis due to the superior image quality of the on-board
CBCT compared to other linear accelerators at our institution, which
would best approximate the high-resolution quality of the CBCT on a
ring gantry CT-guided linear accelerator, Ethos (Ethos, Varian Medical
Systems, Palo Alto, CA) [16,17]. Finally, included patients also had a
high-resolution, thin-slice diagnostic brain MRI.

2.2. Pretreatment imaging and contouring workflow

The basis of our simulation-free workflow was use of the diagnostic
MRI for patient-specific anatomy. Simulation-free plans (SF-HAWBRT)
by definition do not include information from a patient-specific simu-
lation CT. However, the adaptive treatment planning system (TPS)
(Ethos Version 1.1) requires that a CT image serves as the primary
dataset for plan calculation; a diagnostic brain MRI cannot be used as the
primary dataset. Therefore, an alternative method for inserting a CT into
the planning process was necessary, to satisfy the primary dataset
requirement of the adaptive TPS and to provide electron density infor-
mation for plan calculation.

An atlas-based registration technique was used as the alternative
method to register the patient specific MRI with a library of existing CT
images to find the CT image within the library that most closely matches
the patient-specific image [18]. The best matched CT, also called atlas-
based CT (AB-CT), was then imported into the adaptive TPS with the
patient-specific brain MRI registered as the secondary image. The AB-CT
was used only for electron density information and did not contribute to
any anatomical contour segmentation within the treatment plan. The
relevant HA-WBRT structures (brain, brainstem, optic nerves, optic
chiasm, eyes, lens, hippocampi) were contoured using the patient-
specific MRI registered to the AB-CT. Additionally, ventricles were
contoured using the MRI to aid in patient alignment at the machine,
since the ventricles are well-visualized on a CBCT image. The contours
as drawn based on the MRI were associated with the AB-CT and used for
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pre-plan calculation and assessment. Further details of the atlas-based
registration method and figures relating to the overall in silico
simulation-free workflow is presented in the supplementary materials.

2.3. Preplan creation

Each treatment pre-plan used a HA-WBRT simulation-free treatment
template (created by our institution) within the adaptive TPS and were
not modified on a per-patient basis [19]. A three full-arc plan geometry
with isocenter at mid-brain and collimators at 15-, 45-, and 90-degrees
was generated in Eclipse (Varian Medical Systems, Palo Alto, CA) and
used for the adaptive treatment plan calculation, using the AB-CT
electron density information. Because the AB-CT plan was to be
deformed to the patient-specific CBCT, thus creating a new primary CT
dataset, detailed review of the isodose distribution was not required, as
it would change with the on-table CBCT. The objectives used for treat-
ment planning were also extracted from NRG CC001 and presented in
Table 1 [4].

2.4. Plan adaptation workflow

At the time of plan adaptation, which was performed to create the
final SF-HAWBRT plan, the patient-specific CBCT from the C-arm linac
was injected into the emulator system (Varian Medical Systems, Palo
Alto, CA). Then, the AB-CT was deformed to the patient-specific CBCT to
provide appropriate electron density information for final SF-HAWBRT
plan calculation. Instead of deforming the clinical target volume (CTV),
the default process in the commercial adaptive system, the CTV contour
was rigidly copied from the pre-plan AB-CT (which had contours based
on the diagnostic brain MRI anatomy) onto the patient-specific CBCT.
This rigid copy process was then repeated for transfer of organ-at-risk
(OAR) contours within the CTV onto the patient-specific CBCT while
also maintaining their spatial relationship within the brain via a
constellation registration. This process meant that when the parent
contour (i.e., CTV, which houses within it the critical OARs) was
translated or rotated by a certain degree, the offspring contours (i.e.,
hippocampi, brainstem, ventricles, optic chiasm) would translate or
rotate by that same magnitude.

The unedited brain, ventricles, and brainstem contours were used to
aid in the translational/rotational alignment of all the above mentioned
rigidly copied structures onto the patient-specific CBCT. Therefore,
when the brain, ventricle, and brainstem were all well-aligned via this
constellation registration method, the chiasm and hippocampi were also
expected to be well-aligned to the anatomy initially defined on the
patient-specific diagnostic MRI. Finally, the brain, lens, optic chiasm (if
visible), optic nerves, and face-avoid structures were re-contoured as
needed based on patient anatomy-of-the-day as seen on the patient-
specific CBCT. Neither the brainstem, ventricles, nor the hippocampus
were adjusted during this step as they maintain their spatial relationship
once rigidly copied. The brain was only adjusted at the bone interface
where there may have been slight differences in contouring on the MRI
when compared to the CBCT. A Planning Target Volume (PTV) was
generated, consisting of the hippocampal avoidance region (hippocampi
contour + 5 mm circumferential margin) subtracted from the brain
contour. Plan optimization then occurred once contours were approved.
The adaptive plan was chosen for treatment after re-optimization if the
plan met all objectives. Detailed timing information was collected dur-
ing the in silico simulated workflow for each step of the on-table ART
process. Successful creation of this adaptive-based SF-HAWBRT plan
that met all pre-specified plan constraints and performed in less than one
hour was counted as a clinically successful in silico treatment.

2.5. Plan quality verification

In order to verify that the plan calculated using the SF-HAWBRT
workflow had plan quality metrics comparable to a plan calculated
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Table 1
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Presentation and comparison of dose-volume metrics for the simulation free, verification, and traditional HAWBRT workflows.

Structure Dose-Volume Constraint (Variation SF-HAWBRT Veri-HAWBRT Trad-HAWBRT Difference between SF-HAWBRT& Trad-
cm® Parameter Acceptable) Median Median Median HAWBRT (sign test, p-value)
(Min-Max) (Min-Max) (Min-Max)
Volume (cm?) - 1637.3 - 1636.8 0.75
PTV_3000 D29y(Gy) <375 33.9 34.1 325 0.34
(37.5 to 40) (33.4-35.2) (33.4-35.5) (32.4-32.9)
Dogos(Gy) >25 28.2 28.4 26.2 0.75
(22.5 to 25) (27.8-28.7) (27.8-28.8) (24.7-26.6)
V30cy(%) >95 95.7 96.0 89.3 0.75
(90 to 95) (95.2-96.3) (94.9-96.5) (88.6-91.1)
Hippocampi D1009%(Gy) <9 7.8 (6.6-8.8) 7.7 (6.7-9.2) 8.1(7.7-8.4) 0.75
(9 to 10)
Do.03em3(Gy) <16 14.0 14.3 121 0.75
(16 to 17) (12.3-14.8) (12.0-16.3) (10.1-13.3)
OpticNerve_ L Do.03em3(GYy) <30 28.6 28.5 27.6 1.0
(30 to 37.5) (22.8-29.0) (23.4-30.3) (25.5-28.5)
OpticNerve R Do.03em3(GY) <30 28.4 28.9 27.6 1.0
(30 to 37.5) (22.4-29.4) (21.8-30.6) (26.1-28.9)
OpticChiasm Do.03em3(GY) <30 29.1 29.2 29.0 0.75
(30 to 37.5) (28.3-29.5) (27.7-29.7) (28.8-29.3)

using a simulation CT, the adaptive plan (which used contours based off
the diagnostic brain MRI and tweaked for day-of anatomy using the
CBCT) was recalculated on the patient-specific simulation CT that had
been obtained for the patient’s actual CNS treatment. The isocenter (at
imaging isocenter) from the SF-HAWBRT plan was then used as the
isocenter of the plan on the simulation CT and was placed by registering
the two images together. Additionally, the contours from the SF-
HAWBRT plan were then transferred onto the simulation CT and not
adjusted. This verification calculation is henceforth referred to as the
Veri-HAWBRT plan. The dose-volume histograms (DVH) from the
adapted SF-HAWBRT plans and the patient-specific Veri-HAWBRT plans
were compared using a dose-difference along all DVH points. These two
dose calculations were then compared to a HA-WBRT plan optimized

using the patient-specific planning CT and standard clinical planning
approaches at our institution [20]. This will be henceforth referred to as
the Trad-HAWBRT plan. In this comparison, dose-volume objectives
from NRG CC001 were used.

Plan comparisons between the SF-HAWBRT vs. Trad-HAWBRT plans
were performed using the sign test. This test was chosen given the non-
normal, non-symmetric distribution of data between the pre- and post-
value differences. A p-value < 0.05 was considered statistically signifi-
cant. Statistical tests were performed using IBM SPSS Statistics version
28.0.0.0.

Comparison of DVH Metrics
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Fig. 1. Patient-specific dose differences for (A) planning target volume (PTV) coverage and (B) hippocampal dose relative to goal prescription coverage and goal
hippocampal sparing constraints across simulation-free (SF), verification (Veri) and traditional simulation (Trad) plan types.
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3. RESULTS

The SF-HAWBRT workflow created adaptive treatment plans that
met all NRG CC001 dose-volume objectives for all ten patients. With
regards to coverage, the median PTV V30Gy in the SF-HAWBRT work-
flow were 95.7% (95.2-96.3%). With regards to hippocampal dose, the
SF-HAWBRT plans achieved hippocampal sparing with a median D100%
of 7.8 Gy (6.6-8.8 Gy) and D0.03 cm® of 14.0 Gy (12.3-14.8 Gy).

Fig. 1 illustrates the numeric differences in target coverage and
hippocampal sparing achieved across plan types for each individual
patient, relative to the dose-volume constraint objectives. Numerically,
the Trad-HAWBRT method resulted in lower PTV coverage, 89.3%
(88.6-91.1%), but was not statistically significant via Sign test (p >
0.05). Detailed plan comparison data are presented in Table 1.

When comparing the SF-HAWBRT and Veri-HAWBRT plans, the
absolute value of any dose difference for each plan type were less than
1.0 Gy across all DVH points and metrics for 9/10 patients (Fig. 2). In
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Fig. 2. For comparing the SF-HAWBRT and Veri-HAWBRT plans, the absolute
dose difference was calculated at each volumetric point for each patient. The
minimum, 25th percentile, median, 75th percentile, and maximum dose dif-
ferences across all patients were subsequently calculated. These range values of
the absolute dose differences (in Gy) are plotted as a function of volume (in %)
for our study cohort (n = 10). All reported differences were less than 1 Gy
except for a single patient’s right hippocampus; all objectives met per NRG
CCOO01 constraints.
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one of the patients, the right hippocampus dose was markedly higher in
the verification plan, with a dose difference of 2.6 Gy. The median dose
difference in the right/left hippocampus and PTV combined was —0.1
Gy (inter-quartile range: 0.2 Gy) for all three structures.

The median time for the in silico on-table adaptation workflow was
45.2 min (34.0-53.8 min). The longest step during this process was
contour adjustment for targets and OARs with a median time of 22.6 min
(12.6-28.7 min). The median time for influencer contour structures was
4.4 min (2.6-7.8 min), while target propagation and alignment was 4.3
min (3.0-7.6 min), dose calculation was 12.5 min (10.3-14.6 min), and
physician plan evaluation was 0.9 min (0.4-1.7 min).

With regards to the impact of first-fraction adaptation for simulation-
free plans, adaptation was necessary for dose-volume objective
compliance for SF-HAWBRT plans (Table 2). Prior to first-fraction
adaption, 6/10 patients’ “scheduled” plans failed at least one hippo-
campal sparing objective when previewed upon the 1st fraction treat-
ment anatomy/head position. Similarly, 6/10 patients’ scheduled plans
failed PTV coverage objectives prior to plan adaptation. In aggregate, all
10 patients had at least one dose-volume objective that failed NRG
CCO001 constraints prior to first-fraction plan adaptation.

4. Discussion

In this study, we demonstrated that a simulation-free HA-WBRT
workflow is feasible, in silico, and produces plans that are clinically
similar to a traditional, simulation-based workflow. This simulation-free
workflow leverages a commercially-available, online ART platform in
order to allow for creation of pre-plans based on patient-specific diag-
nostic MRIs and refine them at first fraction using online adaptation to
account for differences in head position between diagnostic and on-table
imaging. Additionally, this methodology can be executed by clinics who
only have access to the proposed adaptive system and a separate TPS to
perform image registrations. This workflow could be used clinically to
expedite time to delivery of HA-WBRT without compromising plan
quality.

For this methodology to be successful, we needed to demonstrate
that there were minimal differences between using a deformed AB-CT to
the patient-specific CBCT and the patient-specific simulation CT. We
were able to show that the hippocampus max doses were always within
NRG CCO01 tolerance and similar between the AB-CT and patient-
specific simulation CT calculations. As for the patient with larger dif-
ferences in the hippocampus dose, we were not specifically able to
isolate the cause of the difference, but we hypothesize that it is due to
uncertainties in the deformation of the AB-CT and registration/transfer
of contours between the CBCT and simulation CT relative to the adaptive
plan coordinate system. For added context, many conventional 3D
whole brain treatments often use hand-calculations that assume ho-
mogenous water [21]. Additionally, Gamma Knife radiotherapy has also
used a homogenous water density assumption during their calculation
for many years [22]. The data presented here show similar plan quality
and consistency to these established workflows and indicate that this
simulation-free HAWBRT workflow is safe and will appropriately deliver
palliative doses.

Another potential failure mode of this complex, simulation-free
methodology would be the inability to appropriately align the patient
using only the patient’s contours derived from the diagnostic MRI. While
alignment directly to a soft tissue structure such as the hippocampi could
prove to be challenging using standard CBCT alignment, we found that
inclusion of the brainstem and ventricles as well as the CTV (brain)
relative to the skull allowed us to triangulate the position of the
hippocampi appropriately. The use of surrogates for alignment is com-
mon practice within radiation oncology, including highly conformal,
stereotactic, curative-intent strategies, including the daily alignment for
brain stereotactic radiosurgery [23-25]. Additionally, we believe that
the uncertainties introduced during this process are no greater than the
combined uncertainties of traditional HA-WBRT from simulation to
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Table 2
Comparison of dose-volume metrics in the scheduled vs. adapted simulation-free HA-WBRT treatment plans.
Structure Dose-volume Constraint (Variation Number of constraint Initial plan Median Number of violations in Adapted plan
Parameter Acceptable) violations in initial plan (Min-Max) adapted plan Median
(Min-Max)
PTV_3000 Daos(Gy) <375 0 34.2 (33.4-35.2) 0 33.9
(37.5 to 40) (33.4-35.2)
Dogo(Gy) >25 3 24.2 (19.4-27.3) 0 28.2
(22.5 to 25) (27.8-28.7)
V30g,y(%) >95 6 89.6 (84.8-93.9) 0 95.7
(90 to 95) (95.2-96.3)
Hippocampi D100%(Gy) <9 0 7.8 (7.4-9.7) 0 7.8 (6.6-8.8)
(9 to 10)
Dinax(Gy) <16 6 18.6 (14.1-29.9) 0 14.0
(16 to 17) (12.3-14.8)
OpticNerve_ L Dinax(Gy) <30 0 30.4 (28.3-32.9) 0 28.6
(30 to 37.5) (22.8-29.0)
OpticNerve R Dmax(Gy) <30 0 30.3 (25.0-32.2) 0 28.4
(30 to 37.5) (22.4-29.4)
OpticChiasm Diax(Gy) <30 0 30.4 (28.8-34.3) 0 29.1
(30 to 37.5) (28.3-29.5)

treatment. This includes MRI to CT image registration, which carries an
uncertainty of up to 1.5 mm [26,27] and the registration of the CBCT to
simulation CT, which carries an additional 1.5 mm in uncertainty [27].
Also, HA-WBRT traditionally incorporates a hippocampal avoidance
region, which is a 5 mm expansion upon the hippocampi themselves to
allow for some margin for daily uncertainties in these palliative intent
patients, as well as for dose fall-off [28,29]. Therefore, we believe that
the uncertainties accepted in a traditional planning process relating to
localization are similar to the uncertainties produced in our method, and
thus our method is appropriate for this palliative-intent treatment
paradigm.

Timing was an important part of the simulation-free HA-WBRT
process, as patients with brain metastases are often less medically stable
and on-table efficiency is paramount. For context, at our institution, all
CT simulations are scheduled within one-hour time blocks. We demon-
strated here that the patient would be on the treatment table for the
CBCT, contouring, plan calculation, and quality assurance for less than
the duration of a traditional CT simulation timeslot at our institution.
Additionally, the plan adaptation in the clinical application of
hippocampal-avoidance whole brain radiotherapy is not anticipated to
require any additional time compared to previously reported CT-based
adaptive radiotherapy, which is on the order of 15-30 min [9,12], or
a separate 3D WBRT simulation-free approach, which was approxi-
mately 25-45 min [30]. Additionally, as on-table adaptation tools
continue to mature in future releases of commercial adaptive systems,
such as increased and improved auto-contouring tools along with direct
CBCT plan calculation, we expect that on-table time will continue to
decrease, thus becoming more efficient.

The simulation-free methodology is successful and feasible in the
setting of HA-WBRT in large part due to the standardized approach of
HA-WBRT and similar anatomy between patients. This combination of
factors allows for template-based planning [20,31]. The adaptive TPS is
designed to use template-based planning for maximizing efficiency [32].
In this simulation-free setting, this enables rapid generation of the
diagnostic imaging-based pre-plan, which is then refined on-table. When
thinking about extending this methodology outside the setting of HA-
WBRT, any anatomical site that has consistent anatomy or extremely
regimented approaches could be similarly approached [9].

Despite this methodology’s overall success, there is still more to gain
in improving the process’s efficiency. For example, a synthetic CT
generated from an MRI would have eliminated the need for atlas-based
registration. However, not all MRIs come from our institution, where we
can control the MRI used, nor does every facility have access to
advanced and possibly costly software algorithms to perform synthetic
CT generation [33,34]. As for the use of a patient-specific diagnostic CT

for the primary dataset, not all patients who present with brain metas-
tases who are receiving HA-WBRT have a diagnostic CT that encom-
passes the whole brain or the diagnostic CT is not within the hospital
PACs system. Additionally, the use of an outside hospital diagnostic CT
may have unverified Hounsfield unit values [35]. Therefore, our meth-
odology aims to be broadly accessible and to enable more facilities to
implement this process. However, we do endorse the use of methods that
may increase efficiency of this approach. Despite future improvements,
our proposed method still demonstrates that simulation-free HA-WBRT
is possible and has not been reported to date.

To conclude, we found that simulation-free HA-WBRT was clinically
safe, in silico, by applying first fraction on-table adaptation in order to
refine a diagnostic imaging-based pre-plan to match the anatomy of the
treatment position. Use of a simulation-free process like that delineated
here may reduce time-to-treatment for HA-WBRT, allowing patients
urgently requiring treatment for brain metastases to benefit from both
timely radiotherapy delivery as well as maximal cognitive sparing. A
phase I prospective clinical trial has finished accruing at our institution
and will allow us to evaluate this approach in vivo.
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