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Abstract

Comprehensive treatment for vertebral metastatic lesions commonly involves vertebral
augmentation (vertebroplasty or kyphoplasty) to relieve pain and stabilize the spine followed by
multiple sessions of radiotherapy. We propose to combine vertebral augmentation and
radiotherapy into a single treatment by adding **P, a f-emitting radionuclide, to bone cement,
thereby enabling spinal brachytherapy to be performed without irradiating the spinal cord. The
goal of this study was to address key dosimetry and safety questions prior to performing
extensive animal studies. The **P was in the form of hydroxyapatite powder activated by neutron
bombardment in a nuclear reactor. We performed ex vivo dosimetry experiments to establish
criteria for safe placement of the cement within the sheep vertebral body. In an in vivo study, we
treated three control ewes and three experimental ewes with brachytherapy cement containing
2.23 mCi **P/mL to 3.03 mCi *P/mL to identify the preferred surgical approach, to determine if
32P leaches from the cement and into the blood, urine, or feces, and to identify unexpected
adverse effects. Our ex vivo experiments showed that cement with 4 mCi **P/mL could be safely
implanted in the vertebral body if the cement surface is at least 4 mm from the spinal cord in
sheep and 5 mm from the spinal cord in humans. In vivo, a lateral retroperitoneal surgical
approach, ventral to the transverse processes, was identified as easy to perform while allowing a
safe distance to the spinal cord. The blood, urine, and feces of the sheep did not contain
detectable levels of *?P, and the sheep did not experience any neurologic or other adverse effects
from the brachytherapy cement. These results demonstrate, on a preliminary level, the relative

safety of this brachytherapy cement and support additional development and testing.






1. Introduction

The spine is the most frequent site of bony metastasis (Hage et al 2000), and metastatic
spine lesions are known to occur in 30% — 50% of all cancer patients (Wong et al 1990, Harel
and Angelov 2010). Rates of spinal metastases vary by primary cancer type, with the highest
rates noted in 74% — 79% of breast cancer patients and 90% of prostate cancer patients at
autopsy (Wong et al 1990, Budczies et al 2014). Vertebral lesions and secondary skeletal related
events, e.g. pathologic fracture and spinal cord compression, correlate with shorter survival and
cause significant pain, loss of functional status, and decreased quality of life (Hernandez et al
2018, Barzilai et al 2019).

Comprehensive treatment for vertebral metastatic lesions most commonly involves
vertebral augmentation (vertebroplasty or kyphoplasty) to relieve pain and stabilize the spine
followed by radiation therapy. Vertebral augmentation has been shown to decrease pain, improve
or maintain mobility, and improve quality of life (Mendel et al 2009, Berenson et al 2011).
Studies demonstrate 73% — 85% of patients experienced moderate-to-complete pain relief
following vertebral augmentation (Georgy 2008). Radiation can be administered through
traditional external beam radiation therapy (EBRT) or, more recently developed and more costly,
intensity modulated radiation therapy (IMRT) or stereotactic body radiation therapy (SBRT).
EBRT, IMRT and SBRT reduce pain from the lesion and control disease progression (Harel and
Angelov 2010, Barzilai et al 2019). EBRT is typically delivered in multiple small doses
(treatment fractions) over two or more weeks to limit toxicity to anatomical structures in close
proximity to the lesion, such as the spinal cord. IMRT and SBRT offer more localized radiation,
potentially with fewer treatment fractions and increased efficacy against radioresistant tumors

which may not respond to EBRT (Barzilai ef al 2019). However, even SBRT can require up to



five treatment fractions, and dose is limited by risk of myelopathy with positional deviations of
1-2 mm significantly increasing unintentional radiation to the spinal cord (Sahgal ef al 2013).
Whether radiotherapy is administered as EBRT, IMRT or SBRT, each therapy session can be
associated with side effects such as nausea, vomiting or diarrhea due to irradiation of the
gastrointestinal tract. The poor bone quality associated with vertebral metastases is also further
degraded by the effects of radiotherapy, with occurrence or progression of vertebral body
compression fracture noted in less than 5% of patients receiving EBRT but 5.7% to 39% of
patients treated with IMRT or SBRT, depending on dose and fractionation (Rose et al 2009,
Husain et al 2017, Virk et al 2017, Rich et al 2018, Barzilai et al 2019, Zeng et al 2019).
Together, the current treatment regimen of vertebral augmentation to stabilize the spine followed
by radiation therapy still poses the inconvenience of multiple treatment sessions and associated
side effects for patients and their caregivers and results in extensive use of healthcare facilities.

As an alternative to the conventional two-phase treatment for metastatic tumors in the
vertebral body, we propose performing vertebral augmentation with a bone cement containing
2P, a B-emitting radionuclide with a 14.3-day half-life (Kaneko er al 2010, Kaneko et al 2012).
This procedure would combine local radiation therapy and vertebral augmentation into a single
treatment, i.e. spinal brachytherapy, offering stabilization and early pain relief while providing
local tumor control. Additional advantages of spinal brachytherapy with **P are a higher
radiation dose to the adjacent bone and tumor, a lower radiation dose to the spinal cord, and
essentially no radiation to the gastrointestinal tract, eliminating the nausea, vomiting and diarrhea
of conventional radiotherapy, ultimately improving the quality of life for these patients.

To determine if treatment with **P brachytherapy bone cement would be feasible, we

developed and verified models to estimate the dose distribution in human vertebrae and



demonstrated through simulated scenarios that **P brachytherapy cement could deliver
therapeutically relevant radiation doses while sparing the spinal cord (Kaneko et al 2010,
Kaneko ef al 2012). We also found that the dose from *’P brachytherapy cement depends on the
activity concentration (mCi/mL) of the cement and the perpendicular distance from the cement
surface, but not on the volume of bone cement implanted, i.e. the total activity implanted, if the
cement is at least 2 mm thick (Kaneko et al 2012, Keyak et al 2015). This behavior stems from
the self-shielding nature of the cement, preventing emissions more than about 2 mm below the
cement surface from leaving the cement. The result is that the dosimetry associated with this
brachytherapy cement is simpler than that for conventional brachytherapy seeds. However,
questions about our brachytherapy cement remain unanswered.

The goal of the present study was to answer key questions prior to performing extensive
studies in vivo in sheep, the animal model that is typically used for vertebral augmentation
research due to anatomical similarities between sheep and human vertebrae (Liebschner 2004).
Specifically, we performed ex vivo dosimetry experiments to establish the criteria for safe
placement of **P bone cement in the sheep vertebral body relative to the spinal cord and soft
tissues outside the vertebral body, such as peripheral nerves, and we performed an in vivo study
to assess the preferred surgical approach, to determine if **P leaches from the cement into the
bloodstream, or is found in the urine or feces, and to identify any unexpected adverse effects
from the cement that would potentially influence translation of brachytherapy bone cement to

clinical use.



2. Methods
2.1 Production of **P and Cement Preparation

The **P component of the brachytherapy cement was provided in the form of
hydroxyapatite powder (HAP) that had been activated by bombardment with neutrons in a
nuclear reactor to create **P-HAP. This compound was chosen because hydroxyapatite exhibits
very low solubility in water. Due to the presence of calcium in the hydroxyapatite, calcium
radioisotopes were also formed, but with negligible effect on dosimetry.

For each batch of cement, a fused silica vial containing 0.340 g HAP was sealed under
vacuum. For the ex vivo studies, two vials were placed in the core of a nuclear reactor
(TRIGA™, General Atomics) located at McClellan Nuclear Research Center, Sacramento, CA,
USA, for 113 hours at 1 MW power over a three-week period (7-8 hours per day, Monday
through Friday). One of these vials was used in cement for dosimetry experiments and the other,
the “Calibration Vial”, was used to calibrate a dose calibrator (CRCI-55tW Dose Calibrator and
Well Counter, Capintec, Inc.), as described in the Appendix. For the in vivo studies, two or three
vials at a time were placed in the reflector of a nuclear reactor for 146 to 155 hours continuously
(Missouri University Research Reactor, Columbia, MO, USA). Each vial was then placed in the
dose calibrator to obtain a provisional measurement of the **P activity in the vial. Once the dose
calibrator was calibrated, the provisional measurement of the **P activity in each vial was
multiplied by a scaling factor to obtain the actual **P activity in each vial (see Appendix).

Preparation of each batch of brachytherapy cement involved adding an entire vial of **P-
HAP to one 20-g dose of sterile bone cement powder (Kyphon HV-R, Medtronic, Inc.) and

mixing the powders with a 9-g ampoule of sterile liquid cement monomer (Kyphon HV-R,



Medtronic, Inc.) for 90 seconds using a cement mixer (Minimix CMM4, IZ1 Medical). The
mixed radioactive bone cement was then transferred to a 3 mL polyethylene/polypropylene
syringe (Norm-Ject, Henke Sass Wolf, Germany) fitted with a 10-gauge stainless steel blunt
needle with a nickel-plated brass hub (Hamilton Company).

Exposure of personnel to the high-energy **P emissions was minimized by using tools to
increase distance to the radioactive material, providing polypropylene and polycarbonate
shielding, and minimizing time close to the material. For the in vivo experiments, the **P-HAP
vial was sterilized using dry heat sterilization and all tools and shielding were autoclaved.
Containment of the **P-HAP while opening the vial and mixing the cement was achieved by
placing the vial into a sealed sterile plastic bag that was attached to the top of the cement mixer.

The plastic bag also contained the liquid monomer ampoule and the cover to the cement mixer.

2.2. Ex Vivo Dose Measurements

Ex vivo experiments were performed to measure the radiation dose that would be
delivered to the spinal cord and adjacent soft tissues after performing kyphoplasty with P
cement in an ovine model. Radiation dose was measured using radiochromic film (GAFChromic
EBT3, Ashland, Inc.). This film is composed of 2 outer polyester layers and an inner active layer
that produces a color change dependent on radiation dose.

Six vertebrae (L1-L6) were obtained from a cadaveric sheep (Rambouillet X Columbia
ewe) after sacrifice from one of several ongoing ovine studies that examined questions not
relevant to our work and that were approved by the University of California, Irvine (UCI)
Institutional Animal Care and Use Committee (IACUC). A hole was drilled mediolaterally into

the lateral aspect of each vertebral body, near the cranial or caudal end, using a 5.2-mm-diameter



cannulated drill bit (Figure 1). The dose at the ventral surface of the spinal canal was assumed to
be the dose to the ventral surface of the spinal cord, and the distance from that surface to the
closest part of the drill hole was different in each vertebra so that a range of doses would be
measured. This distance was not directly visible but could be measured with reasonable accuracy
(within about 0.5 mm) using calipers, with the drill bit inserted, and was approximately 1 mm,
2.5 mm, 3 mm, 4 mm, 5 mm, and 6 mm for the six drill holes. To allow for radiochromic film to
be placed on the ventral surface of the spinal canal, the dorsal vertebral arch was removed with
an oscillating saw by cutting through the lamina, adjacent to the medial aspect of each facet. The
spinal cord was removed, and a piece of radiochromic film was placed on the ventral surface of
the spinal canal and held in place with elastic bands (Figure 1). Brachytherapy bone cement
containing 0.267 mCi **P/mL was injected into the hole in each vertebral body by placing the
needle against the bottom of the hole and gradually injecting the cement while withdrawing the
needle to prevent air from becoming trapped in the hole. The pieces of radiochromic film placed
0.5 mm to 4 mm from the cement were removed from the specimens 23 h to 34 d after injection
of the radioactive bone cement, when doses within the optimal range for the film (0.2-10 Gy)

were delivered. Two pieces of film 5 mm and 6 mm from the cement were exposed for 181 d.




Figure 1. A hole was drilled into the vertebral body to receive brachytherapy cement (left). The
spinous processes were removed, enabling placement of radiochromic film on the ventral surface

of the spinal canal (right).

To evaluate the dose delivered to soft tissue adjacent to brachytherapy cement, the same
batch of cement containing 0.267 mCi **P/mL was used to create cement disks measuring 12.7
mm in diameter and at least 6 mm high by injecting cement into polypropylene molds. After
removing the bottom of the mold, each radioactive disk surrounded by its polypropylene mold
was placed atop a sheet of polycarbonate measuring from 1.1 mm to 5.45 mm thick to simulate
the effect of soft tissue of varying thickness. Radiochromic film was placed under each
polycarbonate sheet for 3 h to 23 d, until 0.2-10 Gy was delivered. Our previous work showed
that, aside from edge effects near the perimeter of the disk, the dose from *P brachytherapy
cement to the film depends only on the activity concentration and the perpendicular distance
from the cement surface, and not the total activity or thickness of the cement, if the cement is at
least about 2 mm thick (Kaneko er al 2012, Keyak et al 2015). Therefore, the dose measured
beneath the center portion of each disk (at least 2-3 mm from the edge of the disk) would be the

same even if the thickness of the disk varied.

2.3. Processing radiochromic film
To calibrate the radiochromic film, twelve pieces of film were exposed to 0.0, 0.10, 0.20,
0.40, 0.80, 1.6, 2.4, 3.2, 4.6, 6.0, 8.0, and 10.0 Gy, respectively, using a 12 MeV electron beam

from a linear accelerator (Clinac 21-EX, Varian Medical Systems, Inc.). After exposure, all film,
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including film for calibration and film used to measure dose, was allowed to stabilize for at least
24 hours, scanned at 150 dpi with consistent orientation using a flatbed scanner (EPSON
Expression 11000XL Photo scanner), and processed by a Matlab script (Mathworks, Inc.). Using
a triple-channel approach (Micke et al 2011, Palmer et al 2014), the red, blue, and green pixel
intensities were converted to their respective optical densities.

The average optical density of each calibration film was calculated. For each color
channel, a calibration equation of the following form was obtained between the known radiation
dose and the average optical density: OD = a + b/(D - ¢), where a, b, and ¢ are constants, OD is
the optical density, and D is the known radiation dose (EBT3 Specification and User Guide).

To process the film that was used to measure dose, the optical density at each pixel was
obtained for each of the red, blue, and green color channels (Figure 2), and a 3x3 mean filter was
applied. From the filtered optical densities, the dose at each pixel for each color channel was
calculated using the respective calibration equation. The doses from the three color channels
were then averaged to obtain the measured pixel dose, and the maximum measured pixel dose
was identified. From the maximum measured pixel dose and the exposure time, the maximum
lifetime dose was calculated using standard decay equations. Our previous work (Kaneko et al
2012, Keyak et al 2015) showed that the dose from radioactive bone cement depends on the
activity concentration (mCi/mL), so the maximum lifetime dose was normalized to activity

concentration.
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Y Image Pixsls

Figure 2. Exposed radiochromic film from the ventral surface of the spinal canal of the L1
vertebra (top left) and from beneath a 3.57-mm-thick sheet of polycarbonate that was placed
under a radioactive cylinder (bottom left). The sampled region is indicated by the rectangle on
the dark, exposed region of each piece of film. The scanned optical densities for the red channel
within the sampled region are shown (top and bottom right). A 3x3 mean filter was applied to
these data. Dose was calculated from each color channel and then averaged over all three color
channels to obtain the pixel dose. The maximum pixel dose within each sampled region is plotted

in Figures 3-4.
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2.4. In vivo kyphoplasty with P brachytherapy bone cement

Six Rambouillet X Columbia ewes, ages 2-3 years, underwent kyphoplasty at the first or
second lumbar vertebra, as described below. Three ewes received **P-HAP mixed with bone
cement (experimental sheep) and the other three ewes received non-radioactive HAP mixed with
bone cement (control sheep). The activities at the time of implantation into the three
experimental sheep were 3.03 mCi/mL, 2.89 mCi/mL, and 2.23 mCi/mL, based on dose
calibrator measurements. The protocol was reviewed and approved by the UCI IACUC (AUP-
20-046); the UCI animal care and use program is fully accredited by AAALAC International.

The sheep were allowed to acclimate for 10-12 days and were fasted for 12 hours
preoperatively. On the day of surgery, gentamicin (3 mg/kg) intramuscularly (IM), penicillin
(30,000 1U/kg) IM, glycopyrrolate (0.01 mg/kg) IM, sustained-release buprenorphine (0.1
mg/kg) subcutaneously, and flunixin meglumine (1.1 mg/kg) IM were administered
preoperatively. Anesthesia was induced with propofol (7 mg/kg) intravenously, and the sheep
were intubated with an endotracheal tube. Isoflurane in 100% oxygen at 2-3% was administered
throughout the procedure. Heart rate, end-tidal CO,, percent O, saturation, body temperature, and
respiratory rate were monitored continuously. Ceftiofur (2.2 mg/kg) IM and flunixin meglumine
(1.1 mg/kg) IM were administered post-operatively and once daily for 3 additional days.

Two surgical approaches were investigated under C-arm visualization, both involving a
5.2 mm diameter drill hole into the cranial portion of the L1 or L2 vertebral body, past the
midline, resulting in a cavity at least 15 mm deep. In the first two control sheep, a dorsal
approach was used, with a hole drilled through the base of the lateral process, roughly
representing percutaneous kyphoplasty in humans. For the three experimental sheep and the final

control sheep, a lateral retroperitoneal approach, ventral to the transverse processes, was used to
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expose the operative vertebra (Bungartz 2016). After drilling, the hole was then filled completely
with bone cement. Routine 2-layer closure was performed. The sheep were monitored closely
immediately postoperatively until they were able to stand. They were offered food and checked
in the evening. Health checks were performed daily for the three days after surgery, particularly
checking for proprioception and motor strength in the rear legs. For the following 6 weeks,
general health and gait were evaluated weekly by a veterinarian to ensure that the sheep were
walking normally. The animals were sacrificed 23 weeks postoperatively.

The dose rate above the surgical incision was measured just after surgery using an ion
chamber (Model # TBM-IC-LR, Technical Associates). Urine and feces were evaluated daily for
the presence of radiation (Model 3 Survey Meter, Model 44-9 GM detector, Ludlum
Measurements, Inc.). Blood (3 mL) was collected on postoperative days 2, 4, 6, 10, 14, 22, 34,
and 42 and tested for radioactivity by placing the sample in a Nal drilled-well scintillation crystal
counter (CRC-55t Well Counter, Capintec, Inc.), counting the detected disintegrations over the
full spectrum for 10 minutes, and subtracting the detected disintegrations when the well was
empty (background counts) to obtain “net counts”. Measured activity was calculated by dividing
the net counts by the well counter efficiency for **P in blood. The blood sample was considered
to contain activity above the background level if the net counts exceeded the minimum
detectable counts (MDC) or, equivalently, if the measured activity exceeded the minimum
detectable activity (MDA) (see Appendix).

Erythrocyte sedimentation rate (ESR) and complete blood count (CBC) with differential
were obtained on postoperative days 6, 14, 22, and 32. For each type of test, the means and
standard deviations in the experimental and control groups were computed at each time point.

The range of these means with their respective standard deviations were computed for each
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group. Statistical comparisons were not performed because the goal of this pilot study was to
obtain means and standard deviations, making the statistical power too low for meaningful

comparisons.

3. Results

The ex vivo dosimetry measurements provided the lifetime dose per mCi **P/mL of
cement versus distance for emissions passing through bone and polycarbonate to the
radiochromic film (Figures 3-4). The data for nonzero doses were well-fit by curves with
exponential decay. Doses were undetectable for distances 5 mm or more from the cement surface
in bone and 5.45 mm from the cement surface in polycarbonate after exposing the film for 181
days and 6.8 days from the time the cement was mixed, respectively. The dose that penetrated
through 2.5 mm and 4 mm of polycarbonate was, respectively, 13.4 and 3.6 times the dose that
penetrated through the same thickness of bone.

All surgeries were completed without complications, with all sheep standing and eating
within three to five hours of surgery, and all postoperative physical examinations within normal
limits. We found that the lateral retroperitoneal surgical approach was technically easier to
perform than the dorsal approach; due to the anatomy of the sheep, the dorsal approach, which
was performed on two control sheep, would have caused the distance between the cement and
spinal cord to be too small to allow for safe placement of the brachytherapy cement. Therefore,
the lateral retroperitoneal approach was performed on one control and all three experimental
sheep, which enabled the surface of the brachytherapy cement to be at least 5 mm from nerve

roots and the spinal cord.
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Brachytherapy cement was present in the soft tissue of the first experimental sheep which
resulted in measurable amounts of radioactivity on bloodied areas of the skin surface near the
incision. Cleaning the area removed the contamination, but the dose rate was not notably
reduced. The dose rate in this case was 185 uSv/hr at 5 cm and 30 uSv/hr at 30 cm above the
surgical site. In the second surgery, cement was placed only in the vertebra, with no cement in
the soft tissue. Adjacent to the incision, emissions were detected using a Geiger-Muller counter,
but the dose rate was below detectable levels using the ion chamber (<0.1 puSv/hr). In the third
sheep, the dose rate adjacent to the incision was 4 uSv/hr.

Net counts (counts over background) in the blood of the experimental sheep were < 15
cpm, with a median of -13.5 cpm, similar to net counts in the blood of control sheep, < 65 cpm,
with a median of 0 cpm (Figure 5). Net counts from the blood of the experimental sheep were
below the MDC of 25 cpm to 37 cpm and the MDA of 3.3 Bg/mL to 4.8 Bg/mL, respectively,
although the blood of the control sheep demonstrated counts above those levels. Using a Geiger-
Muller counter, no activity was detected in the urine or feces of the sheep at any time. CBC with
differential and ESR results were unremarkable, with similar results for control and experimental

sheep (Table 1).
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Table 1. Blood test results. At each time point, mean and standard deviation in each group
were calculated. The range of these means over the four time points is presented with the
respective standard deviations (SD) in parentheses.

Lowest Mean (SD) — Highest Mean (SD)
Over the Four Time Points

Control Group

Radioactive Group

White blood cell count (10°/uL)

Red blood cell count (10%uL)

Hemoglobin (g/dL)

Hematocrit (%)

Mean corpuscular volume (fL)

Mean corpuscular
hemoglobin (pg)

Mean corpuscular hemoglobin

concentration (g/dL)
Platelet count (10°/uL)
Neutrophils (segmented)
Neutrophils (bands)
Lymphocytes
Monocytes

Eosinophils

Basophils

Eosinophil sedimentation
rate (mm/h)

5.1(0.17) - 6.1 (0.85)
9.0 (0.31) - 10.1 (0.66)
10.2 (0.78) — 11.3 (1.02)
30.7 (2.08) — 35.7 (5.77)

33(1.2)-35(3.1)

11.0 (0.44) — 11.3 (0.55)

31 (0.6) — 34 (0.6)

475 (25.4) — 893 (196.6)

1435 (707.9) — 2421 (1389.3)

0@

2928 (288.1) — 3295 (614.6)

154 (138.8) — 318 (78.0)
236 (88.5) — 311 (129.6)
0@

1.0 (1.73) = 7.2 (6.21)

5.8 (0.81) - 8.8 (3.50)
10.0 (2.33) — 10.7 (1.30)
10.5 (1.65) - 11.4 (1.65)
33.0(7.25) - 36.7 (9.07)

31 (1.0)-35(5.8)

10.3 (0.15) - 10.8 (0.21)

30 (4.9) - 34 (0.6)

522 (142.8) - 612 (202.5)
2107 (989.3) — 4941 (2928.3)
0(@)

3035 (413.1) — 3534 (1705.2)
117 (16.2) — 233 (189.1)
161 (97.6) — 264 (177.5)
0(@)

0(0)-3.7(3.79)
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4. Discussion

The goal of this study was to answer key questions about *’P brachytherapy bone cement
in preparation for future animal studies in vivo. We performed experiments ex vivo to quantify
safe distances between the spinal cord and brachytherapy bone cement in the sheep vertebral
body and between sensitive soft tissues and brachytherapy bone cement. We also performed a
pilot study in vivo to assess the preferred surgical approach, to determine if **P leaches from the
cement into the bloodstream, or is excreted in the urine or feces, and to identify any unexpected
adverse effects from the cement that would potentially influence translation of **P brachytherapy
bone cement to clinical use.

Our experimental data for the lifetime dose to the surface of the spinal cord versus
distance in bone from the cement surface can be compared with our dose distributions in human
trabecular vertebral bone calculated previously using Monte Carlo models. When the cement
surface was 1 mm from the ventral aspect of the spinal canal, the measured lifetime dose was just
22 Gy/mCi/mL in sheep compared with 750 Gy/mCi/mL in human bone (Keyak et al 2015).
This discrepancy is too large to be attributed to the four-fold greater density of ovine trabecular
vertebral bone compared with human trabecular vertebral bone (Liebschner 2004) or to the
presence of cortical bone in the ovine specimens (Keyak ef al 2015). Therefore, we attribute this
lack of agreement to a modest understatement of distance in a steep portion of the dose-distance
curve. Agreement with our previous data was considerably better when the cement surface was
2.5 mm from the ventral aspect of the spinal canal, with a lifetime dose of 10 Gy/mCi/mL,
compared with a dose of 20 Gy/mCi/mL in human cortical bone (Keyak et al 2015). Given the
greater density of sheep trabecular bone and the dense cortex at the ventral aspect of the ovine

spinal canal, these doses are in agreement. Finally, placing the cement surface at least 4 mm
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from the ovine spinal cord would result in a lifetime dose of less than 5 Gy/mCi/mL, or 15 Gy
for the cement used in the in vivo portion of our study which contained up to 3 mCi **P/mL. This
dose is consistent with our previously calculated lifetime dose of 12.5 Gy at a distance of up to
4.7 mm (Kaneko et al 2012), considering the greater density of ovine bone. The maximum
allowable lifetime dose to the spinal cord from **P brachytherapy cement is 54 Gy (Kaneko et al
2012), so cement with an activity concentration of 4 mCi/mL could be safely implanted in the
vertebral body if the surface of the cement is kept at least 4 mm from the spinal cord in sheep
and 5 mm from the spinal cord in humans.

The dose from brachytherapy cement in soft tissue is important because cement at the
drill hole entrance to the vertebral body will irradiate soft tissues in the area, such as the
peripheral nerves. We used polycarbonate to simulate soft tissue in our experiments.
Polycarbonate, acrylic, water and soft tissues have similar radiological properties, i.e. linear
collision stopping power and scattering power, with similar effective atomic numbers
(polycarbonate, 6.36; acrylic, 6.47; water, 7.42) and electron densities (polycarbonate, 3.83 x
10 electrons/cm?; acrylic, 3.84 x 10* electrons/cm?; water, 3.34 x 10* electrons/cm?; muscle,
3.51 x 10% electrons/cm?) (Gerbi et al 2009, Shrimpton 1981). The effective density of acrylic
relative to water, i.e. the ratio of penetration in water to penetration in acrylic, is 1.11 (Loevinger
et al 1961), so the measured lifetime doses 3 mm and 4 mm from the cement surface in
polycarbonate, 69 Gy/mCi/mL and 17 Gy/mCi/mL, respectively, approximate lifetime doses 3.3
mm and 4.4 mm from the cement surface in water. Our previous models simulated bone marrow,
not water, but the lifetime doses 3.3 mm, 4.4 mm and 5 mm from the cement surface were 85
Gy/mCi/mL, 20 Gy/mCi/mL and 7 Gy/mCi/mL, respectively (Keyak et al 2015). Based on the

agreement between our measured and computed doses, we can conclude that brachytherapy
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cement with an activity concentration of 4 mCi/mL should be placed no closer than 5 mm from
sensitive tissues, such as peripheral nerves.

In our surgical experiments, we found that a lateral retroperitoneal approach, ventral to
the transverse processes (Bungartz ef al 2016) was relatively easy to perform while allowing for
a comfortable, safe distance between the surface of the brachytherapy cement and the spinal cord
and nerves. We tested for *?P in the bloodstream which, if present in high concentrations, could
lead to serious adverse effects. The measured activity in the blood of the experimental sheep was
below that of the control sheep and below the MDA of 3.3 Bq/mL to 4.8 Bq/mL even when
brachytherapy cement had extravasated into the adjacent soft tissue. If substantial quantities of
32P had been present in the blood, the kidneys would have excreted it in the urine along with
stable phosphorus where it would have been detected during radiation surveys of the urine and
feces. We also found no evidence of systemic effects associated with radioactivity, which would
first present with a decrease in lymphocytes, and we found no sign of inflammation, which would
present as elevated ESR. These findings are not surprising because the **P-HAP was embedded
within the bone cement and because hydroxyapatite has very low solubility in water. However,
experimental confirmation that there is indeed no detectable activity in the blood and waste is
reassuring from a radiation safety standpoint in the context of both animal studies and future
patient care. Finally, we also found no neurologic deficits, which is consistent with our ex vivo
dosimetry studies and maintaining the cement surface at least 5 mm from the spinal cord.

Percutaneous vertebral augmentation has been previously combined with brachytherapy
through use of Samarium-153—ethylene diamine tetramethylene phosphonate ('**Sm-EDTMP), a
liquid (Ashmalla et al 2009, Cardoso et al 2009) or by implanting [-125 seeds prior to injecting

bone cement. Both approaches deliver a significant dose to the spinal cord due to gamma
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emissions from these radioisotopes and require treatment planning to ensure that the spinal cord
is not harmed. Unlike I-125 seeds and the **P-HAP in the present study which remain in the
vertebral body, liquid '*Sm-EDTMP is known to leave the bone cement, having been visualized
through imaging at distant metastatic sites.

Brachytherapy with I-125 seeds has been the subject of patient studies that have
demonstrated pain relief (Lu et al 2019, Xie et al 2020). However, this treatment may be
challenging to perform because the physician must place the individual brachytherapy seeds in
the proper locations inside the vertebral body. These locations are determined through treatment
planning prior to the procedure to ensure that the desired dose distribution is achieved while not
harming the spinal cord.

Our previous dosimetry data can be used to gauge the potential efficacy of brachytherapy
cement for treating metastatic tumors in bone (Kaneko et al 2012). We reported that an often-
prescribed EBRT treatment for patients with spinal metastases (30 Gy delivered over 10 daily
treatment sessions of 3 Gy per fraction) would be biologically equivalent to a dose of 38 Gy
from a *P permanent implant. In comparison, brachytherapy cement with an activity
concentration of 4 mCi/mL implanted in human bone would deliver over 100 Gy within 2.7 mm
to 4.1 mm of the cement surface. Thus, brachytherapy bone cement could deliver a greater dose
to regions of the vertebral body than conventional EBRT. Given that the presence of the spinal
cord inherently limits the dose that can be delivered by EBRT, IMRT and SBRT, brachytherapy
cement could be especially beneficial to patients with radioresistant tumors.

Vertebral augmentation using our brachytherapy cement has advantages beyond simply
combining a multi-visit treatment and a minimally invasive surgery into a single procedure. Due

to the nature of beta emissions, this treatment would not induce the side effects of conventional
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external beam radiation which passes through the skin, gastrointestinal tract, and other tissues.
These side effects reduce the patient’s quality of life and often prevent them from completing the
full course of treatment. Our new treatment would also provide a new option for patients who
have already received EBRT and whose tumor did not respond or recurred. These patients
currently require more expensive treatments, such as SBRT or IMRT, which have limited
availability due to high capitalization requirements. Treatment with brachytherapy cement
requires less capital-intensive infrastructure, so it would be more widely available. Using
brachytherapy cement as the first treatment would also not preclude subsequent treatment with
EBRT, IMRT or SBRT in the event of tumor recurrence. Indeed, the previously implanted
brachytherapy cement would continue to reinforce the structure after subsequent external
radiotherapy treatments further weaken the remaining bone.

Brachytherapy cement has the potential to significantly improve patient quality of life
while keeping the vertebroplasty or kyphoplasty procedure used to implant this cement
essentially unchanged. Thus, physicians who perform vertebral augmentation would employ
their existing skill set in combination with minimal additional training to treat patients with
brachytherapy cement. The dosimetry concepts are simple, requiring sensitive tissues, such as
the spinal cord and peripheral nerves, to be kept at least 5 mm from the surface of the cement for
an activity concentration of 4 mCi/mL. Brachytherapy cement could also be used with newer
technologies, such as radiofrequency ablation (RFA), enabling the macroscopic tumor to be
removed and treating adjacent microscopic disease that remains with brachytherapy, while
providing immediate pain relief. This approach would be consistent with previous research
indicating that optimal results from RFA were obtained only when combined with vertebral

augmentation and radiation therapy (Cazzato et al 2018).
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When using brachytherapy bone cement, the risk of extravasation must be considered and
precautions to prevent extravasation should be used. Our previous study showed that, if **P
brachytherapy cement were placed immediately adjacent to the spinal cord and were allowed to
remain in place, about 10% and 20% of the spinal cord cross-section would receive lifetime
doses greater than 50 Gy/mCi/mL and 10 Gy/mCi/mL, respectively (Kaneko et al 2012).
Unfortunately, we do not know the effect of continuous beta emissions on a portion of the spinal
cord cross-section, but clearly, in the event of extravasation adjacent to the spinal cord, a
procedure to remove the extravasated cement must be undertaken as soon as possible.
Additionally, as a precaution, patients without an intact posterior cortex should not be considered
candidates for this procedure, pending future developments to address the risks of extravasation

in this population.

5. Conclusion

The results of this pilot study and our previous dosimetry studies on human bone
demonstrate, on a preliminary level, the relative safety of this brachytherapy cement and support
additional development and testing. Additional preclinical studies, such as histologic
examination of bone near brachytherapy cement, and clinical trials are needed before this
promising treatment can be made available to patients with metastatic lesions in the vertebral

body.
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Appendix. Measurement of *’P activity in *P-HAP and blood

Cherenkov efficiency

Due to the presence of low-energy p-emitting calcium radioisotopes in the **P-HAP, we used
Cherenkov counting to determine the **P activity in our *P-HAP. To obtain the Cherenkov
counting efficiency, we first irradiated four vials containing 500 uL each of 0.01 M to 0.6 M
phosphoric acid for 1 hr in the lazy Susan of the nuclear reactor located at UCI (TRIGAF,
General Atomics) to create **P. Then, 200 uL of each concentration of phosphoric acid was
moved to a plastic vial that was filled with either 3 mL distilled water or 3 mL aqueous
scintillation cocktail (Ready Safe, Beckman Coulter) and then counted with a liquid scintillation
counter (LSC, LS 6500 Scintillation System, Beckman Coulter) for 10 minutes. We considered
the counts with cocktail to be 100% efficient for **P because **P is a high-energy B-emitter. Using
linear regression analysis, while forcing the line through the origin, we obtained slopes that
indicated cpm per mole of phosphorus. The LSC Cherenkov efficiency was then obtained by
dividing the slope for Cherenkov counting (5.38 x 10° cpm/mol, R*=0.99) by the slope for cpm
with LSC cocktail (8.86 x 10° cpm/mol, R*=0.99) to obtain a Cherenkov efficiency of 61%. We
also confirmed that the presence of hydroxyapatite did not affect Cherenkov counts in subsequent
measurements by performing Cherenkov counting with and without the addition of

hydroxyapatite.

Dose Calibrator Calibration

The Calibration Vial containing **P-HAP was allowed to decay for 111 days and was dissolved

in 20 mL 1 M phosphoric acid. Cherenkov counting was then performed on 60 pL of that
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solution, corrected for the Cherenkov efficiency, scaled to obtain the total activity in the
Calibration Vial at the time of LSC Cherenkov counting, and corrected for decay to determine
the Calibration Vial activity at the time of measurement by the dose calibrator (Actual
Calibration Vial Activity). A scaling factor, s, to calculate actual vial activities from provisional
vial activities measured by the dose calibrator was calculated as

s = (Actual Calibration Vial Activity)/(Provisional Calibration Vial Activity)

Well Counter Efficiency

To evaluate the efficiency of the well counter (CRCH-55tW, Capintec, Inc.) to detect P in blood,
22.5 pL of 0.6 M phosphoric acid containing an activity of 750 Bq, or 45013 dpm (measured by
LSC with cocktail and adjusted for decay at the time of counting in the well counter) was moved
to a 3 mL blood-collection tube, 3 mL sheep blood was added, and this vial was counted over the
full spectrum by the well counter for 10 minutes. The number of counts per minute above
background measured by the well counter, 1913 cpm, was divided by the actual activity
measured by the LSC, 45013 dpm, to obtain the well counter efficiency for **P in blood, 0.042, or
4.2%. From this efficiency and the number of background counts over the full spectrum (BKG)
in 10 minutes, we calculated the minimum detectable counts (MDC) and the minimum detectable
activity (MDA) in sheep blood during the in vivo study using the following equations (CRCH-55¢

Well Counter Owner’s Manual, 2017):

MDC:f*\/BKG(cp@)*T(min)
T(mm)
MDA:f*\/BK.G(cpm)*T.(min)
Efficiency*T (min)
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where f'is the precision factor (a value of 3 was used) and T is the counting time (10 min).
Background ranged from about 700 to 1500 cpm (the higher values occurred when **P-HAP
from this study was located in the room), resulting in an MDC between 25 cpm and 29 cpm for
the control sheep and one of the experimental sheep (#28) and an MDC of 27 cpm to 37 cpm for
the remaining experimental sheep (#33 and #106). After accounting for the well counter
efficiency of 0.042, the MDA was 600 to 880 dpm in 3 mL of blood, which is equivalent to 3.3

Bg/mL to 4.8 Bg/mL.
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