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Retrospective analysis and IMRT
replanning of a 3D-CRT murine
dose painting study for preclinical
oxygen-guided radiotherapy
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A recent parallel-opposed 3D-conformal radiotherapy (3D-CRT) study in mice compared dose
escalation (boost) in hypoxic (pO2 <10 torr) and non-hypoxic tumor subvolumes. They found a hypoxic
boost led to significantly greater (p < 1e-4) tumor control probability than an equivalent non-hypoxic
boost. We imported imaging and treatment data from this study for 31 SCC7 squamous carcinoma
murine leg tumor cases—16 hypoxic boost and 15 non-hypoxic boost plans into a commercial
treatment planning system for preclinical radiotherapy. Treatments were retrospectively recalculated
with a fast Monte Carlo dose engine. We replanned cases with 3-field IMRT using an analogous
uncertainty budget as 3D-CRT. Comparing both treatment groups, the hypoxic boost treatments had a
significantly higher hypoxic fraction receive the boost prescription as planned in 3D-CRT (p <1e-4) and
IMRT (p <1e-4). Surprisingly, retrospective 3D-CRT non-hypoxic boost treatments had a significantly
lower non-hypoxic fraction receive the boost prescription (p <1e-4). 3D-CRT non-hypoxic boost also
substantially underdosed the entire tumor between 48-68 Gy compared to the “equivalent” hypoxic
boost. In IMRT, the non-hypoxic volume receiving boost prescription was significantly higher in the
non-hypoxic boost (p=0.0215) and dosing in the entire tumor was identical between boost groups. This
study displays IMRT’s potential to advance the quality of preclinical dose painting studies.

In radiation therapy, dose painting is an advanced approach to planning therapeutic dose distributions beyond a
homogeneously prescribed conformal target dose to improve clinical outcomes. Dose painting entails scaling the
prescribed irradiation dose to subvolumes within the target volume, based on quantitative molecular imaging
features!. From imaging, tumor subvolume phenotype is assigned to dictate the corresponding prescribed
dose level. The rationale for this comes from the variation in cellular radiosensitivity among differing tumor
microenvironments, which is commonly measured in vitro through clonogenic assays of irradiated cells at
different doses®. For instance, hypoxic tissue has been known to be more radioresistant, so treatment plans
with homogenous dose distributions designed for non-hypoxic targets may fail due to the survival of hypoxic
subregions®. To account for the influence of oxygenation on radiosensitivity, oxygen-guided radiotherapy (OG-
RT) prescribes dose based on discretized or continuous tumor oxygenation levels, with the goal of improving
the therapeutic ratio*.

The merit of OG-RT should be assessed in preclinical studies, but performing preclinical OG-RT, and more
generally, preclinical dose painting, has been fettered mainly by the ability to miniaturize radiation treatment
technologies to the scale of a rat or mouse models (~ 5x or ~ 15 x smaller in the linear dimension, respectively).
The use of clinical platform complicates preclinical studies. The size of a preclinical models relative to the build-
up region of clinical MV photon beams may require the use of bolus and the relatively large penumbras can
restrict the ability to boost large regions within the tumor. In Trani et al. 2015, volumetric modulated arc therapy
plans using 6 MV photon beams redistributed dose in rats with a left flank tumor to 30% of the tumor with the
highest or lowest fluorodeoxyglucose (FDG) levels determined by positron emission tomography. High FDG
regions correlated to radioresistant tumor regions and hypoxia®. They found no significant difference in tumor
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growth delay with dose redistribution at higher doses. Further, they observed detrimental effects at lower doses
when redistributing dose to the high FDG region. However, they cautioned that FDG uptake might not be fully
representative of hypoxia in their rat cancer model. A constant proportion of radioresistant cells between cases
was assumed to allow tumor mean dose to remain constant between experimental groups. This approach meant
a fixed volume received the higher dose unlike a variable volume in typical clinical approaches. Although this
could cause treatment failure if the radioresistant volume exceeded 30%, this was also essential in their study to
enable the comparison between dose redistribution groups®”.

Recent innovations in small animal radiotherapy of image-guided irradiators, functional imaging, and beam
modulation via motorized variable rectangular collimators (MVCs) or 3D-printed blocks have enabled dose
painting in a preclinical irradiation platform®-'3. As an example, Donche et al. 2022 developed a MATLAB-based
automated workflow to deliver 20 Gy base dose with 16 beams and 8 Gy boost dose with 40 beams to glioblastoma
tumors in rats using the MVCs of a preclinical irradiator'®. OG-RT via retrofitting a preclinical irradiator with
conformal aperture holder for beam modulation has demonstrated in mouse preclinical tumor models, for the
first time (Epel et al. 2019) and now across 3 preclinical tumor models (Gertsenshteyn et al. 2023), the benefits
of hypoxic-based dose escalation in mammalian in vivo tumor model. Studies quantified tumor oxygenation
by electron paramagnetic resonance oxygen imaging (EPROI) and administered a locally increased (aka boost)
dose to one of two regions: either hypoxic or non-hypoxic (where the threshold for hypoxia was defined as a
partial pressure of oxygen less than or equal to 10 torr). The studies ensured equal integral dose between the two
groups by controlling for aperture area, with the intention that any difference between the groups is due to the
prescription location, not simply presence, of the boost dose. Results found significantly (p <0.0001) improved
local tumor control probability of hypoxic boost over an equivalent non-hypoxic boost group''>.

These three studies”!"!* illustrate a unique feature of preclinical dose painting studies to rigorously test the
benefit of dose escalation to different tumor subvolumes by equalizing dose in the whole tumor volume over
some parameter. In contrast, clinical trials for hypoxia-guided radiotherapy can only compare dose escalation
in hypoxic subvolume to the whole-tumor boosted or non-boosted standard treatment!®~'°. With rodent-scale
preclinical intensity-modulated radiotherapy (IMRT) delivery systems, animal radiotherapy can better mimic
clinical radiotherapy’s capability to deliver multiple target dose levels via simultaneous integrated conformal
boosts to ensure adequate organ sparing and also improve the construction of robust radiobiological studies to
understand how to integrate the tumor biology into clinical radiotherapy decision-making!'?!320. The subsequent
in vivo experiments will be valuable to study how to configure dose painting regimens based on cellular and
biochemical information.

In the Gertsenshteyn et al. 2023 study, authors expanded the hypoxic margins to form parallel-opposed
conformal apertures (shown in Fig. 1 and Fig. 2b) to account for imaging and treatment uncertainty. Image
registration and treatment planning used an in-house MATLAB toolbox called ArbuzGUI'!2!. The inclusion
of margins allowed for adequate dose fall off to separate boost dose inside (hypoxic plan) from dose outside
(non-hypoxic/oxygenated plan) the hypoxic subvolume. However, they noted that the approach limited the size
of the targetable part of the non-hypoxic subvolume and required censoring candidate mice with a hypoxic
subvolume larger than 42% of the entire tumor. Furthermore, from the beam’s-eye-view (BEV), this approach
increased the fraction of beam intensity sub-elements (bixels) targeting non-hypoxic regions in the hypoxic
boost and decreased the fraction of non-hypoxic regions exposed in the non-hypoxic boost. It also reassigned
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Fig. 1. 3D-CRT OG-RT Experiment Design in Gertsenshteyn et al. 2023. Illustrates the design of A) the
hypoxic boost apertures with a 1.2 mm margin around the projected hypoxia outline added and B) the non-
hypoxic boost apertures with a 0.6 mm margin around the projected hypoxia outline subtracted. Oxygenation
is shown by color map of the EPR image. (Reproduced with permission. Fig. 3 in Gertsenshteyn et al.'®).
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Fig. 2. Treatment plan overview. A) illustrates the retrospective 48 Gy base dose for 15-20% local tumor
control probability of SCC7 tumor (note experimental lead shielding to protect organs at risk was not modeled
in TPS), B) depicts the retrospective 13 Gy boost dose to hypoxic or non-hypoxic subvolumes for 95-99%
local tumor control probability (at 61 Gy) and the margin added around the projected hypoxia outline to

the design 3D-CRT apertures accounting for imaging and treatment uncertainty (delivered experimentally
using 3D-printed tungsten-doped PLA blocks), C) presents the replanning of boost treatments with 3-field
IMRT with 1 mm bixels at isocenter and the isotropic expansion used during inverse optimization to account
for uncertainty analogously (which could be delivered via 3D-printed copper-doped PLA compensators and
tungsten trimmers'? or an analogous beam modifying device'*?). See Supplementary Fig. S1 for treatment
plan implementation in p-RayStation 8B.

bixels outside of the projected tumor into the non-hypoxic tumor boost to achieve an equal integral dose. This
was after optimizing beam angle for hypoxia compactness to minimize non-hypoxic collateral by sampling five
angles evenly spaced apart!®.

To examine these limitations of the parallel-opposed 3D-conformal radiotherapy (3D-CRT), we imported
imaging and treatment data for 31 murine leg tumor treatment cases from Gertsenshteyn et al. 2023—16
hypoxic boost plans and 15 non-hypoxic (oxygenated) boost plans into a preclinical treatment planning system.
We retrospectively recalculated delivered dose distributions using a fast GPU Monte Carlo dose engine?. To
explore the benefit of IMRT over 3D-CRT for preclinical dose painting, we replanned cases using 3-angle IMRT
boost treatments. The three angles were equally spaced and fixed. Importantly, we accounted for treatment
uncertainty by equivalent isotropic expansions of the hypoxic subvolume rather than 2D margin expansions
of the BEV conformal apertures in 3D-CRT. To our knowledge, this is the first retrospective analysis of the 3D
dose distributions from a dose painting study in small animals and IMRT planning with a commercial treatment
planning system specifically for small animals. By evaluating the dose distributions in small animal tumors
determined by inverse planning rather than simply reporting the dose to the tumor from forward planning, we
are moving closer to the clinical radiotherapy paradigm. This is crucial in evaluating the fidelity of treatment
groups to the underlying experimental question, especially for preclinical dose painting studies.

Material and methods

Retrospective planning of 3D-CRT experiment

We imported imaging and treatment data from 31 mice with SCC7 squamous cell carcinoma leg tumors into
p-RayStation 8B (RaySearch Laboratories, Stockholm, Sweden), a Monte Carlo-based preclinical treatment
planning system (TPS), previously used to model the small animal irradiator X-RAD225 Cx and validated
in murine cases??. The imaging data comprised registered T2-weighted MRI, EPROI, and CBCT for tumor
segmentation, hypoxia segmentation (pO2 <10 torr), and treatment alignment, respectively. Treatment data
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included beam angles, beam-on times, isocenters, and conformal apertures. Experimental treatments consisted
of 48 Gy base dose (to the whole tumor) delivered by parallel-opposed 35 mm circular beams, followed by a 13
Gy boost dose delivered with parallel-opposed 3D-conformal beams to the hypoxic boost region (the high-risk
planning target volume, PTV ) or non-hypoxic boost region (the low-risk planning target volume, PTV ).
These dose levels were based on a tumor control dose 50% study (TCD50). The 48 Gy (base dose) and 61 Gy
(base plus boost dose) respectively should result in 15-20% and 95-99% local tumor control probability for
SCC7 tumors®.

For boost treatment plans, we imported the BEV 3D-CRT conformal beam apertures into p-RayStation as
contours. In the hypoxic boost cases, these apertures included a margin of 1.2 mm around the projected hypoxia
outline to account for positioning and image registration uncertainty and to ensure that a minimum of 98% of the
hypoxic subvolume received the boost dose. Assuming margins of error are correctly estimated, 100% hypoxic
fraction should be covered. In the non-hypoxic (oxygenated) boost cases, these contours subtracted a 0.6 mm
margin around the BEV-projected hypoxia outline to account for the same uncertainty and prevent dose spillage
into the hypoxic subvolume. Figure 1 illustrates the design of these treatment contours. The previous experiment
equalized beam aperture area to ensure the same integral dose and contours were 3D-printed as beam apertures
using tungsten-doped polylactic acid (PLA) filament. Gantry angle for boost treatments was optimized for
hypoxic area compactness in BEV after sampling 5 equally-spaced gantry angles. More information about the
experimental setup can be found in Gertsenshteyn et al.!>. Note experimental lead shielding used to protect non-
target (organs at risk) regions during the base dose was not modeled here.

Retrospective BEV analysis

Based on two parallel-opposed beam angles chosen for each case (optimized for hypoxia compactness), a BEV
image was generated indicating the projected hypoxia outline, projected tumor depth, and conformal aperture
(see Fig. 4C). The hypoxia and tumor segmentations were rotated in MATLAB as 3D Boolean arrays. The
projected hypoxia outline and tumor depth were determined by summing along the beam axis dimension of the
array. The conformal aperture, stored as a 2D Boolean array to generate the STL of the 3D-printed aperture, was
unchanged and plotted as a contour onto the BEV image. Although beam divergence was not accounted for, BEV
image in MATLAB was nearly identical to the BEV in p-RayStation. The overlap between the projected hypoxia
and tumor outline was calculated. Then, the same overlap was re-calculated using projected tumor depth as a
weighting factor to understand how 2D apertures generated from the projected hypoxia outline are impacted by
the variation of tumor in beam axis dimension (orthogonal to the BEV plane). Similarly, a 1.2 mm margin was
added around the projected hypoxia outline and the overlap was re-calculated to assess dose spillage into the
non-hypoxic region.

Inverse planning for IMRT

The p-RayStation 8B treatment planning system was commissioned to perform IMRT for the X-RAD225 Cx
small animal irradiator (Precision X-Ray Inc., North Branford, CT) through fluence optimization for 1 mm (at
isocenter) bixels. 3D-printed compensators for small animal IMRT have been validated in-house for 5-angle
deliveries with 1 mm bixels for hypoxic and non-hypoxic boost plans with an average gamma pass rate over 90%
for composite deliveries at 3%/1 mm criteria using 3D-printed compensators'2. Greater treatment fidelity can
be achieved by also performing total variation regularization on beamlet intensity maps used to design these
compensators®,

In both groups, objective functions penalized dose proportionally to the non-boosted planning target volume.
Three evenly spaced beam angles (0°, 120°, 240°) were used for IMRT (i.e. no tumor-specific optimization of
beam angles was performed) and the original 35 mm beams used for the base dose in the 3D-CRT were not
changed. Previous work indicated three beam angles for IMRT was sufficient for significant dose conformity
improvement from parallel-opposed 3D-CRT in preclinical dose painting?*.

Isotropic expansion for analogous uncertainty budget

Instead of a margin added in the BEV, the hypoxic subvolume was isotropically expanded to determine PTV
in the hypoxic boost cases and PTV |, in the non-hypoxic boost cases used for treatment plan optimization. For
hypoxic boost, the PTV,;, was defined as a 1.2 mm isotropic expansion of the hypoxic volume to mirror the 1.2
mm margin to the projected hypoxia outline in the hypoxic boost for 3D-CRT. The PTV ;, was optimized and
normalized to ensure 98% of the volume received at least 13 Gy and no more than 2% received greater than 15
Gy.

Accounting for non-hypoxic dose spillage from hypoxic boost

During the 3D-CRT retrospective study, a substantial portion of the non-hypoxic tumor volume was found to
receive the boost dose even though the intention was to boost only the hypoxic volume. This led to a modification
in IMRT planning for non-hypoxic boost cases for a fairer comparison between IMRT and 3D-CRT. To account
for the dose spillage of hypoxic boost cases, non-hypoxic boost plans were optimized like hypoxic boost cases
but with a dose spillage surplus factor (see Fig. 2c). The PTV,, was defined as the remaining non-hypoxic
subvolume after subtracting a 0.6 mm isotropic expansion of the hypoxic volume from the overall tumor.

This operation was to mirror the subtraction of the projected hypoxia outline with a 0.6 mm margin in the
non-hypoxic boost for 3D-CRT. On average, 78% of the total tumor received the boost dose in the hypoxic
3D-CRT boost. Of this 78%, only 13% represented the hypoxic-equivalent volume. Thus, the dose spillage
surplus factor was 65%, or the non-hypoxic-equivalent volume receiving boost dose in a hypoxic boost case.
Optimization was then performed so that an equivalent absolute volume of the PTV | received boost dose as
78% of the total tumor for that case. For plan practicality, this variable percent of the PTV |, was capped at 98%.
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The goal was to match the dose spillage from the 3D-CRT hypoxic boost into the non-hypoxic subvolume in
the design of the IMRT non-hypoxic boost plan. This would demonstrate the benefit of IMRT over 3D-CRT
to preferentially boost the non-hypoxic boost volume and account for hypoxic boost dose spillage (which was
greater in the 3D-CRT than IMRT).

The other constraint was analogous to that of the hypoxic boost, where no more than 2% of the PTV,
received greater than 15 Gy. Note, there was not a significant difference between hypoxic and non-hypoxic boost
cases in total tumor and hypoxic volume.

Statistics

Treatment uncertainty performed by expanding margins of conformal beam apertures in the retrospective
study was modeled by isotropically expanding the hypoxic subvolume an equivalent amount during IMRT
replanning and treatment. All Monte Carlo dose calculations in p-RayStation simulated enough photons so that
dose calculation uncertainty was 1% or lower. Dose distributions and metrics were evaluated in hypoxic and
non-hypoxic subvolumes. Statistical significance of dose metrics was calculated using an unpaired, two-sided
Wilcoxon rank-sum test between different boost groups or paired, two-sided Wilcoxon signed-rank test between
same boost groups, where p < 0.05 (*), p< 0.001 (**), and p < le-4 (***) is denoted on the graphs.

Results

Retrospective analysis of parallel-opposed 3D-CRT

No significant difference (p =0.338) between the total integral dose between the hypoxic and non-hypoxic boost
groups was observed (Fig. 3A). However, a significant difference (p < le-4) was observed in the percent fraction
of the overall tumor, hypoxic, and non-hypoxic volumes that received at least 61 Gy between the hypoxic boost
and non-hypoxic boost groups, which represented the TCD 95-99% for SCC7 tumors (Fig. 3B-D). No significant
difference between the absolute volume of the hypoxic (p =0.572) and overall tumor volume (p =0.741) between
hypoxic and non-hypoxic boost groups was observed (Fig. 3E). A significant difference was observed in the
absolute boosted subvolume receiving 61 Gy favoring (p <0.001) the non-hypoxic boost group and absolute
target volume receiving 61 Gy strongly favoring (p <1le-4) the hypoxic boost group (Fig. 3E). Note BTV and
NBTYV respectively represent the hypoxic and non-hypoxic subvolume in the hypoxic boost, and the converse
for non-hypoxic boost.

Retrospective BEV analysis

No significant difference was observed in the area of the tumor or hypoxic segmentation in the BEV between
hypoxic and non-hypoxic boost groups (Fig. 4A). However, a significant difference (p < 1e-4) was observed after
weighting overlap by tumor depth in the BEV, increasing the tumor-hypoxic percent overlap (Fig. 4B).
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Fig. 3. Retrospective 3D-CRT dose statistics. A) illustrates the integral dose calculated by average dose in
the segmentation times the segmentation’s volume, B-D) shows the percentage of each subvolume receiving
at least the base +boost prescription dose of 61 Gy, E) presents the absolute volume of the hypoxic, overall
tumor, boosted target volume receiving at least 61 Gy, and total target volume receiving at least 61 Gy. Note
imaging and treatment occurred when tumor sizes were between 0.225 cc and 0.45 cc measured by calipers
according to the protocol in Gertsenshteyn et al.'%, but the volume measurements listed here represent the
volume in the segmentation after imaging and shape-based interpolation onto a higher resolution dose grid
(0.3 mm isotropic voxels) in the treatment planning system. Level of significance is denoted by * (p <0.05), **
(p <0.001), and *** (p <1e-4).
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Example cases where the hypoxic region is in regions of high tumor depth are presented in Fig. 4C. The
average overlap between hypoxic and tumor projections in the BEV was 35.8% +12.5% (s.d.). The increase
in BEV hypoxic-tumor overlap when weighting for tumor depth was 9.6% +4.0%. Without considerations of
tumor depth, a 1.2 mm margin to the hypoxic projection in the BEV, which can be considered analogously as
the high-risk planning target area (PTA ) for a 3D-conformal aperture, overlapped the tumor on average of
56.1% +21.3% (Fig. 4D).

Field IMRT plan analysis
A significant difference was not observed between the integral dose in the two target volumes (p =0.654) and the
overall percentage of the target volume receiving at least 61 Gy (p =0.741) between hypoxic and non-hypoxic
boost groups (Fig. 5A-B). The difference between percent of the hypoxic volume receiving at least 61 Gy was
significant, strongly favoring (p <1e-4) the hypoxic boost group (Fig. 5C). There was a significant difference
in the absolute hypoxic volume receiving at least 61 Gy, favoring (p <0.05) the hypoxic boost group, but the
absolute volume of the non-hypoxic and entire tumor receiving at least 61 Gy was not significant between the
two groups (Fig. 5D).

To assess the impact of reducing treatment uncertainty, IMRT was replanned using a 0.2 mm isotropic
expansion of the hypoxic subvolume for the PTV ;, and subtraction of this PTV,, from the whole tumor for the
PTV,, for inverse planning (Supplementary Fig. S2).

Comparison of preclinical 3D-CRT and IMRT planning

The relative DVH of the 3D-CRT experiment indicate a rapid fall-off of the entire target volume in the non-
hypoxic boost relative to the hypoxic boost group between 48 to 68 Gy indicated by the solid lines (Fig. 6A). The
relative DVH in the IMRT experiment shows close agreement of the entire target volume in the non-hypoxic
boost and hypoxic boost across all doses (Fig. 6B).

Absolute DVH of the 3D-CRT experiment demonstrate a lower absolute volume receiving a dose around 51
Gy to 63 Gy in both the non-boosted and boosted target volumes (Fig. 7A). The absolute DVHs of the IMRT
experiment remove this large discrepancy in the non-hypoxic region, but the differential in the hypoxic region
between groups becomes narrower (Fig. 7B).

Results with a significance of p < 1e-4 between hypoxic and non-hypoxic boosts are bolded. 61 Gy represented
the prescription dose level for the boosted target volume (BTV). Note BTV and NBTV respectively represent the
hypoxic and non-hypoxic subvolume in the hypoxic boost, and the converse for non-hypoxic boost.
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Fig. 4. Retrospective BEV metrics. A) illustrates the area of the hypoxic region and tumor in the BEV, B)
demonstrates the difference in overlap before and after weighting for the projected tumor thickness in the
BEV, C) present two cases where the hypoxic projection covers more than half the tumor in the BEV after
optimizing beam angle for hypoxia compactness, D) the overlap in the high-risk planning target area (PTA ;)
and tumor in the BEV. Note the PTA,;, was area covered after a 1.2 mm margin around hypoxic projection.
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Fig. 5. IMRT dose statistics. A) illustrates the integral dose of the target volume between boosted groups, B-C)
show the percent fraction of the tumor and hypoxic receiving at least 61 Gy, D) illustrates the absolute boosted
volume, non-boosted volume, and target volume receiving at least 61 Gy. Level of significance is denoted by *
(p <0.05), ** (p <0.001), and *** (p < 1le-4).
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Fig. 6. Relative DVHs. A-B) illustrate the relative DVHs for 3D-CRT and IMRT experiments. The shaded
regions indicate the 95% confidence intervals.

Discussion

As expected, the retrospective 3D-CRT plans delivered nearly zero dose to hypoxic subvolume in the non-hypoxic
boost due to way conformal apertures were designed (Fig. 3C & 6A). However, this aperture construction led to
a delivery of 261 Gy to a significantly greater fraction of both hypoxic and non-hypoxic volumes in the hypoxic
boost (Fig. 3B-D). Although it is expected that the projected hypoxia outline in the beam’s eye view (BEV)
will include some non-hypoxic regions, overlap weighted by tumor demonstrates how the projected hypoxia
outline also co-located in the deepest regions of the tumor in the BEV (Fig. 4C). This fits with the phenotype
of hypoxia being connected to aggressive tumor proliferation?*. This geometry also matches observations from

Scientific Reports |

(2025) 15:17755 | https://doi.org/10.1038/541598-025-01716-6 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

A 3D-CRT Absolute DVH B IMRT Absolute DVH
0.51 -- BTV 0.5 -- BTV
2 = === B r'.."..‘..‘\- e BEOY
0.4 . 0.4 CTEE SN
\ tee. el S
QS N - Q » '~\\
S, 0.3 b N S 03 A
() \ o) 3\
By
5 5 oz B
o o &
> > 0 &
NS !
F'_."_"_”_~-_-'_p.__~_..._~~ \.‘
0.0 1 S = T S
— T T T T
0 50 60 70 80
Dose [Gy] Dose [Gy]

Hypoxic Boost (n=16) BTV=Boosted Target Volume
Non-Hypoxic Boost (n=15) NBTV=Non-Boosted Target Volume

Fig. 7. Absolute DVHs. A-B) illustrate the absolute DVH for the 3D-CRT and IMRT experiments. The shaded
regions indicate the 95% confidence intervals.

other functional imaging like Trani et al. 2015, where the lowest FDG uptake region being typically in the outer
shell of the tumor and the highest FDG uptake region being the core of the tumor®’.

This coupled with the added 1.2 mm margin in hypoxic boost beam apertures (Fig. 4B & 4D) led to a
significantly larger overall target volume receiving at least 61 Gy in hypoxic boost than the non-hypoxic boost
(Fig. 3E & 7A). However, there were some differences between the experiment and retrospective study. Regions
of the tumor outside the normal HU range of the tissue (-250 to 450) that extended onto air or the high-Z
polyvinyl siloxane cast used to immobilize the mouse leg were excluded from the PTV. This led to some apertures
extending into regions where there was no hypoxic or tumor region in both groups. This is analogous to how
clinically 3D fields used to treat breast cancer are sometimes expanded to treat air around the target to provide a
buffer zone for uncertainty in the setup?®.

Additionally, despite matching of treatment beam angles, isocenters, bed shifts, and aperture contours, some
cases had margins that appeared to be slightly larger and smaller than 1.2 mm and 0.6 mm margins. Places
where the margin was slightly larger along all boundaries may be due to a correction factor for 3D-printing
over-extrusion after examining the code used to generate apertures. Yoon et al. 2022 highlighted the variation
in shielding results of tungsten PLA prints based on different 3D-printing parameters like nozzle size, extrusion
speed, and layer height”’. This sensitivity is most likely augmented for printing finer details required in
3D-conformal apertures, and the previous study design from Epel et al. 2019 mentioned an underdosing of
small disconnected hypoxic regions as much as 30% from film analysis.

Places were the margins appeared slightly smaller on one side and larger on the other than expected may be
due to a deviation in treatment isocenter. Cases slightly larger on one side could be also from the experimental
protocol. A local margin equal to an EPROI pixel (0.66 mm) was added when non-tumor hypoxia was observed
directly adjacent to tumor hypoxia. It was believed that this was a EPROI resolution-limited case of tumor
penetration beyond the borders seen in the MRI, similar to how the clinical target volume (CTV) includes the
gross tumor volume (the tumor detectable in imaging) plus a margin for the subclinical tumor (the tumor not
yet detectable in imaging or usual clinical tests)?®. But after adding a 1.2 mm margin to the projected hypoxia
outline, more than half the beam aperture overlapped with the projected tumor outline (Fig. 4D). This is without
factoring for tumor depth, which also significantly increased the overlap between the projected hypoxia-tumor
outlines in the BEV (Fig. 4B). Further, this was after optimization for hypoxia compactness across 5 evenly
spaced angles!!. So, despite some problems mentioned above during treatment planning, it became apparent
the difficulty of parallel-opposed 3D-CRT to preferentially boost the hypoxic subvolume while equalizing dose
spread across the overall target volume. The BEV metrics used here to assess the feasibility of the 3D-CRT
technique could also be repurposed to optimize beam angle for dose painting, similar to the BEV “dosimetrics”
developed in Pugachev et al. 2002 to speed up beam angle optimization in IMRT by rejecting poorly scoring
angles®.

The uncertainty budget of a 2D margin added to an aperture was transposed to a 3D isotropic expansion for
inverse planning. This 3D isotropic expansion is clinically analogous to the planning target volume determined
from a margin applied to CTV to account for systematic and random error, typically derived from equations
like the van Herk margin recipe®. Two questions need to be asked for preclinical dose painting. The first is the
standard clinical question: does the planning target volumes provide sufficient coverage of the tumor (plus any
boosted volumes) and avoidance of healthy structures? The second is unique to preclinical dose painting: what
should be normalized to provide comparable experimental groups, or treatment parity?

For the 2D margin, Epel et al. 2019 and Gertsenshteyn et al. 2023 normalized integral dose (~ area of the
conformal aperture) between treatment groups to preserve treatment parity. However, the work in this paper
demonstrates the limitation of this approach, particularly in ensuring similar dose spread in the overall target
volume between the hypoxic and non-hypoxic boost groups. Specifically, a lower absolute volume receiving
dose from 51 to 63 Gy in the target volume (Fig. 7A) could significantly impact tumor control probability (TCP)
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Retrospective 3D-CRT IMRT replanning

Non-hypoxic boost | Hypoxic boost | Non-hypoxic boost | Hypoxic boost
Intregal dose [Gy-cc] 30.14 31.12 32.84 30.81
Tumor D, [%] 26.7 78.2 71.0 72.8
Hypoxic D“lGy [%] 1.7 90.8 33.4 91.6
Non-Hypoxic D¢ ¢ [%] | 30.2 76.6 76.6 70.3
BTV V., [cc] 0.1422 0.0561 0.3245 0.0567
NBTV Vslrcy [cc] 0.0015 0.3247 0.0288 0.2969

Table 1. Summary of dose metrics between 3D-CRT and IMRT. Results with a significance of p < le-4
between hypoxic and non-hypoxic boosts are bolded.

due to the sigmoidal shape of the tumor control dose?!. A difference in dose spread in the overall target volume
between the hypoxic and non-hypoxic boost groups may lead to a false positive study supporting dose escalation.

To ensure treatment parity while inverse planning, Trani et al. 2015 fixed boosted volume at 30% of the total
tumor volume®’. However, this could lead to treatment failure in cases where the fraction of radioresistant
cells exceeds 30% of the tumor. Epel et al. 2019 reported 85% of tumor hypoxia coverage failed to provide any
significant treatment difference to a non-hypoxia boosted group!!. Although Trani et al. 2015 is similar to Epel
et al. 2019 and Gertsenshteyn et al. 2023 in the experimental hypothesis and design, substantial differences most
likely explain the contradictory results, such as the different preclinical model (rat vs. mouse), energy range (MV
vs. kV), functional imaging (PET vs. EPROI), treatment technique (VMAT with clinical MLCs vs. 3D-CRT with
3D-printed blocks), and the delineation of boosted volume (fixed percentage of highest or lowest FDG uptake vs.
variable percentage based on oxygen partial pressure), and biological endpoint measured (tumor growth delay
vs. local tumor control probability)®711:15,

The approach in this paper to achieve treatment parity was to compensate for dose spillage into the non-
hypoxic volume by the hypoxic boost into the non-hypoxic boost plan. Specifically, 3 field IMRT was designed
to preferentially boost the hypoxic subvolume in the hypoxic boost group without boosting the whole tumor
volume significantly more than the non-hypoxic boost group, which occurred in the retrospective parallel-
opposed 3D-CRT (Fig. 3C-E, 6A, 7A). The results demonstrate a similar overall target volume fraction (Fig. 5B)
and absolute volume (Fig. 5D) receiving 61 Gy, while maintaining the significant difference in the fraction
(Fig. 5C) and absolute hypoxic subvolume (Fig. 5D) receiving 61 Gy between hypoxic and non-hypoxic boost
groups. The difference in dose spread in the target volume is eliminated (Fig. 6B) and the absolute non-hypoxic
volume on average now received a higher dose in the non-hypoxic boost group (Fig. 7B).

This approach assumes an unequal binary volume (of hypoxic and non-hypoxic), such that the boosting the
smaller volume (the hypoxic) results in non-negligible boosting to the larger surrounding volume (the non-
hypoxic). Part of this was due to the experimental protocol excluding mice with a hypoxic fraction greater than
42% from the study. For these 31 cases, the hypoxic volume was ~4-to-fivefold lower than the non-hypoxic
volume. Second, this approach is more favorable for tumor geometries where the compensatory volume (non-
hypoxic) is generally located in the tumor periphery. For this study, the non-hypoxic spillage from the 3D-CRT
hypoxic boost was used to plan the IMRT non-hypoxic boost, so that the results could be comparable to the
3D-CRT non-hypoxic boost. However, 3D-CRT is most likely the worst-case scenario of non-hypoxic spillage
for IMRT. In practice, a hypoxic boost plan could be generated with IMRT for that case to determine the dose
spillage surplus factor for a non-hypoxic boost plan like in the 3D-CRT workflow!!.

Using an analogous uncertainty budget, the IMRT hypoxic boost did reduce dose spillage in non-hypoxic
volume, but not more than 10% on average (Table 1). A potential explanation for this is the boost dose coverage
of the PTV, forced a large fraction of the non-hypoxic volume to receive 13 Gy to account for all possible
treatment uncertainty. Specifically, a 1.2 mm isotropic expansion of the hypoxic subvolume for the PTV
increased overall tumor fraction boosted by roughly 50% relative to hypoxic fraction. Replanning with a 0.2 mm
isotropic expansion suggests that smaller margins can improve preferential hypoxic boosting and separation in
dose spread in the hypoxic subvolume between the hypoxic and non-hypoxic boost groups (Supplementary Fig.
S$2). An anisotropic expansion used typically to target subclinical lesions after post-operative treatments®? could
be useful here to avoid normal tissue structures®* and reduce the boosted target volume™.

Even with 0.2 mm treatment uncertainty for IMRT, four cases in the non-hypoxic boost had more than
half the hypoxic subvolume receive 61 Gy (Supplementary Fig. S2). Preliminary analysis did not reveal a
correlation between number of discrete hypoxic regions and these outliers, but our previous work has identified
a correlation between surface-area-to-volume-ratio and number of hypoxic regions to lower conformity index
in hypoxic target volume in preclinical 3D-CRT and IMRT dose painting. The problem of multiple hypoxic
volumes complicating dose painting is similar to the challenges faced in treatment of multi-target cases, thus
similar approaches could be further investigated for preclinical dose painting like the benefit of single- vs. multi-
isocenter treatments®”, single isocenter with distinct optimization®, or optimizing single-isocenter selection®’.

The rationale for a Monte Carlo dose engine for this work stems from this change in interactions from MV
to kV range, which can lead clinical superposition-convolution dose calculations to underestimate dose up to
threefold in and around high atomic Z regions like bone®. A full Monte Carlo simulation for IMRT in small
animals should be performed to understand how well dose calculation algorithms used in inverse planning
for preclinical IMRT handle heterogeneity, especially under orthovoltage conditions with a more dominant
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photoelectric effect that makes atomic composition more relevant in dose calculations®. There are also
uncertainties related to the material assignment used for the Monte Carlo simulation?, particularly given the
high-Z immobilization material around the mouse leg which will attenuate heavily and potentially scatter dose
into the mouse.

Unlike patient-derived xenograft models, syngeneic and genetically-engineered models do not require
immunodeficient mice*!. All the animals in Gertsenshteyn et al. 2023 were syngeneic SCC7 squamous
carcinomas'®. It is unclear how non-targeted effects, like the bystander effect and abscopal effect, come into
play for preclinical dose painting. For locoregional tumor studies, the abscopal effect will be negligible. The
intratumoral dose distribution could also modulate the abscopal effect. For instance, Yasmin-Karim et al. 2022
targeted either the planning target volume with a larger field size (10 X 10 mm or 5x 5 mm) or the gross tumor
subvolume (GTV) with a smaller field size (3 x3 mm) in one of two contralateral tumors. A greater abscopal
effect was observed from targeting the GTV*?, but more conformal preclinical dose painting could improve
these types of studies on non-targeted effects.

The next step will be to connect planning dose metrics to treatment outcomes of mice over time, but
experimental discrepancies first need to be resolved and healthy structures must be contoured to assess organ-
sparing through other dose metrics like Paddick conformity index*’. It is conceivable that the standardized
optimization approach could also be improved by refining the objective function. Although fractionation in
preclinical treatments does occur®, there has yet to be complete mirroring of clinical paradigm of combining
fractionation with dose painting.

The translatability of any preclinical results depends on how well it mirrors clinical conditions. Any clinical
criteria should be scaled down or transposed to the preclinical context. Biological endpoints measured can be
especially important, where favorable studies based on tumor control probability are more likely to translate
successfully into the clinic than studies based on tumor growth delay*®. Although conventionally, translation is
meant in the forward direction (i.e. extrapolating preclinical data to clinical situations), and new paradigm called
reverse translation where initial findings from clinical trials are rigorously tested preclinically could be equally
important. For instance, the clinical study by McWilliam et al. 2017 linked higher doses in a region at the base
of the heart to significantly worse patient survival*. Using a mouse model, Ghita et al. 2020 corroborated the
increased radiosensitivity at the heart base?’. Through reverse translation, preclinical dose painting can directly
study the known intra-organ radiosensitivity and lead to rapid translation into clinical protocols to limit late side
effects. A more comprehensive evaluation of preclinical radiotherapy’s applications and next steps can be found
in Verhaegen et al. 20238. This paper highlights the need for preclinical treatment planning (especially in dose
painting experiments) and the capability of inverse planning with IMRT to improve the quality of preclinical
studies.

Conclusion

Retrospective re-calculation of 31 preclinical oxygen-guided radiotherapy cases previously treated using parallel-
opposed 3D-CRT validated the accurate delivery of preferential boost doses to the hypoxic subvolumes. Results
also demonstrated the technical limitation of the approach in the underdosing of the non-hypoxic fraction
and absolute volume in the non-hypoxic boost cohort relative to the hypoxic boost. This ultimately led to an
underdosing of the overall target volume in non-hypoxic boost cases. Independent of these dose calculations,
BEV analysis of the projected tumor-hypoxia outlines also demonstrated the limitations of preclinical 3D-CRT.
Adding a 1.2 mm margin around the projected hypoxia outline for beam apertures caused more than half of the
projected tumor outline to be covered on average, even after optimizing beam angle for hypoxia compactness.
Further, the projected hypoxia outline co-located in the regions of greater tumor depth, leading to more non-
hypoxic collateral in hypoxic boost apertures. Replanning using 3 field IMRT was performed with a similar non-
hypoxic dose spillage surplus factor and treatment uncertainty budget, accomplished by equivalent isotropic
expansion of the hypoxic subvolume to delineate high-risk and low-risk planning target volumes used in inverse
planning. IMRT preserved preferential boost doses to the hypoxic subvolume in the hypoxic boost cohort
while eliminating underdosing of the overall target volume in the non-hypoxic boost cases. Small animal IMRT
demonstrates promise in equalizing dose distributions in the overall target volume between treatment groups.
More broadly, designing robust preclinical dose painting studies will be important for studying biological and
cellular responses to radiation to reduce clinical late side effects and improve tumor control probability.
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All data generated or analyzed are included in this published article (and its Supplementary Information files) or
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