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We recently reported a novel concept for combining radioactive isotope technology with
polymethylmethacrylate (PMMA) cement used for vertebral augmentation and have
advocated that pain physicians become aware of this new concept when treating malignant
compression fractures. The use of vertebral augmentation for malignant compression
fractures is steadily increasing, and the goal of this novel approach would be to stabilize
the fractured vertebral body while also controlling proliferation of the tumor cells in the
vertebral body that caused the vertebral fracture. This approach would therefore provide
mechanical stabilization of the fractured vertebral body at the same time as direct targeting
of the cancer cells causing the fracture. For our analysis, we investigated six specific
radioisotopes with regard to physical and biologic properties as they would interact with
PMMA and local bone metastatic disease, taking into consideration anatomical, biological
and physical characteristics. The radioisotopes investigated include beta emitting (plus and
minus) sources, as well as low energy and mid-energy photon sources and are: P-32, Ho-
166, Y-90, I-125, F-18, and Tc-99m.

We review the advantages and disadvantages of each radioisotope. In addition, this paper
serves to provide pain physicians with a basic background of the biologic principles (Biologically
Effective Dose) and statistical modeling (Monte Carlo method) used in that analysis. We
also review the potential complications when using radioactive sources in a clinical setting.
Understanding the methodologies employed in determining isotope selection empowers
the practitioner by fostering understanding of this presently theoretical treatment option.
We believe that embedding radioisotopes in PMMA is merely a first step in the road of local
treatment for symptomatic local lesions in the setting of systemic disease.
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e recently reported a novel approach

for combining a radioactive isotope

with polymethylmethacrylate (PMMA)
cement used for vertebral augmentation and have
advocated that pain physicians become aware of this
new concept when treating malignant compression
fractures (1,2). The goal of this approach is to stabilize
the fractured vertebral body while also controlling
proliferation of the tumor cells in the vertebral body
that caused the vertebral fracture. While external
beam radiation therapy doses to affected vertebral
bodies are invariably limited due to the radiation

tolerance of the spinal cord and other normal tissues,
this technique would provide a localized therapeutic
radiation exposure without compromising radio-
sensitive normal tissues.

Vertebral augmentation is a broad term for a
group of minimally invasive procedures which involve
the placement of a percutaneous needle into a verte-
bral body, generally through the pedicle, and the in-
jection of the cement PMMA that is used to augment
the vertebral body. A variant of this vertebroplasty
technique is kyphoplasty and involves the placement
of balloons into the vertebral body in order to create
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a cavity, followed by balloon removal and subsequent
injection of cement. The PMMA gradually hardens and
fills the spaces in the bone (3).

For our analysis, we investigated 6 specific radio-
isotopes with regard to physical and biologic prop-
erties as they would interact with PMMA and local
bone metastatic disease. A summary of the radiologic
properties of the radioisotopes investigated is shown
in Table 1. Assuming a simplistic vertebral phantom in
which a small bolus of PMMA mixed with the isotope
of interest was placed, we evaluated the radiation ex-
posure rate (absorbed dose) as a function of distance
from the bolus. Phantom dosimetry was performed us-
ing the MCNP5 Monte Carlo radiation transport code
(Los Alamos National Laboratories). This program
uses a form of statistical sampling to simulate radia-
tion transport in materials. For clinical purposes, the
calculated absorbed dose was converted into the bio-
logically effective dose (BED) for comparison against
clinically known radiation therapies. In this report,

we review the specifics of the biological properties of
the radioisotopes as well as the statistical modeling
method that was used to obtain the measurements
described.

THE Monte CARLO VIETHOD

Statistical Sampling is a numerical method which
uses randomly generated numbers and probability
theory to evaluate integral equations or stochastic
based processes. Because “its use of randomness and
the repetitive nature of the process are analogous to
the activities conducted at a casino” (4), this method
was renamed the Monte Carlo technique after a fa-
mous casino in Monaco frequented by nuclear weap-
ons physicists in the 1940s. The strength of the Monte
Carlo technique is that it provides information on
physical systems too intricate to study using determin-
istic (mathematical) methods and therefore lends itself
well towards complex problems in radiation transport
and dosimetry. Numerous studies have proven the

Table 1. Summary of the radiological charactertstics for the isotopes studied in this investigation including the advantages and

disadvantages of each isotope.

D
Radioisotope | T1/2 ecay Advantages Disadvantages
mode
This pure beta emitting isotope requires a low implant The short range of the beta particle in bone
P-32 14.29d B- iSP . & 1sotopereq P results in a highly localized radiation exposure
activity and is easy to obtain. . . .
with a maximum range in bone of ~5mm.
Beta source also emits X-ray and gamma radiation . . L -
Ho-166 26.8h B- including photon energies of ~900 keV. These photons E)o;fl;;etncally, this isotope behaves similarly
could be used to determine if isotopic leaching occurs.
While the radiations emitted are more
Y-90 64.1h B- High energy, pure beta emitter with a greater maxi- energetic, this isotope still presents a highly
’ mum range than P-32. localized radiation exposure penetrating only
~6.5 mm in bone.
Due to the high effective atomic number of
Low energy photon source provides a more uniform bone relative to tissue, this isotope could re-
1-125 59.3d € dose deposition to a treatment volume than would a sult in excessive bone dose due to higher rate
pure beta emitter such as P-32, Y-90. of photoelectric photon absorption in bone
for these photons.
F-18 typically is used for PET imaging. The positrons
emitted by F-18 annihilate with atomic electrons . .
. . The photons created easily penetrate material.
producing two 0.511 MeV photons. These mid-energy . .
. . e Many photons will be transmitted through
F-18 110 m B+ photons provide a more uniform dose distribution . oo .
. the patient. The short half-life will require a
to a volume than either the low energy I-125 or the local F-18 isotope production source
pure beta emitting isotopes. The short half-life (110 pep ’
minutes) results in a short lifetime within the body.
Higher energy photon source will have longer effec- Because of the penetrating ability of Tc-99m
tive treatment range than the other isotopes explored | photons, this isotope would require the
Tc-99m 6.01h IT in this manuscript; will also have a lower ratio of greatest amount of activity to be implanted
photoelectric absorption in bone relative to tissue within the patient. Many of these photons will
compared to I-125. penetrate the patient.
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ability of a well written Monte Carlo code to precisely
and accurately reproduce experimental results (5).

The MCNP5 Monte Carlo code (6) is a general pur-
pose three dimensional radiation transport program
designed to simulate how neutrons, photons, and elec-
trons interact in different materials (5). Specifically, a
virtual environment is created within an MCNP pro-
gram and a radioactive source is defined. A single ra-
diation particle, with characteristics randomly sampled
from specifications provided by the user, is created and
the distance the radiation travels before interacting
within the environment determined. This interaction
distance is calculated by comparing published and well
known interaction probabilities against random num-
bers generated by the program; during an interaction,
secondary radiations resulting from that interaction are
created and similarly transported. The transport process
is continued for the primary radiation and all resulting
secondary radiations until each radiation either depos-
its all of its energies within the simulated environment
or until it leaves the simulation boundaries. Informa-
tion on the radiation travel path and energy deposited
is maintained, or “scored,” by the MCNP program and
the simulation process repeated until enough radiation
“histories” are run to produce a statistically valid char-
acterization of the radiation path-density (fluence) or
energy deposition (dosimetry) in a user selected region
or regions of interest.

The MCNP code is capable of simulating photon
and electron energies as low as 1 keV and as high as
100 GeV and neutron energies from 10" MeV to 150
MeV in a wide range of materials (5) and is considered
an industry standard radiation simulations code having
over 600 person-years of development and maintain-
ing a strong quality assurance and testing program.

The MCNP5 Monte Carlo computer code (version
5.1.4) was used to simulate radiation transport in a 40
mm diameter cortical bone phantom. A 1 mm radial
bolus of PMMA, uniformly distributed with one of the
six isotopes of interest, was placed at the center of the
phantom with dosimetric data computed in a series of
1 mm?3 tally volumes radially distributed out to 1 cm
from source center.

The calculated output for both photon and beta
emitting sources was multiplied by the isotope’s parti-
cle yield to obtain the calculated dose deposited in the
tally per disintegration, D(r,6).This result, expressed as
the absorbed dose rate per unit activity (cGy pCi' h-
). The absorbed dose rate per unit activity is directly
related to the total absorbed dose per unit activity

(cGy pCi), assuming an infinite decay period for the
isotope, by dividing the absorbed dose rate per unit
activity by the decay constant for that isotope.

BioLocicAaLLy EFrFecTivE DosE

The biologically effective dose (BED) equation,
BED = (nd)(1+d/o/B), represents a method by which it
is possible to compare the probability of tumor con-
trol and normal tissue injury associated with the use
of different radiotherapy protocols (7,8). In the BED
equation, n represents the number of fractions and d
represents the dose per fraction. The equation takes
into account the use of different fraction sizes among
protocols. The assumption in the use of the BED equa-
tion is that a roughly linear relationship exists be-
tween the BED and either the probability for control
of the tumor or the development of specific normal
tissue toxicity over a particular dose range (9). For ei-
ther very low or high dose ranges, for which tumor
control/normal tissue toxicity levels are either low or
high, respectively, the linearity between dose with tu-
mor control probability or normal tissue toxicity may
not hold.

The BED, therefore, is equal to the actual physi-
cal dose of radiation that is modified by a relative ef-
fectiveness factor (1+d/o/f ) that depends upon d and
the o/f ratio, which is a characteristic of the particular
cancer or normal tissue in the radiation field. Thus,
the o/p ratio represents a critical parameter in the BED
equation. This value can be derived from isoeffective
curves in which a specific radiation-induced effect is
produced, such as lung fibrosis, using a series of ra-
diation schedules employing different sized fractions
(10). Generally, the smaller the size of the dose frac-
tion employed, the greater will be the dose needed to
produce the effect of interest. This is usually observed
because use the smaller the dose utilized, the greater
is the chance that the radiation damage can be re-
paired between dose fractions and therefore not elicit
the normal tissue complication or provide the desired
level of tumor control.

If fraction size plays a large role, then the o/ as
computed from the isoeffective curve will be a low val-
ue. Therefore, changing a radiotherapy protocol from
use of many small dose fractions to one with a small
number of large fractions will have a great impact on
the BED. Conversely, if the o/f calculated from an isoef-
fective curve analysis is high, then changing the dose
per fraction will have only a small impact and only the
total dose will exert the main affect on the BED.
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It should also be noted that often the critical nor-
mal tissue in the radiation field that limits the size of
the dose that can be delivered exhibits a smaller o/f
than the cancer being treated. In these instances, it
would be advantageous to use a protocol in which the
total radiation dose is delivered in a large number of
treatments (25-30) each employing a small dose per
fraction (1.1-2.0 Gy). However, for certain malignan-
cies, such as prostate cancer, the reverse may be true
and provide a basis for the use of large fraction sizes
(11,12). In other instances, such as breast cancer, there
is evidence that the o/f ratios may be similar for the
tumor and surrounding normal tissues, which then
permit flexibility in the size of fractions used (13,14).

The basic BED equation does not take into account
dosimetric parameters which will have an impact on
tumor control and normal tissue effects. In particular,
a more conformal treatment in which the normal tis-
sues are spared and exposed to a reduced amount of
radiation will decrease the BED (15). Table 1 presents
a comparison of advantages and disadvantages of the
isotopes studied. This comparison was based on the
Monte Carlo results and BED calculations.

PoTEnNTIAL COMPLICATIONS

In addition to the potential procedural risks asso-
ciated with vertebral augmentation and any minimally
invasive procedure, including bleeding and infection,
there are certain risks inherent to the radiobiologic
properties of the radioisotopes. Risks of use of radio-
isotopes include excessive radiation dose to the corti-
cal bone and other normal tissues near the augmented
vertebral body as well as leaching of the radioisotope
from the PMMA cement leading to systemic radioiso-
tope dissemination and radiation uptake in radiosen-
sitive tissues and organs. Preliminary analysis of the

leaching properties of each radioisotope in relation to
the PMMA cement is currently under investigation.

ConcLuUsION

We believe that embedding radioisotopes in
PMMA is merely a first step along the road of local
treatment for local symptom control in a systemic dis-
ease. Malignant compression fractures are on the cut-
ting edge of that change. Understanding the meth-
odologies employed in determining isotope selection
empowers the practitioner by fostering understand-
ing of this presently theoretical treatment option. The
goal of this approach is to stabilize fractures in verte-
bral bodies and to control the tumor cell population
causing these compression fractions.
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