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Abstract

In a study employing MRI-guided stereotactic radiotherapy (SRS) in two orthotopic rodent brain 

tumor models, the radiation dose yielding 50% survival (the TCD50) was sought. Syngeneic 9L 

cells, or human U-251N cells, were implanted stereotactically in 136 Fischer 344 rats or 98 RNU 

athymic rats, respectively. At approximately 7 days after implantation for 9L, and 18 days for 

U-251N, rats were imaged with contrast-enhanced MRI (CE-MRI) and then irradiated using a 

Small Animal Radiation Research Platform (SARRP) operating at 220 kV and 13 mA with an 

effective energy of ~70 keV and dose rate of ~2.5 Gy per min. Radiation doses were delivered as 

single fractions. Cone-beam CT images were acquired before irradiation, and tumor volumes were 

defined using co-registered CE-MRI images. Treatment planning using MuriPlan software defined 

four non-coplanar arcs with an identical isocenter, subsequently accomplished by the SARRP. 

Thus, the treatment workflow emulated that of current clinical practice. The study endpoint was 

animal survival to 200 days. The TCD50 inferred from Kaplan-Meier survival estimation was 

approximately 25 Gy for 9L tumors and below 20 Gy, but within the 95% confidence interval 

in U-251N tumors. Cox proportional-hazards modeling did not suggest an effect of sex, with the 

caveat of wide confidence intervals. Having identified the radiation dose at which approximately 

half of a group of animals was cured, the biological parameters that accompany radiation response 

can be examined.
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INTRODUCTION

Despite the aggressive therapies available to patients with a grade IV astrocytoma (known 

as a glioblastoma multiforme or GBM), the mean life expectancy from diagnosis to death 

remains at around 15 months (1, 2). However, about 5% of treated patients survive to the 

five-year mark. The current standard treatment involves maximally safe surgical resection 

followed by radiation therapy over a 6-week period with concomitant temozolomide (TMZ) 

chemotherapy, followed by TMZ maintenance (3). The underlying, and potentially life-

preserving, biology associated with these patients’ response to cytotoxic therapy is not yet 

well understood. Further exploration into the measures that differentiate survivors from 

non-survivors could be a key to directing therapy.

Discriminants that differentiate survivors from non-survivors have been observed in small 

animal models. For instance, acute (hours) vascular changes after a single 20 Gy dose of 

radiation in small animal models of cerebral tumors have been observed (4). This presents 

the question of whether measured physiological changes might be used to predict a curative 

response in animal models, and thereby inform future clinical choices. A sampling strategy 

that produces a roughly equal proportion of cures and failures is thus important for two 

reasons. First, to understand the physiology that contributes to radiation response. Second, 

to potentially construct a predictor of radiation response based on noninvasive measures of 

tumor physiology.

Accordingly, an MRI-based study (NIH/NCI R01-CA218596) was initiated to measure acute 

changes in tumor physiology as predictors of survival. While the COVID-19 pandemic 

interrupted aspects of this study, enough information was available for an estimate of 

the tumor control dose in half of the animals treated (the TCD50). The purpose of this 

study is the determination of the radiation dose for survival in a design that utilizes 

contrast-enhanced MRI (CE-MRI) for conformally targeted treatment of two commonly 

used orthotopic tumor models. While this study is preliminary to a larger study of the 

physiology of response in small-animal models of stereotactic radiosurgery (SRS), it should 

be useful as a benchmark study in other preclinical investigations (e.g., approaches that 

employ adjuvants to radiotherapy).

Conformal radiotherapy displays superior dose distributions when compared to single 

beam therapies in both small animal models and their human counterparts (5–7). The 

Small Animal Radiation Research Platform (SARRP) (Xstrahl Medical and Life Sciences, 

Suwanee, GA) is a change of delivery method from a single or parallel-opposed stationary 

radiation beam(s) delivered by a standard linear accelerator in other preclinical studies (4, 

8, 9). While there are differences from clinical linear accelerators in beam quality, the 

SARRP presents an example of new instrumentation allowing rodent subjects to be treated 

more like their human counterparts in terms of set-up (immobilization, pre-irradiation cone 

beam computer tomography (CBCT)), treatment planning (treating based on co-registered 

CBCT/MRI images), and treatment delivery (conformal therapy).

As methods in small animal conformal therapy evolve, there is a call for the establishment 

of relevant dosimetric standards (10–13). Because the technology now allows for more 
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precise clinically relevant therapies in small animal models, baseline studies are needed to 

establish important radiological landmarks for rodent models. Of the available landmarks, 

because it is a measure of response in the entire population of cells in the tumor, “the most 

relevant measure of tumor response is TCD50” (14). In this study, two widely employed 

tumor models of GBM, U-251N in athymic rats, and 9L in Fischer rats, were studied 

in roughly equal numbers of male and female animals. Radiation doses were adjusted to 

yield approximately equal numbers of complete response and failure in the two models. To 

our knowledge, because it utilizes conformal radiation in small-animal models of cerebral 

tumors, this work presents a unique data set of long-term survival after conformal, high-dose 

irradiation for the two tumor models studied.

In addition to identifying a TCD50, the effects of tumor volume at the time of treatment 

and biological sex on survival were also assessed. Both factors are vital components of a 

comprehensive tumor model study and therefore continue to be areas of interest in clinical 

research.

While small-animal studies in response to radiotherapy may be limited in their ability 

to precisely match therapeutic prescriptions in humans, they have value. These models 

allow for a uniform sample of subjects to be treated with a range of therapies, exposed to 

alternate and adjuvant therapies, and examined in depth post-treatment, activities that are 

not possible in clinical studies. This study addresses the problem of determining a radiation 

dose that yields examples of both success and failure in an animal model with roughly equal 

likelihood. As such this study presents an important first step in determining if biological 

factors are associated with response to high dose radiation in these animal models of GBM.

MATERIALS AND METHODS

Animals and Tumor Cells

All animal studies were done under an Institutional Animal Care and Use Committee 

(IACUC)-approved protocol (#1604). This work studied an approximately equal number of 

male and female 136 Fischer 344 rats (10–12 weeks old and 200–230 g), and 98 RNU 

athymic rats (10–12 weeks old and 200–230 g) (Charles River Laboratories, Wilmington, 

MA), implanted with rat 9L and human U-251N cells, respectively. 9L and U-251N cells 

were maintained in Dulbecco’s Minimum Essential Media (DMEM) with 10% fetal bovine 

serum (FBS) and 1% streptomycin and penicillin. Cell cultures were passaged once a week 

and not more than 4 times. Approximately once a month, frozen stock from an early passage 

of the original cells (9L from ATCC, Manassas, VA and U-251N from Dr. T. Mikkelsen, 

Henry Ford Health System, Detroit, MI) were thawed and used. Logphase growth cells were 

harvested for implantation (see below for implantation details). The concentrations of rat 9L 

and human U-251N cells were 2 × 108 cells per mL and 5 × 109 cells per mL, respectively, 

which were loaded into a 10 μL Hamilton syringe (Model 701, Hamilton Co., Reno, NV) 

before implantation.
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Implantation

Cell implantation followed methods published previously (15, 16). Animals were 

anesthetized with isoflurane (3% for induction, 1–2% for maintenance, balance N2O:O2 = 

2:1). A 1-cm incision was made 2 mm to the right of the midline and the skull was exposed. 

A burr hole was drilled 3.5 mm to the right of the bregma, taking care not to penetrate the 

dura mater. A 10 μL Hamilton syringe with a 26-gauge needle containing 2 × 104 9L (n = 

136) or 5 × 105 U-251N (n = 98) tumor cells in 10 μl of phosphate buffered saline (Life 

Technologies, Carlsbad, CA), was lowered to a depth of 3.0 mm and then raised back to a 

depth of 2.5 mm to create a pocket. Cancer cells were injected at a rate of 0.5 μL/10 s.

MRI

All studies used a Varian/Magnex (Santa Clara, CA), 7 Tesla, 20 cm bore magnet with 

a Bruker console running Paravision 6.0 software. Gradient maximum strengths and rise 

times were 250 mT/m and 120 μs. Following published procedures (4, 16, 17), all two-

dimensional MRI image sets were acquired with a 32 × 32 mm2 field of view (FOV). 

Transmit and receive coils included a Bruker Quadrature Birdcage (transmit) and 4-channel 

phased-array surface coil receiver (Rapid MR International, Columbus, OH). T1-weighted 

images (T1WIs) were acquired pre- and post-tail-vein administration of the contrast agent 

(Magnevist©, Bayer Healthcare Pharmaceuticals, Wayne, NJ, 0.25 mmol/kg) with the 

following parameters: matrix: 256 × 192 pixels, 27 slices, 0.4 mm thickness, 0.1 mm 

gap, number of echoes (NE) = 1, number of averages (NA) = 4, TE/TR = 16/800 ms. To 

co-register the MRI with CBCT images, an additional FLASH three-dimensional gradient-

echo sequence was employed post-contrast with the following parameters: matrix size 256 

× 192x96 voxels, 1 slice, slice thickness 24 mm, echo time 2.7 s, FOV, 42 × 32 × 24 mm3, 

spatial resolution of 0.164 × 0.167 × 0.25 mm3, number of echoes (NE) = 1, number of 

averages (NA) = 1, tip angle 20°.

CT and Treatment

Treatment timeline is outlined in Fig. 1. Animals of either sex were randomly assigned as 

untreated controls or irradiated in a ratio of approximately 1:2 (controls:treated); numbers 

are summarized in Table 1. The dose of radiation was chosen with the goal that the radiation 

exposure would be curative (i.e., animals would survive 200 days) in approximately half of 

the group of animals.

Tumor readiness for treatment was assessed on the largest, post-contrast, coronal slice 

of the tumor during a size check; if the distance from top to bottom of the embedded 

portion of the tumor was at least 3–4 mm, the tumor was deemed large enough for 

treatment. Animals were irradiated using a SARRP arranged as in Fig. 2. The SARRP 

operated at 220 kVp and 13 mA. With the 0.15-mm beam-hardening copper filter, the 

effective energy was approximately 70 keV. Under isoflurane anesthesia (3% for induction, 

1–2% for maintenance, balance N2O:O2 = 2:1), rats were imaged by the SARRP’s CBCT 

and irradiated in a temperature-controlled cradle with heads held in place by bite piece. 

Orientation was assessed using CBCT and tumor location was co-registered to 3D-GRE 

images. Treatment planning using Xstrahl’s MuriPlan software was used to deliver four 

non-coplanar arcs with an identical isocenter located at the approximate center of the tumor 
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volume. Tumors were treated to 80% isodose. The resultant dose rate was approximately 2.5 

Gy per min.

Radiation Dose Quality and Delivery Assurance

Preliminary studies suggested that the TCD50 was in the vicinity of 20 Gy (4, 9). As the 

study progressed, it became apparent that 20 Gy was yielding low survival for the 9L 

animals, and this value was increased to 25 Gy.

The dose calculation accuracy of MuriPlan was validated for the SARRP. Radiation 

measurements were made using a small-sized cylindrical ion chamber (PTW PinPoint Ion 

Chamber Type 31014, Freiburg, Germany), 2 mm in diameter with a sensitive volume 

of 0.015 cm3. The ion chamber was positioned in a water tank in the center of a 10 × 

10 mm collimated beam. Radiation dose was measured as a function of depth from the 

water surface. The half-value thickness of water for 220 kVp photons is approximately 

25 cm assuming an effective energy of 70 keV (18). The radiation beam quality was 

characterized using the tube potential and half-value thickness following the guidelines of 

the American Association of Physicists in Medicine (AAPM) protocol for 40–300 kV X-ray 

beam dosimetry, Task Group-61 (19). Good agreement (2.0 ± 3.0%) was found between the 

measured physical dose and the MuriPlan dose calculation.

Radiation delivery was confirmed for each animal by the exposure of a small (approximately 

5 cm2) piece of EBT3 Gafchromic film (Ashland, Bridgewater, NJ) that was placed on the 

animal’s head.

Endpoint - Survival

Rats were monitored daily after irradiation for weight loss and behavioral changes. The 

study endpoint was either death or symptom-free survival to 200 days postirradiation. 

When symptoms associated with tumor burden (inactivity, lethargy, hunching, porphyrin 

exudate, abnormal gait, and/or weight loss ≥20%) were observed, rats were euthanized by 

transcardial perfusion under 5% isoflurane anesthesia followed by decapitation, with the 

duration of survival recorded. Asymptomatic rats were euthanized in the same manner once 

the 200-day endpoint was reached.

Histology

After sacrifice, rat brains were removed and placed in a 4% paraformaldehyde solution 

for tissue fixation and stored in the same fixative at 4°C. They were cut using a rat brain 

matrix into 2-mm thick coronal slices and embedded in paraffin. Slices containing tumor 

tissue were then cut into 6-μm thick sections and placed on coated slides from Thermo 

Fisher Scientific (Waltham, MA) for staining. The presence and extent of the tumor were 

determined by light microscopy using hematoxylin and eosin (H&E) stained sections (15, 

20, 21). In addition, immunostaining with human major histocompatibility complex (MHC) 

was used to identify U-251N cells, which are of human origin.
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Image Processing for Volume Determination

The image analysis program Eigentool (Henry Ford Health Sciences, Department of 

Radiology, Detroit, MI) was used to confirm the alignment of the pre- and post-contrast 

T1-weighted MRI images, after which a subtraction process was performed (22, 23). The 

region of interest (ROI) tool in Eigentool was then used on every image in which tumor 

was visible in the resultant subtraction images to determine the number of contrasting voxels 

following established methods (24–26). This value was then translated to a corresponding 

volume.

An assumption of 0 mm3 at time of implantation was made after multiple scans performed 

immediately after sham implantations failed to show any enhancing voxels in four animals 

of each strain. The lack of contrast at time of implantation implied that the surgery itself did 

not cause any physical phenomena that led to a signal, and it can therefore be assumed that 

scans immediately after implantation (t = 0 days) would show no indications of a tumor for 

all subjects.

Data Analysis

All statistical analyses were conducted using the R statistical packages (27). Using its 

survival analysis package (28), Kaplan-Meier survival curves were used to estimate the 

TCD50 dose and the proportion of animals alive and asymptomatic at the 200 day study 

endpoint. Groups of interest were separated by tumor type and treatment dose as presented 

in Table 1.

The effect of sex and tumor volume at time of treatment on survival was studied in 

sub-analyses. Kaplan-Meier estimation was re-done for each treatment group, this time 

additionally broken down by sex. A Cox Proportional-Hazards (Cox PH) model was used to 

estimate the hazard ratio (HR) associated with gender (male:female) at the 95% confidence 

interval (CI). For the test conducted in this study, a hazard ratio of 1.0 would imply that 

there was no effect of sex on survival while a HR of 0.5 would indicate females were twice 

as likely to die as females, etc.

R plotting routines were used to graph tumor volume at the time of treatment versus 

survival. A Wilcoxon Rank Sum/Mann-Whitney U test was performed to assess the 

relationship between tumor volume at time of treatment against survival as a binary outcome 

(0 = no death/sacrifice before 200 days, 1 = death before 200 days).

Growth curves were formed from volume estimates during untreated growth using 

subtraction images formed by pairs of pre- and post-contrast MRI images (both controls 

and tumors that would go on to be treated). To establish the initial model, each untreated 

growth measurement for which multiple pre-treatment studies existed (n9L = 29, nU-251N = 

39) was included and weighted as an independent measurement.
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RESULTS

For survival studies, the final count was 61 male and 55 female for a total of 116 Fischer 344 

rats and 35 male and 31 female for a total of 66 RNU athymic rats (see Table 1 for details of 

number and sex of treated and untreated rats).

Survival to the 200 day mark post-implantation appeared to be a reasonable benchmark after 

irradiation. Figure 3 shows histological slides and corresponding T1-weighted post-contrast 

MRI images in untreated rats. The good correspondence between histology and MRI is 

consistent with previous studies (29). Conversely, no detectable tumor burden can be seen 

in sampled images of rats that survived to 200 days (Fig. 3). In a random sample (5 from 

each tumor type), ten animals that survived to 200 days were checked for residual tumor 

growth via pre-sacrifice MRI and post-sacrifice histology. No evidence of residual tumors 

was found.

Radiation Tumor Control Dose of 50%, Long-Term Survival

Kaplan-Meier survival analysis for rats treated with varying doses was used to first identify 

if a 50% survival had been achieved at 200 days. The results described in the following 

section are summarized in Table 2 and displayed visually in Fig. 4, with fractional survival 

(number of rats who lived to 200 days divided by total number of rats studied) plotted versus 

time post-tumor-implantation in days.

For rats implanted with 9L tumors, 25 Gy achieved 47.5% survival at 200 days, a marked 

improvement in survival compared to untreated or treated with 20 Gy. Figure 4A shows a 

survival comparison for control subjects (n = 30, red) versus those treated with 20 Gy (n 

= 22, black). Although the median survival increased from 9 days to 27 days, fractional 

survival for the 9L rats treated with 20 Gy still dropped to 0.227 ± 0.089 by 65 days and 

remained steady until the 200-day endpoint. Conversely, those animals treated with 25 Gy 

(Fig. 4B) had a median survival of 119 days with fractional survival at the 200-day endpoint 

being 0.475 ± 0.064. Figure 4B additionally shows that the 95% CI for the 25 Gy treated 9L 

animals falls centrally around the 50% survival goal. Assuming a locally linear relationship 

between survival and dose, these two points were used to estimate TCD50 for 9L tumors 

treated with conformal SRS to be approximately 25.5 Gy.

For rats implanted with U-251N tumors, more than half the animals treated with 20 Gy 

survived to 200 days, as seen in Fig. 4C. Compared to untreated controls where all animals 

died by 43 days, those treated with 20 Gy had a fractional survival of 0.628 ± 0.074 at the 

study endpoint. For the group treated at 20 Gy, the upper bound of the 95% CI fell above 

the goal of 50% survival and median survival fell above the 200 days as reported in Table 2. 

Thus, the 63% fractional survivals for U-251N tumors treated with conformal SRS therapy 

was achieved with 20 Gy as per this study.

One marked visual comparison between Fig. 4B and C was the consistency of the survival 

curve past the initial 60 days of survival. For the treated 9L group (Fig. 4B, black), survival 

dropped in the first two months after irradiation and then was maintained, apart from two 
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deaths, until the study endpoint. Comparatively, in the treated U-251N group (Fig. 4C, 

black), survival decreased with no marked pattern throughout the long-term study.

In 2020, the COVID-19 pandemic mandated the closure of our laboratory and forced the 

sacrifice of all animals in the survival study. For the survival analysis, these animals were 

censored, but still used for Kaplan-Meier estimation. The censored animals were removed 

from analyses for volume and sex effects on survival.

Potential Influences on Survival: Gender of Rats or Size of Tumor at Time of Irradiation

As noted, animals (n9L = 11, nU-251N = 0) were removed from future statistical tests due 

to COVID-19 shut down procedures. These animals were then excluded from size analyses 

vs. survival. Outliers (n9L = 3, nU-251N = 1) were excluded from the size analysis based 

on their lying outside the 95% interval in a box plot examination. Animals with no volume 

measurement within 24 h of treatment (n9L = 9, nU-251N = 10) were not included.

Kaplan-Meier survival estimates at each dose level were broken down by gender (Fig. 5) and 

were supplemented with a Cox PH analysis to evaluate the effect of gender on survival. The 

Cox PH model is a standard for investigating the association between survival and one or 

more predictor variables such as gender. The results of this analysis (Table 3) demonstrate 

that there are no statistically significant gender-related differences in response to radiation at 

any treatment dose used in this study. That being said, the two groups that had the highest 

suggestion of a difference were the 9L untreated controls [HR(M/F) = 1.88] and the U-251N 

20 Gy [HR (M/F) = 0.51] groups. Conversely, the 20 Gy 9L group and U-251N untreated 

control group showed less extreme deviation between genders, while the 25 Gy 9L group 

had a HR of 1.06, indicating no difference between the two groups. The analysis of the study 

data suggests that there is no evidence for a difference in survival, although 95% confidence 

intervals are wide for all groups evaluated in this study.

The effect of tumor volume at the time of treatment on long-term survival was analyzed in 

both tumor models for those animals who received the ~TCD50 (25 Gy for 9L and 20 Gy for 

U-251N models). A summary of volume at time of treatment statistics for survivors and non-

survivors (Table 4) displays differences between the two tumor cell lines. For the U-251N 

animals, the survivors had both a higher mean volume and a wider range of tumors. The 

opposite was true for the 9L group. These trends (Table 4), discussed below, were further 

evaluated by plotting volume data at time of treatment against survival post-implantation 

(Fig. 6).

Although typical tumors presented with a largest dimension of 3–4 mm in the coronal plane, 

their volumes varied widely; tumor volumes for the ~TCD50 groups were ~20–550 mm3 for 

U-251N tumors and ~10–300 mm3 for 9L tumors. Figure 6A (9L tumors) depicts that, aside 

from one animal, all rats with tumor volumes above the average tumor volume at time of 

treatment did not survive to the study endpoint. Conversely, a Wilcoxon Rank-Sum test run 

on the same data resulted in a P value of 0.159 suggesting that there was no statistically 

significant difference between survivors and non-survivors. This remains true when the 

animals were divided by sex; the results again do not support a significant difference in 

tumor sizes between survivors and non-survivors (Table 5).
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There is no statistical correlation between tumor size at time of treatment and survival for 

the U-251N group (P = 0.223) within the volume range. This finding persists when each sex 

is tested individually. Additionally, there is no apparent difference between tumor sizes for 

those animals that died between 60- and 200 days post-implantation. The continuous falloff 

in survival to the 200-day endpoint is a distinguishing characteristic of the U-251N survival 

curve. There is no notable sex or tumor volume influence in this interval of time, as shown in 

Fig. 6B.

Overall, these data suggest no significant correlation between the measured tumor volume 

and survival in the animals assessed in this study. Additionally, this result does not change if 

the sexes are evaluated separately.

Growth Curves of Untreated Tumors

Measurements of volume were available around the time of irradiation as follows 1. volumes 

measured the day before but within 24 h of treatment, 2. volumes measured the day of 

and before treatment, 3. volumes measured the day of and within 6 h after treatment. 

These groups were tested for differences in the mean volume. Groups 1 and 3 were both 

individually compared with group 2 using a two-sided t-test. Neither group 1 nor group 3 

varied significantly from group 2. Therefore, data from all three groups were used. In the 

rare case (n = 2) that multiple volume data from the same animal were available, the data 

collected closest in time to the treatment was used.

Growth plots (Fig. 7) show that 9L tumors achieved 3 to 5 mm largest dimension in the 

coronal plane in approximately 7 days, i.e., a large enough size to be treated, while U-251N 

tumors needed 18 days to achieve a similar size. Figure 7A shows growth for 9L tumors 

from 2 to 14 days post-implantation The majority of data collected was taken between 6–9 

days post-implantation. After little change for the first 6 days of growth, the mean tumor 

value rises as an approximate exponential until 10 days post-implantation. After this point, 

with removal of animals for study, no trend should be inferred.

Figure 7B shows the same data for untreated U-251N tumors over an interval of 40 days. Up 

until to 25 days, the mean volume increases slowly; plateauing for a few days before rising 

again. Again, after this point, with removal of animals for irradiation, no trend should be 

inferred.

Data presented in Figs. 3–6 are located at a web-accessible repository; access is available 

upon request to James R. Ewing, jewing1@hfhs.org.

DISCUSSION

This paper has presented an estimate of the TCD50 using a single fraction radiation dose in 

two models of cerebral tumor. The doses that resulted in complete response in 50% of each 

tumor population dose were near, but less than 20 Gy for U-251N and about 25 Gy for 9L 

tumors. In the 9L tumor population, even suboptimal doses increased survival expectations. 

Tumor size and sex demonstrated no significant effects when considered as cofactors of 

radiation response, given the sample sizes. These measures of radiation response can supply 
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a benchmark to other investigators using conformal irradiation. Looking forward, they form 

the basis of a process intended to form a predictor of survival based on measures of cerebral 

physiology.

MRI, universally employed for standard radiation treatment planning, also offers the 

possibility of establishing novel strategies for patient-specific treatment planning for high-

grade brain tumors (30). Thus, preclinical models need to be comprehensive in their 

reporting of potential contributors, e.g., tumor volume, sex, to survival and treatment 

response (21, 30, 31). Tumor volume of both primary and secondary brain tumors has been 

tied to radiation treatment success. Larger tumor volumes require higher dose regimes and 

lower volumes have been correlated to treatment success (9, 32). The support for biological 

sex contributing to treatment response is mixed. A long-term comparison of patient data 

treated both before and after the introduction of the current standard of care has shown no 

statistically significant difference between sexes (33), while other reports suggested women 

have a better prognosis than men for primary GBM cases (34–36). Much work is needed 

to confirm gender effects in high-grade glioma cases, and the potential contribution of 

sex-specific treatment plans (35).

Post-surgical irradiation is part of the standard of care for both primary and recurring 

high-grade gliomas. As the treatment of glioblastoma has advanced to include high-dose 

radiation, reliable pre-clinical models should similarly be advanced. To meet that need, 

this study aimed to utilize technology that allowed for the implementation of high-dose 

conformal therapy with normal tissue sparing to achieve a curative dose in a fraction of the 

treated population.

This study employed a high-dose, single fraction treatment; in that it differed from the 

standard of care for GBMs and other high-grade gliomas. This allows the quantification of 

the simplest possible dose regime so that the value can then be used to calculate potential 

TCD50’s for a variety of other dose regimes. While the radiation arm of the clinical standard 

of care for high-grade gliomas 54–60 Gy in 6–8 fractioned doses delivered 2–3 times a 

week for six weeks, a variety of dose prescriptions are under study (37). The standard 

of care is based on temporal fractionation to allow for tumor reoxygenation, cell cycle 

redistribution, and reduced normal tissue toxicity. In the past ten years the potential benefits 

of hypofractionation or single fractionated SRS on high-grade gliomas (38–40) have been 

investigated in multi-institutional trials. For instance, studies included dose prescription for 

GBM treatment that ranged from 40 Gy in sixteen fractions to 20 Gy in 5 fractions (38). 

Because many fractionation schemes are still being explored, the experimental design started 

at the simplest case that might be used as a baseline for a variety of other treatment plans.

This study was limited in its precision: survival at 20 Gy was barely within the 95% 

confidence interval for the goal of 50% tumor control for U-251N animals treated. For 9L 

tumors treated at 25 Gy, a better estimate resulted. The necessity of retaining animals for 

up to 200 days made it difficult to know with great precision if the given dose was correct, 

particularly when the dose cured at a higher rate than intended. For the 9L animals, it was 

soon evident that 20 Gy was below a curative dose for 50% of the population. For the 

U-251N group, however, 20 Gy achieved a control higher than 50%. For future use, and for 
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the benefit of other investigators, we note that approaching the TCD50 dose from below is 

much more efficient in time than starting from above.

Because subsequent research was designed to identify MRI biomarkers of survival, these 

data are usable, since they are adequately populated by survivors and non-survivors. Ideally, 

future research will adjust dosages to better estimate TCD50’s in these models.

When considering potential reasons for the different TCD50 for each cell line, retrospective 

in vitro data from a common lab where plated cells were treated with radiation alone in 

known doses as control studies were used to calculate common radiobiological benchmarks 

[α/β, biological effective dose (BED), and equivalent dose in 2 Gy fractions (EQD2)] from 

a linear-quadratic fit to the resulting survival data. When fit to a linear-quadratic trend line, 

retrospective U251N data (41) gave an α/β value of 9.1 Gy. From this value, A BED value 

of 64.0 Gy, and an EQD2 value of 52.4 Gy can be calculated for a reference dose of 20 

Gy in a single fraction. Likewise, references several in vitro 9L survival studies (42, 43), 

the average α/β value was 9.0 Gy, yielding a BED of 94.4 Gy and EQD2 of 59.1 Gy for 

a reference dose of 25 Gy in a single fraction. The calculated α/β values for each cell 

line are similarly based on the retrospective in vitro data; this potentially indicates that the 

reasons for the varying responses can only be determined by future examination of in vivo 

conditions.

While tumor size and sex were not determined to influence response, this study has limited 

power to consider subgroup analyses. These findings should be taken with some caution. In 

the case of tumor size and response to radiation not demonstrating a significant relationship, 

this is of particular importance. Contrary to our findings, previous studies in 9L tumors 

have shown that larger tumors require higher radiation doses to be treated effectively (44). 

However, the present study differs in the radiation delivery from those studies because of 

the use of conformal radiation. Additionally, the tumors treated in this study were limited to 

those with a largest dimension of 3–5 mm. While that dimension resulted in a wide range of 

volumes, the range of tumor sizes was still limited. Further investigation would be needed to 

determine how the method of radiation delivery and the limited tumor size range influences 

these results.

This study supports the suggestion that biological sex does not contribute to radiation 

response (33). If supported by future study, this could be of interest to the preclinical 

community. Currently National Institutes of Health (NIH) requires all animal studies to 

include equal numbers of male and female animals unless there is a strong justification for 

single-sex studies (45). Should sex continue to have null-effects in preclinical GBM models 

of radiation response, an argument might be made to limit it to one gender, thus greatly 

reducing the resources required for an animal study and allowing for larger study impacts.

Bias due to sample removal along the timeline may be introduced in the growth plots 

because treated animals, as opposed to untreated controls, were removed from the study 

when the tumor volume was large enough for treatment. Thus, these curves are best utilized 

for establishing a treatment window for each cell line based on in vivo growth. For example, 

if a study wanted to treat/test animals immediately before rapid growth occurs in vivo, a 
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treatment window of 7–9 days for 9L and 17–18 days for U-251N can be seen in the growth 

plots.

Rapidly growing tumors of all types, including high-grade astrocytomas (Grade 3 or 4), 

typically exhibit blood-brain barrier (BBB) breakdown as a radiological sign. Folkman 

has demonstrated that tumor growth beyond a diameter of ~300 microns is metabolically 

dependent on angiogenesis, which is accompanied in the brain by BBB breakdown (46–48). 

Low-grade (1 or 2), slower-growing astrocytomas do not typically exhibit BBB breakdown. 

In our case, our inplane resolution was 150 μm, and the limit of detection was 2 and 4 mm3 

for U-251N and 9L tumors, respectively.

The volumes of U-251N tumors are markedly larger when compared to that of 9L tumors. 

Due to the typically leaky nature of both tumor models, the contrast is carried by tumor 

exudate into the surrounding tissue, causing a “halo” which is not easily distinguished from 

the tumor volume in the subtraction image (17, 49). It is our impression that 9L tumors do 

not typically have as large a halo as U-251N tumors; the possible differential effect of this 

halo was not accounted for in the reported volumes presenting a potential bias in the volume 

estimates.

COVID-19 shutdown protocols affected our collection of long-term survival data. Animals 

being evaluated for long-term survival were sacrificed early due to national mandates. Such 

animals could be included in Kaplan-Meier survival curves, but both data and power to make 

stronger conclusions were lost.

This work determined radiation doses that can generate approximately equal number of 

survivors and non-survivors to be studied; a first step in evaluating biological factors as 

early predictors of response to radiation and long-term survival utilizing the non-invasive 

technique of CE-MRI. Growth plots and radiation response of orthotopic 9L and U-251N 

tumors were characterized in rodent models in terms of a clinically relevant treatment 

technique. The effect of growth and sex were studied in these models, without finding a 

significant effect. The radiation dose that cures half of a group of animals with tumors was 

estimated. The influence of tumor volume at time of treatment as measured using CE-MRI 

T1 subtraction images was evaluated. Future studies will examine what set of pre-treatment 

MRI biomarkers (e.g., blood flow, vascular permeability, etc.) predicts response in these 

models.
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FIG. 1. 
Experimental timeline from tumor implantation to death. Includes time from tumor 

implantation, various MRI timepoints, and a treatment breakdown.
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FIG. 2. 
Treatment details. Panel A: The position of the rat during treatment. The image was acquired 

after irradiation and shows exposed GafChromic film. Panel B: An axial view of CT/3D 

GRE MRI co-registration with a transition from a fully opaque MRI image (panel B.i) 

through two intermediate steps (panels B.ii and B.iii) to a fully opaque CT image (panel 

B.iv). Visible soft tissue biomarkers can be seen to be in alignment throughout. Panel C: 

MuriPlan calculated dose volume histogram with volumes depicted in (panel E). Panel 

D: An example of the treatment contour with tumor (orange), contralateral hemisphere 

(pink), and soft palette slice (navy) with MuriPlan-calculated isodose lines. Panel E: A 3D 

rendering of the four non-parallel arcs used in the treatment delivery with contours of the 

tumor (orange), sample section of soft palate (navy), and normal, contralateral hemisphere 

(pink).
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FIG. 3. 
Illustration of similarity between histology and MRI in untreated controls and animals that 

survived to 200 days. Upper left panels: Untreated 9L (panel UL.a) hematoxylin and eosin 

(H&E)-stained slides and (panel UL.b) corresponding T1-weighed image estimated volume 

of 264 mm3. Upper right panels: Example of a 9L tumor (panel UR.a) pre-irradiation, 

post-contrast T1, (panel UR.b) pre-sacrifice, post-contrast T1 and (UR.c) post-sacrifice 

H&E-stained section from an animal that survived to 200 days. Note the florid enhancing 

tumor in panel UR.a that is absent in panel UR.b. The enhancement medial to the tumor 

location seen in panel UR.b is partly from the enlarged 3rd ventricle below and partly due 

to possible radiation necrosis or pseudo progression-like development. Lower left panels: 

Untreated U-251N (panel LL.a) hematoxylin and eosin (H&E)-stained slides and (panel 

LL.b) corresponding T1-weighed image estimated volume of 2054 mm3. H&E staining 

demonstrates that tumors in both tumors had well-defined boundaries. Lower right panels. 

Example of a U251 tumor (panel LR.a) pre-irradiation, post-contrast T1, (panel LR.b) 

pre-sacrifice, post-contrast T1, and (panel LR.c) post-sacrifice H&E-stained section from 

an animal that survived to 200 days. Note the florid enhancing tumor in panel LR.a that is 

absent in panel LR.b. Ventricular enlargement seen in panels LR.b and LR.c is the result of 

tissue loss.
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FIG. 4. 
Kaplan-Meier survival curves of survival (reported in fractional survival) as a function of 

time for animas receiving varying radiation doses (solid lines) with 95% confidence intervals 

(dashed lines). Panel A: Survival of 9L-tumored control rats (n = 30, red) and those treated 

with 20 Gy (n = 22, black). Panel B: Survival of 9L-tumored control rats (n = 30, red) and 

those treated with 25 Gy (n = 64, black). Panel C: Survival of U-251N-tumored control rats 

(n = 23, red) and those treated with 20 Gy (n = 43, black). The time scale in panel A differs 

from that in panels B and C.
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FIG. 5. 
Kaplan-Meier survival curves showing a comparison of survival (reported in fractional 

survival) between host sex for each interest group shown in Table 1. Male survival is shown 

in blue, female in red. Panel A: Untreated controls with 9L tumors (m = 19, f = 11). Panel 

B: 9L subjects treated with 20 Gy (m = 10, f = 12). Panel C: 9L subjects treated with 25 Gy 

(m = 32, f = 32). Panel D: Untreated controls with U-251N tumors (m = 12, f = 11). Panel 

E: U-251N implanted subjects treated with 20 Gy (m = 23, f = 20). Consideration should be 

given to the varying time scales displayed in each figure.
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FIG. 6. 
Post-contrast T1-weighted estimate of tumor volume in cubic millimeters at time of 

treatment versus survival in days for applicable (panel A) 9L subjects who received 25 

Gy (n = 41) and panel B: U-251N subjects who received 20 Gy (n = 32). Horizontal dashed 

lines indicate average volumes for the groups. Vertical dashed lines indicate survival study 

endpoint of 200 days.
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FIG. 7. 
Untreated tumor growth plots. Volume from (panel A) 142 volume measurements in mm3 of 

untreated 9L tumors from 105 animals and (panel B) 142 volume measurements in mm3 of 

untreated U-251N tumors from 80 animals plotted against days post-implantation. Measured 

volumes are shown in gray alongside the mean (red ×), median (blue diamond), and 95% CI 

error bars of the mean for each day.

*Additional untreated tumors from different radiation treatment protocols not presented in 

this paper were included in this data set.
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TABLE 5

Wilcoxon Rank Sum Test to Assess the Effect of Measured Tumor Volume at Time of Treatment on Survival 

as a Binary Outcome (Yes, Survival to 200 Days or No, Died before 200 Days) for Tumors Treated with a 

~50% Curative Dose

Results of Wilcoxon Rank Sum Te

Group n W value P value

U-251N 20 Gy 32 156 0.223

U-251N 20 Gy males 17 41 0.279

U-251N 20 Gy females 15 31 0.779

9L 25 Gy 41 137 0.159

9L 25 Gy males 22 36 0.407

9L 25 Gy females 19 24 0.109

Notes. The W-test statistic is reported for each group and represents the minimum rank available for each group evaluated. P values are presented at 
the 95% CI and evaluate the null hypothesis that the population of survivors and non-survivors are the same based on treated tumor volume, i.e., a P 
value < 0.05 suggests that the two populations deviate.
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