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Abstract

Purpose: To develop a non-invasive prognostic imaging biomarker related to hypoxia to predict
stereotactic ablation radiation therapy (SAbR) tumor control.

Methods and materials: One hundred and forty-five subcutaneous syngeneic Dunning prostate
R3327-AT1 rat tumors were focally irradiated once using CBCT guidance on a small animal
irradiator at 225 kV. Various doses in the range 0-100 Gy were administered, while rats breathed
air or oxygen and tumor control was assessed up to 200 days. Oxygen-sensitive MRI (T1-
weighted, AR1, AR»*) was applied to 79 of these tumors at 4.7 T to assess response to an oxygen
gas breathing challenge on the day before irradiation as a probe of tumor hypoxia.

Results: Increasing radiation dose in the range 0-90 Gy enhanced tumor control of air-breathing
rats with a TCDsgq estimated at 59.6+1.5 Gy. Control was significantly improved at some doses
when rats breathed oxygen during irradiation (e.g., 40 Gy, p<0.05) and overall there was a modest
left shift in the control curve: TCDsg(oxygen) = 53.1£3.1 Gy (p<0.05 vs. air). Oxygen-sensitive
MRI showed variable response to oxygen gas breathing challenge; the magnitude of T-weighted
signal response (%ASI) allowed stratification of tumors in terms of local control at 40 Gy. Tumors
showing %ASI>0.922 with O,-gas breathing challenge showed significantly better control at 40
Gy, when irradiated while breathing oxygen (75% vs. 0%, p<0.01). Meanwhile, increased
radiation dose (50 Gy) substantially overcame the resistance with 50% control for poorly
oxygenated tumors. Stratification of dose response curves based on %ASI>0.922 revealed different
survival curves with TCDg3=36.2+3.2 Gy for tumors responsive to oxygen gas breathing
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challenge, which was significantly less than 54.7+2.4 Gy for unresponsive tumors (p<0.005),
irrespective of the gas inhaled during tumor irradiation.

Conclusions: Oxygen-sensitive MRI allowed stratification of tumors in terms of local control at
40 Gy, indicating a potential predictive imaging biomarker. Increasing dose to 50 Gy overcame
radiation resistance attributable to hypoxia in 50% of tumors.

Introduction

It is widely recognized that hypoxia is associated with tumor radiation resistance [1-4],
which is reflected in poorer outcome in clinical trials of many disease sites including
prostate lung, kidney, head and neck, brain, cervix and breast cancer [5-10]. Hypoxia is
expected to be particularly relevant in influencing hypofractionated radiation therapy such as
SAbR/SBRT, where there is no opportunity for the reoxygenation associated with
conventional courses of therapy.

Advances in image guidance and more precise treatment delivery techniques allow improved
sparing of normal tissues and hence enable the application of large doses to tumors,
unachievable with conventional radiation delivery techniques [11]. Consequently, SAbR is
gaining popularity with highly successful clinical trials in the lung making this procedure
standard of care for many patients with peripheral lung tumors [12, 13], while other disease
sites including breast [14] and prostate [15, 16] are presently under clinical evaluation. Thus,
there is an increasing need for a simple robust reliable method of assessing tumor hypoxia
non-invasively.

Many methods have been proposed to evaluate tumor hypoxia, but to date there is no
accepted non-invasive clinical procedure. Diverse imaging methods have been developed
and demonstrated in pre-clinical studies to identify hypoxia based on exogenous reporter
agents, e.g., 19F MRI [17], TH MRI [18] and ESR [19-21], or radionuclides for PET [21,
22]. Some reports have related pO, measurements in mouse or rat tumors to tumor growth
delay following radiation [19, 20, 23, 24]. In other cases, surrogate markers of oxygenation
have been related to radiation response [25-29].

Oxygen-sensitive MRI is particularly attractive since it exploits endogenous contrast with
oxygen inhalation as a potential theranostic. Blood Oxygen Level Dependent (BOLD) MRI
is directly sensitive to the concentration of deoxyhemoglobin (dHb) and responds to
conversion to oxyhemoglobin (HbO,). Correlations between apparent transverse relaxation
rate (Ro* =1/To*) or To*-weighted signal were reported with pO, [30-32]. Furthermore,
correlations between R,* and tumor growth delay following radiation have been
demonstrated in some experimental tumor models [25, 29].

Meanwhile, Tissue Oxygen Level Dependent (TOLD), also referred to as oxygen enhanced
(OE), MRI exploits the spin lattice relaxation rate (R1= 1/T1) sensitivity of tissue water to
the concentration of oxygen itself (pO,), assessed as ARy or Tq-weighted signal response to
an intervention. TOLD responses in tumors have been related to pO, [21, 26, 33, 34], but to
date few studies have explored prognostic relevance with respect to radiation. TOLD
response to an oxygen gas breathing challenge before radiation was related to a longer tumor
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growth delay following radiation when accompanied by oxygen breathing [26, 35, 36]. To
further validate the relevance of TOLD MRI in terms of assessing tumor hypoxia, we
evaluated application of a radiation boost, which was expected to overcome hypoxia, and
thereby demonstrate the utility of oxygen-sensitive MRI to predict tumor control.

Methods and Materials

All animal experiments were approved by the xxxxxxxxxx Institutional Animal Care and
Use Committee, complied with ARRIVE guidelines, and were performed in accordance with
the National Institutes of Health guide for the care and use of laboratory animals (NIH
Publication No. 8023, revised 1978).

Animal model:

145 adult male Copenhagen rats (Charles River, ~200 g) were implanted with syngeneic
Dunning R3327-AT1 prostate tumors. The AT1 is a well characterized anaplastic tumor with
a reported volume doubling time of 5.2 days [37]. Tumor tissue was originally provided by
JT Isaacs of Johns Hopkins University [38] and we used early generation material from
frozen stock, which was implanted into donor rats. Tissue was RAP tested and confirmed to
be free of mycoplasma. Tumor tissue fragments from donor rats were implanted
subcutaneously in the right thigh and allowed to grow to about 1 cm diameter. Tumor
volume was measured using a caliper on the days of MRI and irradiation and twice weekly
thereafter reducing to weekly for those tumors which regressed and were no longer
detectable; volume was calculated as V= (r/6)*a*b*c, where a, b, c, are the three orthogonal
diameters.

Magnetic Resonance Imaging:

MRI was performed on 79 rats on the day before radiation with a dose = 30 Gy.
Anesthetized rats (isoflurane (1.5%) in medical air (21% O; 1 L/min) delivered via a nose
cone) were provided with a circulating warming pad to maintain body temperature at about
37 °C and placed in a Varian 4.7 T small animal horizontal bore MR scanner (Agilent, Palo
Alto CA). Physiological parameters (temperature, respiration rate, and %O, saturation
(SpOy)) were recorded using an MR-compatible monitoring and gating system (Model 1025
SA Instruments, Inc., Stony Brook, NY, USA). Rectal temperature was measured using a
fiber optic probe and respiration rate and SpO, were monitored on the left hind leg in pulse
oximeter mode. The right leg and tumor were placed in a 35 mm home-built radiofrequency
transmit and receive solenoid volume coil matched and tuned to proton (*H) resonance
frequency (approximately 200 MHz). Scout images (axial, coronal, and sagittal images)
were acquired using a gradient echo sequence. Imaging methods were based on a protocol in
the literature [39]. Anatomical To-weighted images were acquired using a fast spin-echo
(FSEMS) sequence in 3 min 12 sec. Quantitative Ry (= 1/T1) measurements were acquired
in a single slice chosen through the tumor center using a modified fast inversion-recovery
(MFIR) method integrated with a slice-selective inversion pulse and a segmented
turboFLASH acquisition with imaging parameters: inversion-recovery (TR =6s, Tl =0.01,
0.35,1.4,3.1,5.55s, TE =20 ms) in 8 min 46 sec. R1 measurements were obtained while the
anesthetized animals (continuous 1.5% isoflurane) breathed medical air (21%0,) and at the
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end of the oxygen (100%0,) breathing challenge. Interleaved dynamic blood oxygen level
dependent (BOLD or R,*) and tissue oxygen level dependent (TOLD or T1-weighted)
measurements were performed in the same slice as the Ry measurements for about 15
minutes for baseline air and during an oxygen (100%05) breathing challenge (up to 15
minutes). BOLD acquisition used a spoiled multi-gradient-echo sequence (TR/TE = 150/5-
60 ms, scan time = 41 s) and the TOLD sequence used a spoiled gradient-echo sequence
(TR/TE = 30/5 ms, flip angle = 45°, scan time = 8 s) providing 49 s temporal resolution
(approximately 1 min when including systematic time lag between two sequential scans).

Radiation Treatment:

Within 24 hrs. of MRI, tumors were focally irradiated, while anesthetized rats breathed air
or oxygen (with isoflurane, as for MRI) using a small animal X-ray irradiator (XRAD
225Cx, Precision X-Ray, Inc., North Branford, CT) operating at 225 kV and 13 mA,
producing a dose rate of 3.3 Gy/min for a 40x40 mm? square collimator. Change in output
for tumor specific apertures and midplane prescriptions was corrected in beam-on time
calculations. A cone-beam CT (CBCT) image guidance system was used to ensure accurate
localization to the tumor. Absolute dose calibration was performed in accordance with the
recommendations of the AAPM TG-61 protocol [40]. Tumors were irradiated with a single
dose (ranging from 0 to 100 Gy) delivered AP/PA to the gross tumor volume (GTV). Cohort
sizes were based on prior literature emphasizing the need for more tumors close to the
anticipated TCDsq [41], but also noting that only about 1/3 of the tumors would likely show
a large TOLD response and be relatively radiation responsive [26]. There was no explicit
power analysis a priori. To achieve focal irradiation the rat was shifted so that tumor centroid
coincided with the beam isocenter based on CBCT, which clearly visualized tumors in the
hind leg area. We used three different collimator sizes (10 mm, 15 mm and 20 mm in
diameter) each time making sure that the entire tumor was included in beam’s eye view. The
prescribed dose was at midplane utilizing equally weighted AP/PA beams. Additionally, the
PA beam was corrected for the carbon-fiber couch attenuation. Tumors on air breathing rats
(Group 1) received doses of 0 (n=7), 10 (n=3), 20 (n=1), 30 (n=7), 40 (n=9), 50 (n=8), 60
(n=7), 70 (n=8), 80 (n=6), 90 Gy (n=7), and 100 Gy (n=7). Group 2 rats breathed oxygen for
10 minutes prior to irradiation and during irradiation; 10 (n=2), 20 (n=3), 30 (n=7), 40
(n=8), 50 (n=8), 60 (n=8), 70 (n=10), 80 (n=8), 90 Gy (n=11), and 100 Gy (n=10),
respectively. Following irradiation, tumors were measured by calipers with an end point of
progression requiring humane sacrifice, or 200 days with local control.

Data Processing and Analysis:

MRI data were processed using MATLAB (MathWorks, Natick, MA, USA). Regions of
interest (ROIs) for tumor were drawn on each of three MRI images, T1w, Tow, and To*w in
a single plane and the ROI for analysis was the area of overlap among these three images.
For clarity we use plane to define an angle for imaging, slice as a specific thickness imaged
in that plane, map as a parametric image and image as the grey scale signal intensity. BOLD
and TOLD responses (%ASI) were calculated on a voxel-by-voxel basis in a single plane
with respect to inhaling oxygen for the whole tumor ROI from dynamic BOLD and TOLD
images, respectively, using the equation: %AST = SI(OXYGEN)-SI(AIR)/SI(AIR) x
100, based on the average baseline signal intensity when breathing air, and individual time
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points for oxygen. Noting the dynamic transition, mean signal response for oxygen was
determined for the last 10 minutes after allowing for a 10-minute settling period. BOLD
images were selected at a single echo time (TE =5 ms) for analysis. R,* (from BOLD
measurement) maps were generated by fitting the transverse-relaxation data set (signal
intensity, SI vs. TE) on a voxel-by-voxel in a single plane basis to a two-parameter, mono-
exponential model: SI(TE) = A - exp(-TE - Ryo*). Quantitative AR,* values were calculated
as AR,* = [mean (R2*)oxycen — mean (Ro*)ar]l- R1 maps were generated by fitting the
inversion recovery data set (SI vs. T1) on a voxel-by-voxel basis to a three-parameter, mono-
exponential model: SI(TI) = A - B - exp(-TI - Rq). ARy values were calculated as AR =
[mean (R1)oxycen — mean (R)ar]. Only voxels that provided reliable fitting with a strong
coefficient of determination (R? > 0.95) throughout the processing of the digital images from
the quantitative ARy and AR»* maps were used in statistical analysis. Parametric maps were
generated and mean values calculated for each map at each time point.

Statistical Analysis:

RESULTS

Statistical analysis was performed using Statview 5.0 (SAS Institute) to determine mean
values and standard deviation (SD) or standard error of the mean (SEM). Kaplan-Meier
analysis with Breslow-Gehan-Wilcoxon test was used to compare tumor growth/survival
post therapy for Groups 1 and 2 with respect to different doses and with respect to MRI
parameters. TCDsgq analysis used logistic regression in Origin Pro 8.5.

Radiation response:

As expected, higher radiation dose yielded greater tumor growth delay and increasing local
control was observed for doses =40 Gy, when rats breathed air (Figure 1) or oxygen
(Supplementary Fig. S1 and Supplementary Table S1). Overall, breathing oxygen enhanced
tumor response to radiation as revealed by a modest left shift in the dose response curve and
a decrease in the TCDsgq (53.1£3.1 vs. 59.6+1.5 Gy, p<0.05; Figure 2), though enhanced
local control at 200 days was only significant at 40 Gy (Figure 3A, p=0.0201). As expected,
there was a considerable variability in tumor response to radiation (e.g., 40 Gy; Figure 3B).
Unirradiated tumors had a volume quadrupling time (VQT) of 11.7+1.9 days. Irradiated
tumors, which did not show local control following 40 Gy irradiation, still exhibited
significant growth delay on rats breathing air (48+7 days (8 of 9; p=0.0006), which
increased significantly further for rats breathing oxygen (74+10 days (5 of 8); p<0.0001 vs.
unirradiated and p=0.0176 vs. air). There was no significant difference between air and
oxygen breathing groups at 30 Gy (p=0.7040) or 50 Gy (p=0.8697). For most of those
tumors which ultimately progressed, a dip in volume followed by increase was generally
seen (Figure 3B).

MRI characteristics:

To better understand the role of oxygen and hypoxia, we examined oxygen-sensitive MRI
(T1- and To*-weighted signal, R1 and R,*), as well as responses to oxygen gas breathing
challenge (Figure 4). Some tumors showed significant changes in oxygen-sensitive MR
parameters, while others were essentially unresponsive (Figure 4). For the group of 79
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tumors assessed by oxygen-sensitive MRI mean Ry* (paseline) = 52 6+1.7 s71 SEM; mean
Ro* (oxygen) = 52.3+1.9 571 (p=0.427; paired t-test) with AR;* ~0.35+0.42 s™1. Mean BOLD
%AS1=0.87610.297. Ty (paseline) = 1.92+0.24 s decreased significantly to T;oxygen)
=1.84+0.24) (p<0.0001; paired t-test). Mean TOLD %ASI =1.30 +0.244.

Tumor control related to MRI parameters:

a large BOLD response (AR,* decreased by more than 0.67 s~1) was associated with a
significant difference in tumor control following 40 Gy irradiation for rats breathing air
(p=0.0455), but not oxygen (p=0.5023) and was unsatisfactory for stratification
(Supplementary Figure S2). Meanwhile, we determined that a threshold value of T1-
weighted MRI signal response ASI>0.922% allowed us to discriminate tumors that were
resistant versus responsive to radiation. At 40 Gy, tumors exhibiting a small TOLD response
showed rapid tumor progression, when rats breathed air or oxygen during irradiation,
implying non-modulatable hypoxia (Figure 5A). Indeed, no rats with tumors exhibiting a
small TOLD response survived beyond 80 days. Meanwhile, tumors showing a large TOLD
response showed extensive local control with either gas (3/4 survived =200 days). For large
TOLD response (ASI1>0.922%) there was no benefit of 50 vs. 40 Gy (p=0.9049) (Figure 5B).
For low TOLD response, 50% of rats survived at 50 Gy vs. none at 40 Gy.

Noting that stratification based on TOLD was similarly effective for both air- and oxygen-
breathing rats (Figure 5A), we combined data to increase cohort sizes and improve statistical
power (Figure 5B). For combined air plus oxygen groups, the threshold of %ASI>0.922
showed a significant difference in survival at 40 Gy (large vs. small TOLD p=0.0082).
Increasing the radiation dose to 50 Gy achieved substantial control (50% of tumors) even for
tumors exhibiting a small TOLD response, whether they breathed air or oxygen (Figure 5B).
Indeed, T1-weighted signal response effectively allowed discrimination of response across a
range of doses (0-70 Gy) (Figure 6), yielding a significantly lower TCDsg for tumors
responsive to the oxygen gas breathing challenge =38.2+3.2 versus 54.6+2.3 Gy for the
unresponsive tumors (p<0.005). A change of Ry (AR1>3.6 s71) also allowed stratification of
tumors on rats receiving 40 Gy, while breathing oxygen (p=0.02563) and this threshold was
effective across a range of doses (Figure S2A).

Core physiological stability and response to oxygen breathing challenge:

Avrterial oxygen saturation responded rapidly to switching gas from air to oxygen. SpO, with
oxygen (after a 5 minute settling transition period) was significantly greater than for air.
Typical baseline SpO, was stable with a range was 82 to 91% for individual rats (mean
86.4+4.3) increasing significantly to a range of 86 to 97%Sp0, (mean 92.3+4.6) (generally,
p<0.0001). Breathing oxygen did generally depress breathing rate slightly from a mean with
air of 37.7 £0.6 to 34.7 £0.5 breaths per minute (bpm xstandard error of mean). Rectal
temperature was stable throughout the investigation with mean temperature 35.4+2.4 °C. For
individual tumors the temperature was stable within 0.5 °C with standard deviation <0.2 °C
over 30 mins.
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DISCUSSION:

Increasing radiation dose enhanced growth delay and control of Dunning R3327-AT1
prostate tumors, as expected. Breathing oxygen tended to increase tumor growth delay, but
there was clear variability in tumor response, and oxygen only enhanced tumor control at 40
Gy. We found that the magnitude of water proton T;-weighted MRI signal response of
tumors to a pre-irradiation oxygen gas breathing challenge allowed stratification in terms of
tumor control and may serve as a predictive imaging biomarker.

In the current study, we chose the Dunning prostate R3327-AT1 tumor line since it is
reported to grow consistently in rats and there is extensive prior literature showing radiation
resistance. Peschke et al. have characterized radiation response extensively with respect to
photons and heavy ions [37, 42] and it is considered to represent a very effective model of
human prostate cancer. Our current results confirmed that the Dunning prostate R3327-AT1
tumor is relatively radiation resistant with a TCDgg (air) of 60 Gy (Figure 2). An interesting
feature of the Dunning prostate R3327-AT1 tumors, which ultimately progressed following
radiation, was continued increase in volume for about 10 days, followed by a dip in volume
before regrowth (Figure 3B), as also reported by others [26, 35, 42]. This may represent
radiation induced swelling or continued growth until the radiation damage causes cell death
and regression prior to further regrowth. It was previously reported that breathing oxygen,
enhanced radiation response of some Dunning prostate R3327-AT1 tumors coinciding with
higher pO, as determined using 19F MRI of exogenous administered hexafluorobenzene
reporter molecule [43]. A further report found that tumors exhibiting a larger TOLD
response to an oxygen breathing challenge before radiation experienced a longer tumor
growth delay following 30 Gy radiation when accompanied by oxygen breathing [26].

At 40 Gy, addition of oxygen gave a significant benefit in terms of tumor control (survival to
at least 200 days; Figure 3B), and even those tumors that were not controlled showed
significantly greater tumor growth delay. However, about 60% of tumors continued to grow
reaching four times their treatment volume within 200 days. Since tumor control is the
ultimate goal, we sought to differentiate those tumors that were controlled from those which
progressed. The TOLD measurements of response to a pre-irradiation gas breathing
challenge allowed stratification in terms of tumor control. Specifically, those tumors
exhibiting a small TOLD response showed much poorer control than those with large TOLD
response (Figure 5A) whether rats breathed air or oxygen during irradiation. A small TOLD
response corresponded with substantial radiation resistance across a range of doses yielding
a higher TCDsq (Figure 6).

Overcoming radiation resistance:

Those tumors showing a small TOLD response (predicted to be hypoxic [26]) showed little
benefit from oxygen gas breathing during irradiation. Indeed, hypoxic tumors were resistant
whether rats breathed air or oxygen during irradiation, while better oxygenated tumors
showed similarly good control with air or oxygen (Figure 5A). Meanwhile, applying a 10 Gy
radiation boost (50 Gy vs. 40 Gy) showed substantial additional local control of hypoxic
tumors, approaching the well-oxygenated tumors (Figure 5B). The higher dose gave no
benefit to well oxygenated tumors. These results coincide with a recent study based on ESR,
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which reported that a regionally selective radiation boost (13 Gy) enhanced tumor control
when applied to hypoxic regions, but not oxic regions of subcutaneous FSa fibrosarcoma
tumors in mice [19]. A radiation boost has been found to enhance therapeutic cure rates for
clinical prostate cancer, but higher dose inevitably increases the risk of side effects since the
prostate is surrounded by sensitive tissues such as bladder, rectum and nerves [44]. Thus, the
ability to identify hypoxic tumors is vital to avoid unnecessary radiation damage.
Historically, carbogen (95%0,+5%CO,) was favored over oxygen to improve tumor
oxygenation and indeed, it has been used successfully in many pre-clinical animal
investigations [3, 25, 29, 32, 45] and human clinical trials (e.g., ARCON) [9]. However, in
the Dunning prostate R3327-AT1, carbogen was reported to show no benefit over oxygen
[26]; meanwhile there are many reports that adding CO, causes severe respiratory distress
and is unpopular with patients [1]. An alternative approach to overcoming hypoxia is use of
high LET radiation such as carbon beams, which were demonstrated to be effective on the
Dunning prostate tumors described here [42]. However, high LET facilities remain esoteric
and thus it would be particularly important to identify those patients who would benefit.

The utility of oxygen-sensitive MRI to stratify tumors:

Oxygen-sensitive MRI based on tissue water is attractive since it is non-invasive and avoids
the need for exogenous reporter molecules. Ry is directly related to pO, and correlations
have been shown in tumors [26, 29, 33, 34], although the direct relationship can be
influenced by metal ions, deoxyhemoglobin concentration, and temperature. Ry
measurements typically require long acquisition times and therefore we only examined
quantitative R once at baseline and once with oxygen breathing to assess change (AR1). We
observed better local control for tumors exhibiting a larger AR1 when irradiated while
breathing air or oxygen (Supplementary Figure S2A). Indeed, in the range 40-60 Gy
applying a threshold of AR;>3.6 s~1 yielded a significant difference in local control
(p=0.0223).

T1-weighted images provide much faster temporal resolution allowing dynamic changes to
be observed directly (Figure 4). Observing a change in signal coinciding with the gas
challenge adds confidence that it truly reflects a change in tumor oxygenation and any drift
due to temperature would be readily apparent, although temperature was found to be stable
throughout the interventions. It was previously reported that a change in T1-weighted signal
>1.6% allowed discrimination of tumors which responded to an oxygen gas breathing
challenge and were therefore well perfused and better oxygenated [26]. Here, we found a
slightly lower threshold was effective (ASI >0.922%), but the difference is small and likely
reflects the responses of the cohorts of tumors observed in the respective study populations.
Indeed, a threshold on 0.922% or 1.6% gave identical Kaplan Meier survival curves here.

Cao-Pham et al. also examined relationships between tumor relaxation properties and
radiation response, notably R,* and R4 of both tissue water and lipid at 11.7 T [29]. In
principle, the lipid relaxation response to changes in pO, could be much more sensitive, but
the lipid signal intensity is much weaker. They observed reduced TCDsy accompanying
oxygen gas breathing during irradiation, as we report here, but they reported a lack of
correlation between Ry and radiation response. It is important to note that we find the
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change in Ry (ARq) or Tqw-signal (%ASI) to have predictive value, not the absolute Ry. We
believe that lack of Rq response to the oxygen breathing coincides with poor perfusion, lack
of change in oxygenation and extensive hypoxia. Indeed, change in Rq has been related to
tumor growth delay in pre-clinical studies of both subcutaneous prostate and orthotopic
brain tumors [26, 36].

Ro* is directly influenced by the concentration of deoxyhemoglobin as the basis of BOLD
MRI. Several studies have shown correlations between Ro* and tumor oxygenation [30-32]
and R,* response to a gas breathing challenge has been related to tumor growth delay in
response to radiation in some tumor types, but not others [25, 26, 29]. In the current work,
BOLD R»,* response provided weaker stratification than TOLD (compare Figures 6 and
Supplementary Figure S2B). Baseline tumor R,* was stable (Figure 4C), as also observed
for arterial oxygenation (SpO5) based on pulse oximetry (Supplementary Figure S3). SpO,
responded rapidly to the oxygen gas breathing challenge, as also seen in some tumors
(Figure 4C).

Quantitative Ry and Ro* measurements are potentially more reproducible and effective than
relaxation-weighted measurements and moreover R,* can be determined essentially as
rapidly as single echo time (T,*-weighted) measurements. We acquired the full echo train,
but noted that motion and noise can lead to degraded signal and we applied a filter to ensure
monotonic decay of signal in individual voxels and discarded any data where fewer than five
echoes were usable. Ro* primarily reflects vascular oxygenation, but is sensitive to
additional tissue and physical properties, notably hematocrit, flow and vascular volume.
Nonetheless, a change in R,* accompanying a gas breathing challenge is expected to reflect
conversion of deoxy- to oxy-hemoglobin and improved tumor oxygenation. Indeed, we
found that a decrease in R,*> 0.67 s~ in response to oxygen challenge was associated with
better control for tumors on rats breathing air during Irradiation, though not for those
breathing oxygen. This threshold provided some discrimination based on TCDg curves
(Supplementary Figure S2B)

The current oxygen-sensitive MRI measurements are entirely non-invasive, while the
traditional use of exogenous reporters has often required invasive intra tumoral injection or
has potentially biased measurements towards well-perfused regions following systemic
administration. Interrogating tissue water allows a whole tumor to be observed, though we
selected a single central slice to avoid excessive data acquisition times. There may be
concern that signal from necrotic regions would compromise predictive utility of
measurements. Dynamic contrast enhanced MRI can be used to discriminate perfused versus
non-perfused (presumably necrotic) regions and when combined with TOLD was found to
provide better correlations with hypoxia based on pimonidazole uptake in some tumor types
[46]. Combining DCE and OE-MRI adds to the complexity of the investigation requiring 1V
infusion of contrast agent in addition to gas breathing challenge. Combination of BOLD and
TOLD is particularly simple since the respective pulse sequences are easily interleaved
during a gas challenge. BOLD response is often greater than TOLD helping to identify the
TOLD response and more importantly validating the observations when the responses are
consistent [39].
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R4 and Ryo* measurements are readily implemented in patients and have been individually
reported for various disease sites including prostate with respect to hypoxia [47, 48], but not
specifically radiation responsiveness. MRI is becoming increasingly relevant to treatment
planning for prostate cancer and the current studies could be important in exploiting MR-
Linac treatment opportunities. For some disease sites such as prostate, the enhanced soft
tissue delineation offered by MRI over CT is vital for defining tumor. This is widely
applicable to patients and increasingly reported for pre-clinical small animal investigations
[49]. Here, we used subcutaneous tumors for ease of implantation and irradiation, as is
common in most current research. We applied uniform treatment across the whole tumor, but
identification of local hypoxia might allow a specific radiation boost to hypoxic regions
only. In terms of clinical relevance, the current work was performed at 4.7 T, which is a little
higher than standard 3 T for patients. It should be noted that Ry response to pO, tends to
decrease at higher magnet field, but of course, signal to noise increases. Nonetheless,
oxygen-sensitive MRI including T1-sensitive measurements were recently reported in the
tumors of human prostate cancer patients [48].

It must be noted that MRI is labor intensive and we lacked resources to perform MRI on
every tumor. We first wanted to establish whether the tumors would exhibit a similar
radiation response to that published [42] and assess whether there was a large oxygen gas
breathing effect. As such, MRI was performed on about half the tumors, but we note other
studies have similarly published results where MRI was only performed on a sub-cohort
[27]). Ultimately, the addition of an MRI scan to a study is time consuming and costly, but
adding oxygen-sensitive MRI to an existing scan adds little overhead. We believe the current
results now provide strong impetus to further explore the predictive value of TOLD with
respect to radiation therapy. Moreover, the increasing use of MRI in treatment planning for
prostate cancer and recent results of the FLAME trial [50] suggest an opportunity to
facilitate such measurements in human patients.

Context among imaging methods:

Many diverse imaging technologies based on exogenous reporters have been demonstrated
to assess pO5 in tumors (e.g., MRI, ESR and optical [19, 43, 51]), while others reveal
hypoxia (primarily bioreductive nitroimidazoles based on 18F PET [52, 53]) and it is
important to place the current work in context [1, 3, 17]. Investigations have explored the
predictive value of oxygen-sensitive measurements before initiating radiation, as well as the
separate topic of variation in hypoxia following radiation, which is particularly important to
the timing of sequential doses for a typical multi fraction regimen. PET based on
fluoromisonidazole (FMISO) has been particularly popular in clinical trials for several years.
Rischin et al. showed that chemoradiation was less successful in head and neck cancer
patients determined to have hypoxic tumors based on FMISO accumulation [54]. They also
reported that the addition of the hypoxic-cell-selective cytotoxin tirapazamine reduced loco-
regional treatment failures for patients with hypoxic tumors. Meanwhile, Lee et al. reported
that dose de-escalation could be applied successfully to head and neck patients exhibiting
minimal hypoxia at baseline, or as determined halfway through a course of treatment [55].
Kelada examined lung cancer patients at baseline, 2 and 24 hours after irradiation and noted
general hypoxiation after 24 hours, which would have implications for optimal timing of
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subsequent doses. Despite promising results in patients, there remains an active pursuit of an
optimal PET reporter, since FMISO provides relatively poor contrast and extensive
background signal. Compared with PET, oxygen-sensitive MRI is attractive since it avoids
the need for an exogenous contrast agent and the associated radioactivity. It is particularly
difficult to assess dynamic changes in oxygenation using PET, since initial doses must clear
or decay before additional measurements can be performed. Interestingly, correlations have
been reported between TOLD and FMISO uptake, but with the caveat that PET should be
performed at both early and late time points (10 minutes and 2 hours) to differentiate lack of
access/perfusion versus well oxygenated tumor regions [56]. TOLD has also been reported
with respect to a split dose paradigm with a change in AR prior to the second dose, but not
first dose, showing some correlation with tumor growth delay [35]. Meanwhile, the strongest
correlation was observed between tumor growth delay and change in oxygen gas breathing
response (AAR7) between baseline and second doses.

Future Directions:

We have achieved statistical significance and demonstrated the ability to discriminate
responsive versus unresponsive tumors, but the study would benefit from additional tumors
and radiation doses, notably at 35 Gy for high TOLD and 45 Gy for low TOLD to better
define the dose response curves and precision of the TCDg estimates. In this study, we were
able to effectively stratify tumors based on mean oxygen-sensitive MRI response from a
single slice through the tumor center. In the future, it may be valuable to explore
heterogeneity further across multiple slices or 3D volumes and in terms of enhancing
volume fractions. We examined a single high dose of radiation, essentially radiation surgery,
whereas clinical practice typically uses 3 to 5 doses fractionated over 2 weeks, and it will be
important to investigate whether oxygen-sensitive MRI provides similar ability to stratify
under those conditions. A report from White ef al. [35] showed that for a split dose
irradiation regimen of this same tumor type, it was the TOLD responses prior to a second
radiation dose that was correlated with outcome, though actually it was the change in
responses that was most predictive. It will also be important to validate these observations in
additional tumor types, e.g., other sublines of the Dunning prostate R3327 tumors noted for
differential hypoxia and growth rates, as shown by Glowa et al. [42]), as well as other tumor
types and ultimately orthotopic and spontaneous tumors.

Conclusions

It has been noted that “The ideal method for measuring hypoxia would be (i) noninvasive,
(ii) amenable to repeated measures, (iii) high spatial resolution, (iv) cost-effective, and (v)
directly translatable to human trials” [57]. The TOLD approach described here, for
identifying responsive versus less responsive tumors to radiation, satisfies these criteria,
although it must be noted that it provides a surrogate predictive marker related to hypoxia
rather than pO, or hypoxic fraction directly. As SBRT becomes increasingly popular, there is
a developing need to predict response, in particular the potential need for a radiation boost to
overcome hypoxia associated resistance. Oxygen-sensitive MRI is practical in patients and
has been demonstrated in prostate cancer. The current results indicate the potential
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predictive value as a basis for further validation in pre-clinical animal models and human
clinical trials.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Radiation dose dependent tumor growth delay.
For rats breathing air during focal irradiation of AT1 tumors, Kaplan Meier plots show that

higher radiation dose extended tumor growth delay and provided significantly better tumor
control (p<0.0001). Below 30 Gy, there was no tumor control and above 80 Gy there was no
obvious additional benefit. Black control; orange 10-20 Gy; light blue 30 Gy; red 40 Gy;
green 50 Gy; dark blue 60 Gy; brown 70 Gy, pink 80 Gy; cyan 90 Gy.

Int J Radiat Oncol Biol Phys. Author manuscript; available in PMC 2022 August 01.

200



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

1.0 5
0.8
c
(o) 3
.E
o 0.6+
-
G
m ' —@—
=
2 0.4 - o] m
F
-
(s

Page 18

Dose (Gy)

Figure 2. Dose Response Curves with respect to inhaled gas.
Data points represent the fraction of surviving rats at 200 days post irradiation. Separate

curves are shown for tumors on rats breathing oxygen (red) or air (black) during focal
irradiation. A distinct left shift is observed with TCDsgg value decreasing from 59.6+1.5 to
53.1+3.1 Gy. Tumors on air breathing rats received doses of 0 (n=7), 10 (n=3), 20 (n-1), 30
(n=7), 40 (n=9), 50 (n=8), 60 (n=7), 70 (n=8), 80 (n=6), and 90 Gy (n=7) 100 (n=7) Gy and
oxygen breathing rats received 10 (n=2), 20 (n=3), 30 (n=7), 40 (n=8), 50 (n=8), 60 (n=8),
70 (n=10), 80 (n=8), and 90 Gy (n=11), 100 Gy (n=10) respectively. Data are presented for
all groups of tumors, but curves were locked to 0 and 120 Gy and data for doses >70 Gy
excluded from fit for oxygen group and >90 Gy for air. Outliers (+) lie beyond 95%
confidence intervals of fits. 95% error bars are shown at the estimated TCDsq (red and black
arrows).
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Figure 3. Influence of oxygen-breathing on tumor growth delay
A) Kaplan Meier plots of the surviving fractions with respect to inhaled gas. Unirradiated

tumors (blue) had a volume quadrupling time (VQT) = 11 days. A dose of 40 Gy caused
significant tumor growth delay for air breathing rats (black; VQT = 48 days; p=0.0002) with
about 10% of tumors controlled at 200 days. When 40 Gy irradiation was accompanied with
oxygen breathing (red), the growth delay was increased further: VQT = 74 days for tumors,
which progressed, while 3 of 8 showed control; p=0.0201 vs. air and p=0.0002 vs.
unirradiated).
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B) Growth curves for subcutaneous AT1 tumors following focal irradiation with 40 Gy when
rats breathed either oxygen or air. Oxygen breathing (red) generally enhanced the tumor
growth delay compared to the air-breathing animals (black), but there was obvious overlap.
Most tumors continued to grow for about 10 days following irradiation before shrinking.
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Figure 4. MRI and response to oxygen breathing challenge.
BOLD and TOLD maps overlaid on transaxial MR images from two representative R3327-

AT1 tumors growing subcutaneously in the thigh of rats. A: AR,* map (challenge - baseline)
from BOLD measurements in a responsive and non-responsive tumor. B: corresponding T1-
weighted ASI map (challenge — baseline; expressed as % of baseline SI) maps from TOLD
measurements. White bar represents 1 cm. C and D) Traces show BOLD (mean quantitative
AR,* with baseline standard deviations) and TOLD (mean semi-quantitative T1-weighted
signal intensity with baseline standard deviations) responses to oxygen gas breathing
challenge for the responsive (red) and unresponsive (blue) tumors presented in A and B. The
vertical grey line indicates transition from air to oxygen breathing.
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Figure 5. Kaplan Meier plots stratified by TOLD MRI.
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A) Tumors exhibiting small TOLD response (<0.922%ASI) showed poor tumor control
following a single dose of 40 Gy whether the rats breathed air (red, n=4) or oxygen during
irradiation (blue, n=3). Meanwhile, those tumors exhibiting a large TOLD response showed
effective control irrespective of inhaled gas (green and purple, n=3 and 1 and respectively)
B) Noting the similarity of response irrespective of inhaled gas, we combined groups in (A)
to show curves for mixed cohorts, which include both air and oxygen, gas breathing rats. It
is seen that tumors showing a small TOLD MRI response to pre-irradiation oxygen
breathing challenge were not controlled whether breathing air or oxygen during irradiation
(red). Applying a higher radiation dose (50 Gy) to tumors showing small TOLD response
improved tumor control in 50% of tumors (blue). Well oxygenated tumors, characterized by
a large TOLD response showed similar control with 40 or 50 Gy irrespective of inhaled gas

(purple and green).
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Figure 6. Dose Response Curves with respect to inhaled gas.
Survival curves are shown for groups of tumors irradiated while rats breathed air or oxygen

with stratification based on TOLD signal response to an oxygen gas breathing challenge
before irradiation: T{W ASI> 0.922% (red) or <0.922% (black), yielding distinctly separate
curves with TCDsgq 36.2+3.2 versus 54.7+2.4 Gy. 95% error bars are shown at the estimated
TCDxg (red and black arrows).
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