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Abstract

Purpose: To identify key dosimetric parameters that have close associations with tumor treatment
response and body weight change in SFRT treatments with a large range of spatial-fractionation
scale at dose rates of several Gy/min.

Methods: Six study arms using uniform tumor radiation, half-tumor radiation, 2mm beam array
radiation, 0.3mm minibeam radiation, and an untreated arm were used. All treatments were
delivered on a 320kV x-ray irradiator. Forty-two female Fischer 344 rats with fibrosarcoma tumor
allografts were used. Dosimetric parameters studied are peak dose and width, valley dose and
width, peak-to-valley-dose-ratio, volumetric average dose, percentage volume directly irradiated,
and tumor- and normal-tissue EUD. Animal survival, tumor volume change, and body weight
change (indicative of treatment toxicity) are tested for association with the dosimetric parameters
using linear regression and Cox Proportional Hazards models.

Results: The dosimetric parameters most closely associated with tumor response are tumor EUD
(R?=0.7923, F-stat=15.26*%; z-test=-4.07***), valley/minimum dose (R?=0.7636, F-stat=12.92*; z-
test=-4.338***), and percentage tumor directly irradiated (R?=0.7153, F-stat=10.05*; z-test=-
3.837***) per the linear regression and Cox Proportional Hazards models, respectively. Tumor
response is linearly proportional to valley/minimum doses and tumor EUD. Average dose
(R?=0.2745, F-stat=1.514 (no sig.); z-test=-2.811**) and peak dose (R?=0.04472, F-stat=0.6874
(not sig.); z-test=-0.786 (not sig.)) show the weakest associations to tumor response. Only the
uniform radiation arm did not gain body weight post-radiation, indicative of treatment toxicity;
however, body weight change in general shows weak association with all dosimetric parameters
except for valley/min dose (R?=0.3814, F-stat=13.56**), valley width (R?=0.2853, F-stat=8.783**),
and peak width (R?=0.2759, F-stat=8.382**).

Conclusions: For a single-fraction SFRT at conventional dose rates, valley, not peak, dose is

closely associated with tumor treatment response and thus should be used for treatment
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prescription. Tumor EUD, valley/min dose, and percentage tumor directly irradiated are the top

three dosimetric parameters that exhibited close associations with tumor response.

Introduction

Spatially-fractionated radiation therapy (SFRT) is a nonconventional radiation therapy that is
characterized by intentionally-created high dose inhomogeneities, ultra-high maximum doses,
and single fraction treatments (7, 2). The dose inhomogeneity consists of many small sub-regions
with alternating high and low doses throughout the treatment volume. SFRT includes clinical
GRID therapy(1, 3) and preclinical microbeam radiation therapy (MRT) (4), each of which of has
a decades-long history demonstrating its superior therapeutic ratio compared to conventional
radiation therapy, especially in terms of normal organ sparing. Detailed summaries can be found
in two recent reviews by Billena and Khan (5) for GRID therapy and by Eling et al. (6, 7) for MRT.
Today, there are a number of modern treatment delivery technologies available for clinical SFRT
including multi-leaf collimator generated GRID (8), LATTICE (9-71), Tomotherapy (5), and particle
GRID therapy (72, 13). For preclinical SFRT, newer technologies include “minibeams” with larger
spatial fractionation scales (on the order of millimeter instead of the tens of microns used in
classical MRT) (74, 15) and with conventional dose-rates (16, 17). Most published MRT research
utilized brilliant x-rays generated from synchrotron accelerator facilities with ultrahigh dose rates
(4). The conventional dose rate SFRT radiations, such as the ones used in this study, are highly
relevant to translational research for LINAC-based SFRT clinical applications, where conventional
dose rates are also used.

Despite the long history and well demonstrated therapeutic ratio advantage over
conventional uniform dose radiation therapy, SFRT remains an experimental therapy. There are
several reasons attributed to the sluggish clinical translation progress including a lack of

understanding of SFRT working mechanisms and of the association between SFRT treatment
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78  response and dosimetry. While we have verified treatment dosimetry and tumor control outcome
79  correlations for conventional radiation therapy (i.e., tumor minimum dose and EUD are closely
80  correlated with tumor control) (78) we do not yet have such understanding for SFRT, which has
81  significantly more complex dosimetry than that of conventional radiation therapy. Unique SFRT
82  dosimetric parameters that describe the dosimetry include peak dose, valley dose, peak-to-valley-
83  dose-ratio, peak width, valley width, and percentage tumor volume directly irradiated. It is
84  reasonable to assume that not all these dosimetric parameters have the same clinical significance.
85 To effectively advance SFRT clinical translation it is critically important to identify which
86  parameters have strong/weak associations with a given treatment response.
87 The goal of this study is to identify key dosimetric parameters that are most closely
88  associated with treatment response using a preclinical animal model. We hypothesize that while
89 peak dose has always been used to prescribe SFRT treatment for both clinical and preclinical
90 applications, peak dose may not be the dosimetric parameter most closely associated with SFRT
91 tumor control or treatment toxicity. If it is not, which SFRT dosimetric parameters are? Further,
92  we ask that, for a given pattern of SFRT treatment, what is its conventional radiation therapy
93  equivalence for a given treatment response? The answers to these questions are crucial to
94  advance clinical translation of SFRT. Unfortunately, decades of synchrotron-based MRT studies
95  may not be able to answer these questions due to the use of ultrahigh dose rates (1000sGy/sec)
96 (19). Recent research on FLASH radiation has shown that radiation with dose-rates of 100Gy/s
97  or higher selectively spares normal tissue not tumor (4, 20, 21). This new finding revealed that
98 the ultrahigh dose-rate alone is partially responsible for the observed high therapeutic-ratio
99  demonstrated in the majority of SFRT research published so far (6). This study will help discern
100  the impact of radiation spatial fractionation at dose rates relevant to clinical SFRT treatments.
101 Today, SFRT is receiving much deserved renewed attention and enthusiasm in the field
102  of radiation oncology. In 2018 National Cancer Institute and Radiosurgery Society jointly held the

103  first workshop on Understanding High-Dose, Ultra-Dose-Rate and Spatially Fractionated
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104  Radiotherapy and created three standing working groups (clinical, biology, and physics) aiming
105 to provide guidelines on SFRT research and clinical application (22). We hope this work will assist

106 in this endeavor by shedding light on the clinical impact of SFRT dosimetry parameters.

107

108 Materials and methods

109 Study design

110 The secret of SFRT lays in its radiation dose spatial fractionation. Although this work does
111  not address the very much needed understanding of working mechanism it addresses another
112 important matter for SFRT application - the association of SFRT dosimetric parameters with
113  treatment response at conventional dose rates (dose rate ranges from 4.27 to 5.25Gy/min was
114  used). Fig 1 shows a six-arm study design using a very large span of radiation spatial fractionation,
115  constructed to explore the impact of radiation spatial fractionation. Table 1 summarizes the
116  dosimetric parameters of each of the six arms. To study the effect of radiation spatial fractionation
117  under the condition of equal volume-averaged dose we used the following four study arms:
118  20GyUniformRT (entire tumor directly irradiated), 20GyHalfRT (only one-half of tumor directly
119 irradiated), 20Gy2mmSFRT (50% of tumor directly irradiated by 2mm-wide planar beam array),
120  and 20GySFRT (20% of tumor directly irradiated with 0.3mm-wide planar beam array). Note that
121  the doses are volume-averaged doses computed for the entire tumor volume. A 50GySFRT arm
122 (50Gy volume-averaged dose, beam width 0.31mm) is added as it has a peak dose of 225Gy,
123 which is within the known minibeam peak dose range showing tumor control. To account for
124 unavoidable variations in tumor position under the 20Gy2mmSFRT treatment beams during
125  animal irradiations, we computed the maximum and minimum beam coverage positions and
126  calculated their corresponding dosimetric specifications. The 20Gy2mmSFRT treatment arm

127  dosimetric values reported in Table 1 correspond to the average at these positions for a 10mm
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128  diameter tumor. For example, a 10mm sized tumor is irradiated by at most three 2mm-peaks and
129  at minimum two 2mm-peaks and the average dosimetric parameter at these two positions was
130  calculated.

131

132 Fig 1. lllustration of the SFRT spatial fractionation study design.

133 Avery large range of radiation spatial fractionation scale was used to derive the impact of radiation
134  spatial fractionation. Four arms share the same 20Gy volume-average dose. The high dose
135 50GySFRT arm is added because 20GySFRT is not known to have tumor control. The dosimetric

136  parameters studied and number of animals per study arm are listed in Table 1.
137

138 Table 1. Summary of nine SFRT dosimetric parameter specifications in the six-arm study.

Vol- Peak Valley

# of Valley Peak

Treatment Animal Avg Surface Surface  EUD PVDR Width Width Yo Vo_Iume

Arm Dose? Dose Dose (Ta/Ne) (mm) (mm) Irradiated
Gy) (Gy) (Gy)

Untreated 8 0 0 0 0 N/A 0 0 0
20GyUniformRT 8 20 208 20.8 19.9/201 1 20 20 100
20GyHalf-'SFRT 5 20 39 31 295305 126 10 10 472'2():—’

b 51.5(+
20Gy2mmSFRTc 6 17.6°> 345 6.2 5.2/251 56 2 2.2 11.6)

20GySFRT 9 20 91 6.8 5.3/47 .4
13.3 09 0.31 20.3

50GySFRT 6 50 225 16.8 13.1/117.3
139 2. Computed within 1cm depth (the tumor depth).

140  °: 17.63Gy instead of the intended 20Gy was used.

141 < Dosimetric parameters for the 20Gy2mmSFRT arm were computed considering the maximum
142 range of possible tumor positioning under the collimator.

143 9. Percentage volume irradiated for the 20GyHalfSFRT arm was computed using treatment
144  verification film analysis of the irradiated tumors.

145 e T/N in the table denotes Tumor EUD and normal tissue EUD. Tumor EUD is computed using

146  a=-10 and a tumor size of 1cm in diameter. Normal tissue EUD is computed using a=5 and a
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147  volume of 2cm in diameter. Note that tumor EUD is lower than valley surface dose is because the
148  valley dose is measured at the surface while EUDs are computed using volumetric dose.

149 Custom-made radiation blocks and collimators made of Cerrobend or tungsten were used
150  to define the 2cmx2cm field for 20GyUniformRT arm treatment, the 2cmx1cm for 20GyHalfSFRT
151 treatment, and the beamlet array 2cmx2cm fields for both the 20Gy2mmSFRT and
152  20Gy/50GySFRT treatments. The 2cm field size in the direction of the uniform dose within each
153  of SFRT planar beams is made possible by the very large focal spot size (8mm?) of the XRad
154  irradiator (Precision X-ray Inc., North Branford, CT USA). All irradiations in this study used the

155 same irradiator.

156  Animal tumor model

157 This study was carried out in strict accordance with the recommendations in the Guide for
158 the Care and Use of Laboratory Animals of the National Institutes of Health (NIH). The University
159  of North Carolina- Chapel Hill Institutional Animal Care and Use Committee (IACUC) reviewed
160  and approved the animal protocol (IACUC ID: 15-366.0) in accordance with NIH standards. All
161  animal surgical, radiation, and imaging procedures were performed under general anesthesia and
162  all efforts were made to minimize suffering.

163 Forty-two eight-week-old female Fischer 344 rats from Charles River Labs and rat
164  fibrosarcoma tumor allografts were used (23). The rat fibrosarcoma (FSA) allograft model has
165 been well characterized in several radiotherapy response studies by our and collaborator labs
166  (23-25). Rat FSA is characterized as a local, non-metastasizing tumor that is highly vascular and
167  oxygen dependent (34,35). It is an appropriate tumor model for our long-term study goal that
168 investigates the association of SFRT dosimetric parameters with treatment responses, which is
169  reported here, and the association between SFRT treatment response and tumor vascular change

170  post radiation using 3D acoustic angiography. The latter is ongoing research for future publication.
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171 All surgical, radiation, and imaging procedures were performed under general anesthesia,
172  induced in the animals initially using 5% vaporized isoflurane mixed with pure oxygen as the
173  carrier gas and then maintained at 2.5% isoflurane mixed with pure oxygen throughout each
174  procedure. Depth of anesthesia was monitored by toe pinch reflex and breathing rate. Opthalmic
175 ointment was placed on the animal’s eyes during anesthesia to provide lubrication and body
176  temperature under anesthesia was maintained via electronically controlled heating pad. Tumors
177  were grown in each rat by implanting freshly resected tumor tissue (1mm?3) that was harvested
178  from tumor-bearing donor rats into the subcutaneous space of the rodent flank using blunt
179  dissection. Postoperative care included daily incision surveillance, body temperature monitoring,
180  and a water bottle containing 6mg/mL cherry-flavored, dye-free children’s Tylenol diluted in water
181  for a minimum of 24-hrs post-surgery to alleviate any associated pain from the implantation
182  procedure. Animals were used for experiments 2-3 weeks post-implantation, when the tumors
183  reached the target RT treatment size of approximately 5-10mm.

184 In preclinical studies the pre-treatment tumor volume is known to be strongly correlated
185  with treatment tumor control (23). We minimize this unwanted effect by controlling the pre-
186  treatment tumor volume in a randomized, matched group study design. We binned animals
187  according to their pre-treatment tumor volume and then randomly assigned these matched bins
188  of animals such that at least one animal from each bin is assigned to each treatment group. This
189  technique resulted in an average initial tumor volume across groups of 566 +/- 47 mm?3 on RT
190 treatment day. Biological variability was minimized by ordering animals from the same vendor
191 and of the same age (6 weeks old), implanting tumor on the same day and from the same donor
192  animal, treating with radiation on the same day, and housing animals in the same Vivarium
193 location with identical husbandry conditions. All animals (mixed caged) were provided identical
194  standard laboratory rodent diets of (23%> crude protein) and water ad libitum throughout the

195  study. In addition, all animal diets were supplemented with high-calorie, nutritionally fortified
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196  water-based gel cups to help mitigate any potential significant weight loss and dehydration post-
197  radiation.

198 The animals body weight and tumor volumes are monitored prior to radiation and every
199 third day thereafter for up to 30 days. Study endpoints are maximum tumor burden (2.5cm or
200 larger in any dimension), weight loss in excess of 15%, body condition scores (26) less than or
201  equal to 2, or other signs of pain, discomfort, or moribundity as recommended by University of
202  North Carolina- Chapel Hill Division of Comparative Medicine veterinary staff. Animals that met
203  study end-point criteria will be ethically euthanized primarily via compressed carbon dioxide gas
204  or vaporized isoflurane overdose followed by thoracotomy as a secondary means of physical

205 euthanasia per the approved animal study protocol.

206 Animal radiation dosimetry

207 XRad Irradiator and 320kV x-rays were used in this study. Surface dose rates ranging
208 from 4.27 to 5.25Gy/min were used for all study arms. Fig 2 shows the treatment setup, the
209 radiation light field on animal seen by the camera, and treatment verification films. Dosimetry was
210  measured via EBT-3 film calibrated by an ADCL-calibrated ion chamber under large field
211  conditions. Acrylic phantom measurement setup and beam profile and percentage depth dose
212  (PDD) dosimetry are shown in Figs 3 and 4. The volume-averaged tumor dose was approximated
213 by computing the film average dose within an area of 1cm by 1cm (depth) of the PDD film. The
214  differential dose volume histograms of the PDD films were used for tumor and normal tissue EUD
215  calculations as described by Niemierko (27) using values of a=-10 for tumor and a=5 for normal
216  tissue.

217

218  Fig 2. Animal irradiation setup and treatment alignment and verification.

219 (A - B) The treatment setup components include (1) X-ray source, (2) endoscopic camera (lens
220  shielded), (3) field shaping collimator for all treated arms (20GySFRT shown), (4) animal and
221  tumor, and the (5) 3-axial heated animal positioning stage. (C) Photo of the built-in irradiator light

222 shines through the 50GySFRT collimator and onto the outlined tumor as seen from the beams-
223  eye view camera (live feed used to position tumor within the treatment fields.) (D) EBT-3
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224  treatment verification films with a cutout in the tumor region. The films were reviewed for all treated
225 animals for treatment targeting verification.

226

227  Fig 3. Phantom dosimetry measurement.

228  EBT-3 films were calibrated by ion chamber under large field conditions. All beam profiles and
229  corresponding percentage depth dose were measured using two films as shown: one is on the
230  surface perpendicular to radiation beam (A) and one sandwiched between two small phantom
231  blocks parallel to radiation beam (B). The circles indicate the film areas used for volume-average
232 dose calculation estimates. The following assumption was made for volume-averaged tumor
233 dose and EUD calculations: dose value does not vary +/-1cm along the direction parallel to the
234 same valleys/peaks.

235

236 Fig 4. Measured dose beam profiles and percentage depth doses for all treatment arms.
237  (A-D) Figures display the percentage depth doses for each of the 20Gy volume-averaged
238  treatment arms. (E-H) Figures display the corresponding SFRT beam profiles for each of the
239  20Gy volume-averaged treatment arms. Note that the 20GySFRT and 50GySFRT arms share
240  the same SFRT collimator and thus the same relative dosimetry. The large non-uniformity of the
241  peak doses in the SFRT radiation is due to the finite x-ray target size and the nondivergence of
242  the SFRT collimator. However, the actual peak dose non-uniformity in the treated tumor (diameter
243 of ~10mm) is within 10%.

244

245 Animal radiation delivery and verification

246 All of the RT collimators were aligned with x-ray target of the irradiator using film dosimetry.
247  Animals were anesthetized with vaporized isoflurane mixed with oxygen carrier gas and
248  positioned on an electronically controlled heating pad (Fig 2, panels A and B). For radiation tumor
249  targeting we used the light field and a PC-linked camera before radiation and verified it with film
250  dosimetry during each irradiation (Fig 2, panel C). Live video-feed from the camera was used for
251  animal tumor-radiation alignment and for animal monitoring during treatment. Radiation targeting
252  is achieved by (a) delineating the tumor boundary on animal skin using marker pre-treatment, (b)
253  transferring the marking onto the verification EBT-3 film taped on skin and cutting out the tumor
254 portion of the film, (c) taping the film back with the tumor inside the cutout, (d) placing the animal
255 in the irradiator and align the tumor with the radiation, and (e) animal monitoring throughout
256 irradiation. The treatment verification films were reviewed post-radiation for radiation targeting

257  documentation (Fig 2, panel D).

258 Tumor volume imaging and body weight monitoring
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259 Three-dimensional B-mode ultrasound imaging of the tumors was performed using a Vevo
260 770 preclinical ultrasound scanner (Vevo 770, VisualSonics, Toronto, ON, Canada) and the
261  resulting images used to calculate tumor volume, as described in a previous publication (23).
262  Imaging was performed on the day before treatment as well as every third day post-treatment for
263  approximately 30 days, or when maximal tumor burden was met, at which point the animals were
264  humanely sacrificed per IACUC-approved animal protocol. Fig 5 shows an illustration of the 3D
265  ultrasound tumor imaging setup and acquisition. Three-dimensional imaging is performed by
266  mechanically stepping the ultrasound probe in the elevational dimension and acquired a two-
267 dimensional image at each step (100um step size, 2cm elevational scan length). The
268  reconstructed 3D ultrasound images were used to calculate tumor volume. The longest
269  orthogonal tumor dimensions in each 3D image were measured using the digital caliper feature

270  onthe Vevo 770 imaging software and tumor volume was approximated using the volume formula
4
271  foran ellipsoid, V =3m a b ¢, where V is the calculated tumor volume, and a, b, and c are each the

272 half lengths of the principal axes of the tumor (28). A sample tumor volume change post radiation
273  from a 20GyHalfSFRT arm animal shows no tumor control (Fig 5, panel D). Animal body weight
274  was measured using the same schedule.

275

276  Fig 5. lllustration of 3D ultrasound imaging-based tumor volume measurement.

277  Figure (A) is an illustration of the 3D ultrasound imaging setup with anesthetized animal (23).
278  Two-dimensional transverse image slices (B) are acquired along the elevational direction and are
279  then reconstructed into 3D images (29) (C). Tumors are visually identified on the ultrasound
280 images. Resulting 3D images (C) are used to measure the tumor dimensions and calculate tumor
281  volume. Imaging data is acquired pre-treatment (D) and every ~third day thereafter (E-G). In
282  images D-G the tumor (yellow dotted line) and corresponding tumor volume grow over time
283  following a 20GyHalfSFRT treatment.

284

285 Association between SFRT dosimetry and treatment response

286 We analyzed the associations between animal treatment responses and each of the nine

287  dosimetric parameters, listed in Table 1. The treatment responses are time-to-euthanasia,
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288  proportion of animals surviving to Day 17, and change in animal body weight on Day 17. We
289  deem animal survival is a better indicator of tumor treatment response than tumor size change in
290  this study. When tumors reach the maximum tumor mass, defined by the IACUC-approved
291  animal protocol, ethical euthanasia is performed. As a result, animal numbers in different study
292  arms decrease at different rates, which can introduce biases due to unbalanced sample sizes in
293  the study. Hence, Day 17 was chosen for the linear regression association studies because at
294  this timepoint there is a good compromise between the number of animals available for statistical
295  consideration and the magnitude of radiation effects. We also fit a more robust Cox Proportional
296  Hazards (CoxPH) model to the full data set that includes all animals.

297 Animal body weight change on Day 17 is used as an indicator of treatment toxicity. Animal
298  body weight change is a gross assessment on treatment toxicity, especially in this study where
299  tumors were implanted in the rodent flank, near the lower gastro-intestinal tract (including the
300 rodent anus, rectum, colon, and cecum) and parts of the upper gastro-intestinal tract (including
301  portions of the small bowel). We speculate that some treatment arms may induce more Gl toxicity
302 that others. We subtracted the tumor weight from the measured body weight and regard this “net”
303 animal body weight change as an indication, not confirmation, of treatment toxicity. To confirm
304 any lower Gl toxicity, additional tissue histological staining or organ function examination studies

305  would be necessary, both of which are beyond the scope of this work.

306 Statistical methods

307 We computed Product-Limit (Kaplan-Meier) Estimator and Logrank (Mantel-Haenszel)
308 test for statistical significance of survival difference between each pair of treatment arms (30).
309  Multiple simple linear regression models (31) were used to study the association between
310  dosimetric parameters with animal body weight and percentage survival within treatment group
311 on Day 17. R? (square of the Pearson correlation) coefficient is computed to estimate the

312  proportion of variance explained in each of the linear regression models. In general, the greater
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313  the magnitude of the test statistic (t or F), the more closely associated the dosimetric parameter
314  studied is with the treatment response (survival or body weight).

315 In addition to linear regressions, we fit Cox Proportional Hazard (CoxPH) models with
316  individual animal survival as the time-to-event outcome, which used data from all dates including
317 Day 17. This allowed us to calculate the hazard ratio associated with the impact of dosimetric
318  parameters on treatment response. We also used a Pearson Correlation matrix to show the cross-
319 correlation between each pair of the dosimetric parameters. All data collected were analyzed

320  using R (version 3.5.3) statistical software available from R Core Team.

321 Results

322 Overall treatment response

323 Fig 6 shows (A) animal survival, (B) normalized tumor volume, and (C) normalized body
324  weight post treatment for all 6 study arms. In this study no animal died of body condition
325  deterioration. All endpoints were due to ethical animal euthanasia triggered by tumors exceeding
326 the maximum allowable burden per IACUC-approved animal protocol limitations. Our data shows
327 that the 20GyUnformRT arm has the best tumor control followed by the 50GySFRT and
328  20Gy2mmSFRT arms. Note that among the four arms sharing similar volume-averaged dose
329  (20Gy or 18Gy) survival varies greatly, from 33% to 100% on Day 17, which is a strong indication
330 that volume-averaged dose is poorly associated with tumor treatment response. The tumor
331  volume data indicate that although 50GySFRT arm and 20Gy2mmSFRT arm have similar survival
332  the former has a better tumor volume reduction than the latter arm. Only the 20GyUniformRT
333  arm experienced weight loss post-treatment and then recovered back to pre-treatment weight
334  after week three. The 20GySFRT and 20Gy2mmSFRT arms experienced similar body weight
335 gains as the untreated arm, indicating little treatment toxicity from the two SFRT treatments.

336

337  Fig 6. Animal survival, tumor volume change, and body weight change post-treatment
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338  Animal survival (A), normalized tumor volume (B), and normalized body weight (C) are shown for
339 all six study arms. The differences between survival curve pairs are significant ( p<0.05) for
340  20GyUniformRT-50GySFRT, 20GyUniformRT-20GyHalfSFRT, 20GyUniformRT-
341  20Gy2mmSFRT, 20GyUniformRT-Untreated, @ 20GyUniformRT-20GySFRT,  Untreated—
342  20GySFRT, Untreated-20Gy2mmSFRT, Untreated-50GySFRT, and Untreated-20GySFRT, and
343  moderately significant (0.1>p<0.05) for 20GyHalfSFRT-50GySFRT, 20Gy2mmSFRT-50GySFRT,
344  and 20GySFRT-50GySFRT.

345

346 Association between tumor response and SFRT dosimetry

347 We associated eight dosimetric parameters with percentage of animals surviving to Day
348 17 and with the survival curves shown in Fig 6. Fig 7 shows scatter plots of eight tumor-related
349  dosimetric parameters vs. percentage survival at Day 17, each fitted with a corresponding
350  regression line, R? (Fig 7). Tumor EUD (R?=0.7923, F-stat=15.26*), Valley dose (R?=0.7636, F-
351 stat=12.92*), and percentage volume directly irradiated (R?>=0.7153, F-stat=10.05*) are the top
352  three most statistically significant dosimetric parameters in terms of association with the animal
353  survival at Day 17 ( see Table S1). Peak dose (R?>=0.04472, F-stat=0.6874 (not sig.)) and AVG
354 Dose (R?=0.2745, F-stat=1.514 (not sig.)) showed little association with survival.

355

356 Fig 7. Associations between Percentage Survival (Day 17) and eight dosimetric
357  parameters.

358 Tumor EUD (A), valley dose (B), percentage volume irradiated (C), valley width (D), peak width
359 (E), volume-averaged dose (F), peak dose (G), and PVDR (H) vs survival (%) at Day 17 are
360 presented as well as their corresponding regression lines and R? values. Eight linear regression
361 models with single covariates, one for each dosimetric parameter, were used to calculate the R?
362  value and corresponding statistics.

363

364 To validate the above finding in Fig 7 we used data from the entire survival curves in
365  Univariate Cox Proportional Hazards analysis and the results are shown in Table 2. The results
366 from the Univariate Cox Proportional Hazards analysis confirms the results from the linear
367 regression analysis - among the eight dosimetric parameters analyzed tumor EUD (z-stat=-

368  4.07***), valley/min dose (z-stat=-4.338***), and percentage tumor volume directly irradiated (z-

369 stat=-3.837***) have the closest associations with animal survival. Compared to the linear
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370  regression analysis (Fig 7) the improved p-values in the CoxPH model analysis is likely due to
371  the increased sample size. The Hazard Ratio shows the impact of change in each of the
372  dosimetric parameters to the hazard rate (risk of death). For instance, when valley/min dose
373  parameter changes by 1 Gy, the hazard rate (risk of death) changes by 19% (95% ClI, 26% - 11%)
374  with p-value of 1.44x105. For a 1Gy change in peak dose, the corresponding change in hazard
375 rateis 0.2% (95% ClI, 0.7% - 0.3%) with p-value of 0.432. Three additional statistical tests were
376 used to validate the CoxPH z-test statistics results for each model (Likelihood Ratio Test, Wald
377  Test, and Logrank Test) and all three tests largely agree with the results presented in Table 2.
378

379 Table 2: Table of coefficients for univariate Cox Proportional Hazards analysis of survival.

Dosimetric Estimate (StdErr) Hazard Ratio Test Stat P value
Parameter [95% CI] (2)

Valley Dose -0.20947(0.04828) 0.81[0.74 0.89] -4.338***  1.44x1005
Tumor EUD? -0.2650 (0.06511) 0.77 [0.68 0.87] -4.07*** 4.7x1005
% Vol. Irradiated -0.04089 (0.01066) 0.96 [0.94 0.98] -3.837***  1.25x10-04
PVDR 0.1835 (0.06016) 1.20 [1.07 1.35] 3.05* 2.29x10-03
Peak Width -0.1227 (0.0406) 0.88 [0.82 0.96] -3.024**  2.5x10°03
Valley Width -0.1312 (0.04366) 0.88 [0.81 0.96] -3.005**  2.65x10-03
AVG Dose -0.0687 (0.02444) 0.93[0.89 0.98] -2.811**  4.91x10%
Peak Dose -2.150x10-%3 (2.74x10-%%)  0.998 [0.993 1.003] -0.786 0.432

380  *significant at p<0.05
381  ** significant at p<0.01
382  ***significant at p<0.001

383 2 Tumor tissue equivalent uniform dose calculated using a=-10.

384

385  Association between body weight change and SFRT

386 dosimetry
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387 Eight dosimetric parameters are associated with the body weight change on Day-17.
388 Note that the body weight is the measured body weight subtracted the measured tumor weight to
389 remove the influence of tumor size on the analysis. Fig 8 is a scatter plot of the dosimetric
390 parameters vs. the “net” body weight at Day 17. This time point was chosen for both the tumor
391 and body weight study because it is a good compromise between data statistics and magnitude
392  of treatment response. Table 3 is a table of coefficients for the corresponding linear regression
393  models used in Fig 8. In general, the greater the magnitude of the t statistic, the greater the
394 individual parameter association with Body Weight (Day 17). For the F-statistic, the greater the
395  statistic value, the more closely associated the model is with Body Weight (Day 17). Based on
396 the t statistics and F-statistics, among the eight dosimetric parameters studied the Valley Dose
397 has the greatest, yet modest, association with Body Weight (Day 17). The order of decreasing
398  association with the body weight change are: valley dose (R?*=0.3814, F-stat=13.45**), valley
399  width (R?=0.2853, F-stat=8.783*), peak width (R?=0.2759, F-stat=8.382*), percentage volume
400 irradiated (R?=0.1985, F-stat=5.448*), PVDR (R?=0.1203, F-stat=3.009 (not sig.)), volume-
401 averaged dose (R2=0.03308, F-stat=0.7526 (not sig.)), normal tissue EUD (R?=1.022x10%3, F-
402  stat=0.882 (not sig.)), and peak dose (R?=5.99x10-%, F-stat=1.32x10°* (not sig.)). A strong
403  similarity between the peak width and valley width association with body weight is expected (see
404  discussion in 4E section). No significant association is observed between body weight change
405 post radiation and PVDR, average dose, normal tissue EUD, and peak dose.

406

407 Fig 8. Associations between Body Weight (Day 17) and eight dosimetric parameters.
408  Scatter plots of each of the 8 treatment dosimetric parameters: valley dose (A), valley width (B),
409  peak width (C), percentage volume irradiated (D), normal tissue EUD (E), PVDR (F), volume-
410 averaged dose (G), and peak dose (H) vs % Body Weight at Day 17 and their corresponding
411  regression lines and R? values are shown. Eight linear regression models with single covariates,
412  one for each dosimetric parameter, were used to calculate the R? value and corresponding

413 statistics.
414
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415 Table 3: Table of coefficients for univariate linear regression analysis of Body Weight (Day

416 17)
Bosimetric Estimate (StdErr) R2 t value F-statistic
arameter
Valley Dose -6.306x10-%3 (1.713x1093) 0.3814 -3.683** 13.56**
Valley Width -4.498x1003(1.518x10%) 0.2853 -2.964** 8.783**
Peak Width -4.333x10-%3 (1.497x109%) 0.2759 -2.895** 8.382**
%Vol. Irradiated -9.519x10-04 (4.08x10-04) 0.1985 -2.334* 5.448*
PVDR 4.525x1003 (2.609x103) 0.1203 1.735 3.009
AVG Dose -1.054x1003 (1.215x1073) 0.03308 -0.867 0.7526
Tissue EUD? -6.184x10% (4.123x10%4) 1.022x10-03 -0.15 0.882
Peak Dose -2.252x10% (1.961x1094) 5.99x10-06 -0.011 1.32x1004

417  * significant at p<0.05
418  ** significant at p<0.01
419 2. Normal tissue equivalent uniform dose calculated using a=5.

420

421 Discussion

422 Study limitations

423 There are several limitations in this study, many of which are discussed below. (i) There was
424  no image-guidance used in the irradiation study. Our remedy for the lack of online imaging
425  technology included the use of light field and video-based animal alignment, of treatment
426  verification film, and lastly, removal of treatment-misaligned animals from the study. This was
427  judged from reviewing the treatment verification film for each animal. Our remedy worked well
428  resulting in a 20GyHalfRT arm % volume irradiated of 47.8.8% (+2.2) near the target value of
429  50% (S1 Fig1) (ii) No CT-based treatment planning. Based on the anatomical location of the

430  implanted tumor (rodent flank) we believe a portion of the rodent Gl tract may have been irradiated
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431  but the actual volume irradiated is unknown. Because all animals were randomized across study
432  arms such that all arms have the same average pre-treatment tumor size and similar tumor
433  location distribution, it is reasonable to assume that any variations in portions of Gl track irradiated
434  do not bias any particular study arm. (iii) Only a single tumor model used. The FSA rat tumor
435 model does not represent tumors with low vascularity, which may have different treatment
436  responses. The study should be repeated using different tumor and animal models. (iv) The
437  dosimetric parameters have strong cross correlations in this study, which is discussed in more
438  detail at the end of this section.

439 The potential impact of spatial fractionation pattern (lines vs. dots, for instance) on treatment
440 response is beyond the scope of this work. However, itis a very important question that deserves
441  methodical investigations as some spatial fractionation patterns are easier to achieve than others
442  in practical application. Our data shows that valley/minimum dose has the closest association
443  with treatment response for tumor and body weight. However, different spatial fractionation
444  patterns with the same valley dose may not lead to the same treatment response when a different
445  endpoint is used. In our study the 20Gy2mmSFRT arm and the 20GySFRT arm have similar
446  valley doses but dissimilar survival fraction on Day 17. To investigate the impact of radiation
447  spatial fractionation pattern alone on given treatment responses, carefully designed new studies
448  are needed.

449 The exciting noncytotoxic effects of SFRT, such as induction therapy to sensitize tumor to
450 increase therapeutic ratio of the following therapy including anti-tumor immunotherapy, remain
451 largely underexplored (32); however, they are also beyond of the scope of this work. Our own
452  and others’ work have demonstrated that SFRT radiation impacts tumor microenvironment and
453  modulates immune system very differently than uniform radiation therapy (33-35). We intend to
454  conduct similar studies to identify associations between dosimetric parameters and these indirect
455  effects of SFRT in the future.

456
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457 SFRT dosimetric association with treatment tumor response

458 Valley dose and tumor EUD

459 The importance of tumor minimum dose to tumor control has long been established in
460  conventional radiation therapy (36). Does the same association between tumor control and
461  minimum/valley dose hold for SFRT? For some the answer is yes and sophisticated techniques
462  have been developed to “fill up” the dose valleys in an MRT beam by interlacing the microbeams
463  from MRT from different irradiation angles. As a result, a uniform dose distribution inside the
464  tumor is reached (37) while the surrounding normal tissue out of the “cross-firing” range still
465  receive largely MRT radiation pattern of peaks and valleys. In a synchrotron-MRT study Ibahim
466 et al. (38) reported that valley dose is closely correlated with cell survival, but valley dose alone
467  does not determine the observed radiobiological effects. Our study shows that the tumor EUD
468 (a=-10) and minimum/valley tumor dose have the highest linear associations (R?=0.7923, F-
469  stat=15.26*; R2=0.7636, F-stat=12.92*, respectively) with tumor treatment response (Fig 7 and
470 S1 Table). This observed association between tumor treatment response with tumor
471  valley/minimum dose and tumor EUD dose in this preclinical study is consistent with their known
472  association in tumor treatment response seen in clinical conventional uniform dose radiation
473  therapy.

474 Our data suggests that valley/minimum dose or Tumor EUD are more appropriate than
475  peak dose for SFRT treatment prescription. When tumor control is the endpoint, we suggest that
476  equal valley or minimum dose be used for comparative study between a uniform radiation and
477  SFRT therapy or among different SFRT treatments.

478

479  PVDR
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480 Our data showed that PVDR has a consistent but not statistically significant association
481  with tumor treatment response (R?=0.7194, F-stat=7.691) (Fig 7, S1 Table). The linear regression
482  analysis on day 17 was not statistically significant. The CoxPH analysis using the entire survival
483  data set show a modest association with survival. Although not statistically significant, an inverse
484  association is observed between PVDR value and survival fraction on Day 17 - the higher PVDR
485  value the less survival fraction. The inverse association is largely determined by the uniform
486  radiation arm where PVDR value is 1.0. If this data point is removed, the PVDR association with
487  survival for all SFRT arms is inconclusive (Fig. 7). We believe this result of inverse association
488 s likely biased by the study design that has very limited PVDR values (4 values) and strong cross-
489  correlations between PVDR and other SFRT parameters (see more discussion later in the
490  section). A better understanding of PVDR'’s association with a given treatment response requires

491  a carefully designed new study that focuses on the impact of PVDR value on treatment response.

492  Percentage volume irradiated, peak width, and valley width

493 It seems logical that tumor treatment response is closely associated with the tumor volume
494  irradiated. However, this is not supported by a clinical GRID therapy study by Neuner et al. (2)
495  where both MLC-based and collimator-based GRID treatments showed similar response rates for
496  pain, mass effect, other patient complaints, and have similar adverse reactions. The collimator-
497  generated GRID had 50% of the radiation field open while the MLC-generated GRID had only
498  31% open. In our study the 20GyHalfSFRT and 20Gy2mmSFRT arms have similar percentage-
499  volume-irradiated (as well as PDD curves) but there is a difference of 5 days in the 50% survival
500 time (Fig 1 and Fig 6). Nonetheless, our data shows that percentage-volume-irradiated has the
501  3rd highest linear association (R?2= 0.7153, F-stat=10.05*) with tumor treatment response (Fig 7
502 and Table 2). Since percentage-volume-irradiated is jointly determined by peak width and valley
503  width it is understandable to see moderate associations between tumor treatment response and

504  peak width (R?*=0.4201, F-stat=2.898 (not sig.)) and valley width (R?=0.4296, F-stat=3.012 (not
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505  sig.)). In a synchrotron microbeam brain study using multiple beams Serduc et al. kept valley
506 dose constant while varying peak width and peak dose. They concluded that the latter two

507  parameters have strong influence therapeutic ratio (39).

508 Volume-averaged dose and peak dose

509 This study is designed to scrutinize the association of volume-averaged dose with tumor
510 treatmentresponse (Fig 1). The four study arms sharing very similar volume-averaged doses (20
511  or 18 Gy) exhibited very different tumor treatment responses (Fig 6 and 7) showing the survival
512  rate at day 17 varied from 100% to 33%. Therefore, the association between volume-average
513  dose and tumor treatment response is weak.

514 We found that peak dose has little to no association with tumor treatment response
515 (R?=0.04472, F-stat=0.6874 (not sig.)) (Fig 7, S1 Table, Table 2). This finding is significant
516 because peak dose has been used for treatment prescription in practically all SFRT treatments
517  (8) (9). Although the linear regression analysis on day 17 showed a weak association between
518  peak dose and survival that was not statistically significant, the CoxPH analysis using the entire

519 survival data set did show a modest association with survival.

520 SFRT dosimetric association with normal tissue toxicity

521 We did not study treatment induced normal tissue toxicity directly in this study. We used
522  body weight change post radiation (targeted to the flank, lower abdominal region of the animal)
523  as an indicator, not an evidence of normal tissue toxicity. We did not see a strong association
524  between animal body weight change and any of the eight dosimetric parameters studied, except

525  a modest association with valley/minimum dose.
526 Valley dose
527 The strongest association we observed is a weak one between body weight change and

528  valley/min dose (R?=0.3814, F-stat=13.56**) (Table 3). Note that valley/min dose is also strongly

529  associated with tumor treatment response (R?=0.7636, F-stat=12.92*). Our finding is consistent
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530  with a normal mouse brain MRT study Nakayma et al. reported that valley dose is one of the
531 important factors to determine normal brain dose tolerance (40). Our data suggests that valley
532 dose may have a close correlation with both tumor control and toxicity, and thus is a crucial

533  dosimetric parameter in SFRT treatment.
534 Valley width, peak width, percentage volume irradiated

535 The valley width, peak width, and percentage volume of the tumor that is irradiated
536  parameters were only weakly associated with animal body weight change post radiation
537 (R?=0.2853, F-stat=8.783**; R?=0.2759, F-stat=8.382**; and R?=0.1985, F-stat=5.448",
538  respectively) (Fig 8 and Table 3). Note that in this study peak width and valley width are closely
539  correlated (more discussion on correlations, below). Percentage volume directly irradiated
540  showed no statistically important association with body weight change. Neuner et al. reported
541 that they observed similar treatment responses from clinical GRID treatments of different

542  percentages of volume directly irradiated (2).
543  Normal tissue EUD, PVDR, volume-averaged dose, peak dose

544 The normal tissue EUD, PVDR, volume-averaged dose, and peak dose parameters
545  showed little to no association with body weight change post radiation (R?*=1.022x10-%3, F-
546  stat=0.882 (not sig.); R?=0.1203, F-stat=3.009 (not sig.); R>=0.03308, F-stat=.7526 (not sig.); and
547 R?=5.99x10, F-stat=1.32x10%* (not sig.), respectively). Our finding is consistent with a rat
548  normal brain minibeam study by Prezado et al. showing arms with similar volume-average-doses
549  have drastic differences in survival (74) and inconsistent with a MRT study on normal mouse skin
550 by Priyadarshika et al. concluded that integrated dose (i.e., volume-averaged dose) rather than

551  peak or valley dose, may dictate the acute skin toxicity (41).
552 2mm wide beam array SFRT

553 Our data indicates that the 20Gy2mmSFRT arm is not only the most relevant to clinical

554  application because of its millimeter scale, but it also has the potential for superior therapeutic
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555 ratio. The 20Gy2mmSFRT arm showed similar survival with the 50GySFRT arm but has
556  significantly lower valley dose (6.2 Gy vs. 17 Gy). At the same time, it showed the least, if any,
557  body weight change compared to the untreated arm while the 50GySFRT arm with 0.31mm beam
558  width exhibited significant body weight growth deficit (Table 1 and Fig 6). The 20GyUniform arm
559  has the best tumor treatment response and the worst body weight change. Our data indicated the
560 2mm wide beam array is a kV photon SFRT pattern that has the potential for high therapeutic

561 ratio SFRT and deserves further investigation.

562 Cross-correlation in the SFRT dosimetry parameters

563 The dosimetric parameters studied in this work are not all independent variables and their
564  cross-correlations are shown in the table of Pearson Correlation coefficients (Table 4.) The larger
565 the magnitude of the coefficient, the more co-linear and correlated the pair of dosimetric
566  parameters. In this study, peak width and valley width are perfectly co-linear (correlation of 1.0)
567 by study design. Valley/min dose, a parameter used in tumor EUD calculation, is also highly
568  correlated with tumor EUD (correlation of 0.99). These strong correlations explain the similar
569  statistical associations of these parameters with treatment responses. These correlations also
570 limited the study’s ability to better exam the association between a given treatment response with
571  each of the dosimetric parameters.

572

573  Table 4: Pearson Correlation coefficient matrix for the eight SFRT dosimetric parameters

574  relevant for tumor treatment response.

Valley Peak AVG Tissue Tumor Peak Valley PVDR % Vol.

Dose Dose Dose EUD EUD Width Width Irradiated
Valley
Dose 1.00
geak 038 1.00
ose
AVG

0.63 091 1.00
Dose
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Tissue

DSU® 044 099 095 100

Tumor

SO 099 026 053 032 100

Peak

ek 063 -0.36 000 -0.28 072 1.00

Valley

oY 065 034 002 -025 074 1.00 1.00
PVDR -057 064 040 061 -067 -078 -077 1.00
BVol. 20 026 013 -047 078 093 093 -094  1.00
Irradiated

575

576 - Summary

577 In this conventional dose rate small animal SFRT study we used a large range of radiation
578  spatial fractionation scales to study the association of dosimetric parameters with treatment
579  response. We concluded that valley/minimum dose, tumor EUD, and percentage tumor irradiated
580 have strong and proportional associations with tumor treatment response while peak dose
581  exhibited little association. Among the SFRT dosimetric parameters studied valley/min dose also

582  showed the highest but modest association with body weight change post radiation.
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738 Supporting Information

739 81 Fig. lllustration of treatment delivery verification analysis by film. (A) The post-

740  treatment verification film for a 20GyHalfSFRT treated tumor shows that only one-half the tumor
741  was treated as intended. The black dashed line in the photograph was drawn to illustrate which
742 half of the tumor was irradiated. (B) The verification films for all 5 animals included in the study
743  arm were analyzed by calculating the percentage area of the tumor irradiated.

744

745 81 Table. Univariate linear regression analysis of Survival Day 17. This is the full table of
746  coefficients for the corresponding linear regression models used in Fig 7. We analyze 8 models
747  with single covariates, one for each dosimetric parameter and list their corresponding statistics.
748  Tumor EUD and Valley Dose have the largest magnitude of effect on Survival (Day 17) and

749  together with % Volume Irradiated are statistically significant. However, analyzing data for a
750  single timepoint (Day17) is limited by animal losses at Day 17 (missing data), so we include a
751  more robust statistical model that utilizes all the data in Table 3.

752
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