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Purpose: Implantable devices routinely used for increasing spatial accuracy in modern image-guided radiation
treatments (IGRT), such as fiducials or brachytherapy spacers, encompass the potential for in situ release of
biologically active drugs, providing an opportunity to enhance the therapeutic ratio. We model this new approach
for two types of treatment.
Methods and Materials: Radiopaque fiducials used in IGRT, or prostate brachytherapy spacers (‘‘eluters’’), were
assumed to be loaded with radiosensitizer for in situ drug slow release. An analytic function describing the concen-
tration of radiosensitizer versus distance from eluters, depending on diffusion–elimination properties of the drug
in tissue, was developed. Tumor coverage by the drug was modeled for tumors typical of lung stereotactic body
radiation therapy treatments for various eluter dimensions and drug properties. Six prostate 125I brachytherapy
cases were analyzed by assuming implantation of drug-loaded spacers. Radiosensitizer-induced subvolume boost
was simulated from which biologically effective doses for typical radiosensitizers were calculated in one example.
Results: Drug distributions from three-dimensional arrangements of drug eluters versus eluter size and drug prop-
erties were tabulated. Four radiosensitizer-loaded fiducials provide adequate radiosensitization for �4-cm-diame-
ter lung tumors, thus potentially boosting biologically equivalent doses in centrally located stereotactic body treated
lesions. Similarly, multiple drug-loaded spacers provide prostate brachytherapy with flexible shaping of ‘‘biologi-
cally equivalent doses’’ to fit requirements difficult to meet by using radiation alone, e.g., boosting a high-risk region
juxtaposed to the urethra while respecting normal tissue tolerance of both the urethra and the rectum.
Conclusions: Drug loading of implantable devices routinely used in IGRT provides new opportunities for therapy
modulation via biological in situ dose painting. � 2010 Elsevier Inc.
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INTRODUCTION

Despite advances in the precision, accuracy, and mode of

therapy delivery, the effective use of present day radiation

therapy modalities (intensity-modulated radiation therapy,

image-guided radiation therapy [IGRT], brachytherapy, pro-

tons) remains limited by the radiation dose to normal struc-

tures surrounding the target region. Image-guided lung

stereotactic body treatment achieves over 90% rates of tumor

control for early-stage peripheral lesions. However, treatment

of centrally located lung lesions to full dose (20 � 3 Gy) is

associated with unacceptable toxicities (1), thus excluding

a substantial fraction of patients from the benefits of new

technology. Prostate cancer is another example where im-

age-guided brachytherapy has made substantial progress (2,

3) but remains limited by normal tissue tolerance of adjacent
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and interposed structures. The means to augment the biolog-

ical action of radiation therapy in tumors without additional

toxicity to surrounding normal tissues would be useful for

improving the therapeutic ratio.

In order to achieve high spatial accuracy, modern radiation

therapy practice routinely utilizes implantation of fiducials

(external beam therapy) or source spacers (brachytherapy)

into the tumor (4). These implantable devices are an essential

technical component of the delivery of radiation but are inert

and provide no direct therapeutic function. We propose that

the routine introduction of these implantable devices in tu-

mors provides opportunities for delivering in situ therapy

or radiosensitization during IGRT as part of the established

routine procedures. For example, coating radiopaque fidu-

cials with polymers allowing slow release of radiosensitizers
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or cytotoxic compounds would allow fiducials to act as dual-

functioning devices, providing both image guidance and

in situ bioactive drug release. Such coatings have been

described on titanium and aluminum (5) surfaces and on

stents used in cardiology practice (6, 7). Similarly, spacers

used to separate 125I sources in prostate brachytherapy proce-

dures can be replaced by polymeric rods (8, 9) acting as both

spacers and drug-release molecules to provide additional

flexibility in shaping biological dose distributions that avoid

normal structures while boosting dose to the target. Since im-

plantation of these devices is already part of current radiation

therapy practice, use of drug-loaded fiducials and spacers

would not cause any added risk or discomfort to patients

during the implantation procedure.

We present a modeling study of drug distributions that

would result from dual-action fiducials or dual-action brachy-

therapy spacers, assuming these are implanted in geometries

commonly used during lung or prostate radiation treatments.

We provide phenomenological modeling of drug concentra-

tionvs. effectivediffusion distance that is independent of apar-

ticular choice of drug or tumor tissue type. The generalized

approach describes the required balance between drug diffu-

sion, elimination, and eluter size in order to achieve a desired

drug distribution in the target volume. As we do not focus on

a specific drug or radiosensitizer, agent-specific biological

aspects of drug radiation interaction are not explicitly

accounted for in this investigation. Instead, by assuming typ-

ical radiosensitization enhancements encountered in radiation

oncology practice, we compare the ability to deliver a local

increase in effective dose by either brachytherapy alone or

by brachytherapy plus in situ-delivered radiosensitizer.

Assisting IGRT treatment via the proposed biological in situ
IGRT (BIS-IGRT) dose painting can be generalized beyond

radiosensitizers to utilize a variety of molecularly targeted

biological agents and to provide a practical means to translate

recent developments in biological targeting agents to clinical

radiation oncology practice.
METHODS AND MATERIALS

Analytic function for modeling drug diffusion from
a chemical source

The concentration of drug versus the distance from a drug-eluting

source can be modeled by the diffusion equation (10). Assuming

a uniform diffusing medium around a spherical eluter, the diffusion

equation may be expressed in spherical coordinates as
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¼ D
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where r is radius, t represents time, A is drug concentration, and D is the

diffusion constant. To model the distribution of drug around a drug-

eluting object in tissue, accounting also for drug removal, Eq. 1 can

be modified to include a term representing elimination of the drug:
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where k is a measure of the rate of elimination of the agent from the

system by any means. For a first approximation, we have assumed
constant rates of drug release from the eluter and drug elimination

in tissue. Under these conditions, it can be shown that a time-inde-

pendent function that satisfies Eq. 2 is

A ¼ Aoa

r
expð � fbðr � aÞÞ (3)

where a is the radius of the eluter, 4b = (k/D)1/2 is the elimination–

diffusion modulus, and r > a. The parameter 4b depends on the prop-

erties of the drug and medium chosen. Figure 1 illustrates a plot of

Eq. 3 as a function of the distance from the center of a drug eluter, for

two values of eluter radius and two values of 4b. A lower value of 4b

increases the depth of penetration of the drug. Lower values of 4b

can be achieved either by increasing the diffusion length (D) or by

decreasing the elimination constant (k). To provide a rough compar-

ison with the attenuation of radiation with distance from a point

radioactive source, the inverse square curve is also plotted. Values

of the diffusion–elimination modulus 4b plotted in Fig. 1 encompass

the range of 4b values (0.4–1.3 mm�1), inferred from experimen-

tally measured distribution of taxol as a function of distance from

the eluter surface in the monkey brain (11, 12).

The diffusion distance of a drug in tissue can be modified in var-

ious ways, including adding of micelles (13) to change local hydro-

philicity or lipophilicity or by using dextrans to increase convection.

We (5) and others (14) have also shown that the drug can be loaded

on nanoparticles which are then incorporated in the eluter. This ap-

proach does not change the chemical properties of the drug but takes

advantage of the nanoparticle properties to change the effective rate

of elimination and thus 4b. Transport of nanoparticles and biomole-

cules in tumors is determined by the enhanced permeability and

retention effect (15). The enhanced permeability facilitates drug

delivery, while the retention, prolonged for weeks or months, can

be therapeutically beneficial (15). Data for real-time tracking of

quantum dot complexes of nanometer size in tumors (16) show

that nanoparticle extravasation in the bloodstream displays both

fast and slow movement, with speeds ranging from 100 to 600

mm/s. Large nanostructures such as liposomes, with diameters of

100 to 400 nm, appear to have even lower mobility (17). In summary,

given multiple means to adjust the tissue diffusion properties of the

drug, in this work 4b and eluter radius are assumed to be parameters

that can be modulated, and thus they are treated as variables.
Few eluters: fiducial markers
Commercially available cylindrical markers used in image-

guided lung stereotactic body radiation therapy (SBRT) range

from 0.8 to 1.2 mm in diameter and from 3 to 20 mm in length. How-

ever, for simplicity throughout this work, we simulated spherical

eluters and used the radially symmetrical Eq. 3. To represent the

range of fiducial sizes, we simulated small and large eluters (radii

of 0.5 and 2 mm, respectively). We modeled four drug-loaded

markers within a spherically shaped tumor with the eluters located

at the vertices of a tetrahedron centered in the tumor, with the verti-

ces being 5 mm from the tumor surface. The drug distribution is the

sum of the distributions from each eluter, and the magnitude of the

distribution is determined by A0, the drug concentration at the sur-

face of the eluter. The distance at which the drug concentration

drops by a factor of 10 is often used as a measure of effective tissue

penetration by the drug (12, 13). Accordingly, the volume of tumor

with a drug concentration in excess of A0/10 is taken as the metric to

quantify the fraction of tumor that is sensitized by the drug. The sen-

sitized fraction of tumor volume (I) is calculated for multiple values

of 4b and eluter radius.
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Fig. 2. Schematic drawing showing the coordinate system and the
calculated location of chemically activated brachytherapy spacers
(eluters). Eluters were considered to be at all possible eluter loca-
tions even though a source may also be there.
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Fig. 1. Plots of Eq. 3 are shown for two source radii within a range of values of the elimination–diffusion modulus, 4b. The
chemical concentration is assumed to be 1 at the surface of the source. Larger source radii and smaller values of 4b translate
into greater effective penetration of the chemical agent into tissue. A plot of r�2 is shown for comparison with the dose
distribution around a point radioactive source.
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Several eluters: brachytherapy spacers
We use prostate brachytherapy as an example of a minimally in-

vasive procedure that would utilize a large number of implanted elu-

ters. It was assumed that the brachytherapy spacers used in 125I

transrectal ultrasound (TRUS)-guided permanent implants are re-

placed by drug eluters that also act as spacers. Brachytherapy treat-

ment plans from 6 patients receiving permanent implants were

reanalyzed to calculate chemical distributions that could be achieved

without modifying the position of 125I-sources and spacers used for

delivery of the radiation treatment. Patients were selected to repre-

sent the range of gland sizes seen in our implant program. The loca-

tion of eluting spacers was derived from the needle tip locations, as

shown in Fig. 2. Thus, the location of the source at the tip of each

needle was used to calculate all potential spacer locations. This

does not imply that such spacers were actually in the plan but pro-

vides a set of potential spacer locations available without modifica-

tion of the plan.

To evaluate the potential for a configuration of drug-loaded

spacers to provide target coverage while sparing normal structures

two quantities were evaluated, Ip, and Gpr, and the dependence of

these metrics on 4b was studied.

Ip

The coverage of the prostate Ip(a) (0 < a < 1) is taken to be the

fraction of prostate having a drug concentration greater than a. As

described above, this work uses a value of a = A0/10.

Gpr

For any line, L, specified by x = xo, z = yo, passing through pros-

tate and rectum, the prostate–rectum gradient, G(L), of a drug or ra-

diation dose distribution D(x,y,z) is given by G(xo,zo) = D(xo,yr,zo)/
D(xo,yp,zo), where yr is the most anterior point on L that is within the

rectum, and yp is the most posterior point on L that is within the pros-

tate. Variable xo was chosen to be the center of the urethra as seen on

the midaxial slice.

If GDpr and GApr refer to the gradients of radiation dose and chem-

ical agent, respectively, then Gpr is defined as Gpr = GApr/GDpr

Therefore, Gpr is defined as the gradient of drug concentration in

the prostate–rectum direction, relative to the radiation dose gradient.
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GApr > 1 implies that the gradient of the drug concentration (hence,

sensitization) at a point is greater than the gradient of the radiation

dose, i.e., drug sources produce biologically sensitized regions

that are more conformal than the radiation dose distribution alone.

Gpr was evaluated for a number of points on the midsagittal plane

and a series of values of zo between the superior extent and inferior

extent of the prostate with a 0.25 cm spacing.
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Radiosensitization-based treatment plan
We also modified the brachytherapy plan of 1 patient to illustrate

the ability to locally enhance the effect of radiation by appropriate

placement of drug-eluting spacers at a region that is at high risk

for recurrence (as potentially identified via functional imaging). A

region of interest (ROI) was identified, and a distribution of drug-

eluting spacers was placed on a uniform 0.5-cm grid around that

point while remaining at least 7 mm from a nearby normal structure

(urethra). Radiosensitization enhancement factors of 1.2 to 1.8 for

single-fraction doses of 2 to 10 Gy have been reported for taxol

(18), and its radiosensitization efficiency depends on local drug

concentration. Radiosensitizations of 1.6 to 5.8 were reported for

cisplatin (both low- and high-dose rates) and 1.7 to 2.9 (19) for gem-

citabine (pulsed low-dose-rate brachytherapy) (20). As a conserva-

tive approach to incorporate a typical anticipated radiosensitization

enhancement in our calculations, we assumed the spacers to be

loaded with a radiosensitizer that, in conjunction with low-dose-

rate brachytherapy, provides a sensitization of 1.5 for concentrations

of A0/10 or higher. A linear decrease in radiosensitization from 1.5

to 1.0 for drug concentrations between A0/10 and A0/50, respec-

tively, was assumed, and no radiosensitization was accounted for

lower concentrations. Generation of drug around an eluter was

assumed to be time invariant, i.e., a steady-state three-dimensional

drug distribution was assumed to be present in the tumor throughout

radiation treatment. Thus, changes resulting from changes in the rate

of drug diffusion from the eluter or changes in tumor biology (due to

changes in vascularization) were not accounted for in the present

approximation.
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Fig. 3. Modeling of tumor coverage by radiosensitizer, assuming
four regularly placed drug-loaded fiducials in small lung tumors,
representing typical lung SBRT treatments. (a) Tumor coverage
for small (radius = 0.5 mm) eluters. Large values of 4b cannot sen-
sitize a significant portion of the tumor, while low values of 4b en-
able sensitization of 10% to 60% of small (<20-mm radius) tumors.
(b) Tumor coverage for large (radius = 2 mm) eluters. Large eluters
can sensitize most or all of the tumor for a variety of effective drug
penetrations. For example, all values of 4b would sensitize the entire
tumor volume.
RESULTS

Lung SBRT sensitization
The curves in Fig. 1 suggest that for small values of 4b,

depths of drug penetration�10 to 20 mm are obtained around

each eluter while also retaining drug concentrations greater

than the sensitization limit, A0/10. Assuming four spherical

eluters (radiopaque fiducials) placed within spherical lung

tumors prior to SBRT, the calculations in Fig. 3a show that

eluters of 0.5-mm radius provide sensitization to only a small

portion of the tumor volume, unless 4b is <0.03 (i.e., unless

the drug has a long diffusion distance and is eliminated

slowly from the area). Alternatively, four drug-loaded fidu-

cials of 2-mm radius combined with 4b of < 0.1 can provide

100% coverage of small tumors (Fig. 3b). Assuming that

drug concentrations in excess of A0/10 provide significant

radiosensitization for radiation fraction sizes (12–20 Gy) em-

ployed in lung SBRT, 4b of <0.1 leads to the possibility of

delivering reduced radiation to centrally located lung lesions

for the same biological effect, thus leading to reduced normal

tissue toxicity.
Brachytherapy sensitization: patient characteristics and
source distributions

The brachytherapy preplans for 6 patients who received
125I TRUS-guided permanent implants at our center were an-

alyzed to calculate the drug distributions that would result by



Table 1. Patient and implant characteristics

Patient Volume (cc) No. of 125I sources No. of spacers

a 14 36 34
b 20 47 66
c 35 65 87
d 36 66 97
e 45 77 128
f 46 81 111
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Fig. 4. A scatter plot showing radiosensitizer concentration and ra-
diation dose in the vicinity of drug-eluting spacers and radiation
sources, respectively, for patient f. Circles represent drug concentra-
tion values sampled at the location of the eluters, while crosses rep-
resent radiation dose values sampled at the location of 125I sources.
Due to the decoupling of drug and radiation sources, a new degree of
freedom to optimize the biological effect is created.
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assuming that the spacers routinely placed between 125I sour-

ces can optionally also become drug eluters and without

modifying the planned implant process. A summary of im-

plant characteristics for the six patients analyzed is shown

in Table 1.

To provide flexibility in shaping the overall biological ef-

fect in the target volume, ideally, the drug concentrations

should not be tightly correlated with radiation dose. In

Fig. 4, the radiation dose and drug concentrations in the

vicinity of the 125I sources and eluters are compared for 1

patient assuming a 4b of 0.08 mm�1. There is a fraction of

eluters that are very close (coincide) to the radioactive sour-

ces. However, the majority of eluters (high-drug-concentra-

tion positions) are not correlated with the position of the
125I sources (high-radiation-dose positions). Hence drug-

loaded spacers in brachytherapy procedures could deliver ra-

diosensitizing drug (high-concentration points) to selected

regions where the radiation dose from 125I is low.

Constraints from metrics
While analysis of a small number of drug eluters (Fig. 3)

calls for large eluter size and low values of 4b to provide

good target coverage, brachytherapy spacers often have small

dimensions. Therefore, small-size eluters of 0.5-mm radius

were modeled first. Figure 5a shows that an increased effec-

tive drug penetration in tissue (4b < 0.3) is necessary to pro-

vide consistent biologically effective drug concentrations to

substantial volume fractions (Ip) of the prostate gland for pa-

tient f. On the other hand, increasing the drug’s penetration

may also lead to drug diffusion beyond the prostate capsule,

with subsequent sensitization of the rectum, which can re-

duce the therapeutic ratio. To enable drug distributions that

are spatially more localized than radiation, the gradient of

drug concentration relative to the radiation dose gradient,

Gpr, must be greater than 1, which calls for 4b of >.05 in

Fig. 5a. Figure 5b shows the compounded results from the

treatment geometries for all 6 patients examined. For these

patients, who represent the range of gland sizes usually

treated at our center, it can be seen that the window of oppor-

tunity for producing an improvement in the therapeutic ratio

by using in situ release of radiosensitizer lies in the range 0.3

> 4b>.05. Figure 5c shows an analysis similar to Fig. 5b, as-

suming placement of eluters of 2-mm radius within the pros-

tate. For these larger eluters, it is the Gpr gradient constraint

that is more significant than the effective drug diffusion, as

substantial tumor coverage is achieved over the full range

of 4b analyzed. According to Fig. 5c, which shows results
from all 6 patients together, values of 4b > 0.25 would pro-

vide drug concentration gradient profiles that are more local-

ized than the radiation dose distributions (Gpr > 1). Given that

experimentally inferred 11 values of 4b for paclitaxel in the

monkey brain lie in the range of 0.4 to 1.3 mm�1, arranging

eluters to fulfill the constraints suggested by Fig. 5c may be

technically feasible.

Eluter planning for BIS-IGRT dose painting
Using eluters to enhance the effect of 125I seeds creates the

additional possibility of incorporating optimal eluter

configurations in treatment planning and adjusting needle

placement to accommodate the overall biological (radia-

tion-plus-drug) effect. Accordingly, subvolume biological

enhancements can be achieved to boost high-risk tumor

regions revealed, for example, via magnetic resonance spec-

troscopy or positron emission tomography. To this end, a bra-

chytherapy plan was used to demonstrate localized delivery

of a drug to a hypothetical ROI within the prostate while spar-

ing the nearby urethra and the rectum. The resulting com-

bined brachytherapy plan (Fig. 6d) meets the clinical

planning criteria routinely applied at our center while also

boosting biological dose to the ROI without the use of addi-

tional 125I radiation sources. If one achieved an equivalent

ROI boost using additional 125I brachytherapy sources within

the ROI, this would deliver 30% and 60% additional dose to

the rectum and urethra, respectively (calculation not shown).

In contrast, the localized drug distribution using BIS-IGRT

delivers less biological dose to the normal structures than is

achievable using radiation dose painting alone.
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Fig. 5. Modeling of tumor coverage by radiosensitizer, assuming implantation of drug-loaded spacers for the geometry of
6 patients treated with prostate TRUS-guided 125I brachytherapy. The two treatment planning metrics of interest, Ip (tumor
coverage, open circles, O) and Gpr (drug concentration gradient relative to radiation dose gradient, crosses, X) are plotted as
a function of 4b . For any given 4b, the values for Gpr are calculated at several different points on the midsagittal plane. (a)
Analysis for the anatomy and eluter configuration in the prostate treatment of patient f for eluters of 0.5-mm radius. Values
of 4b progressively less than 0.3 result in substantial (>20%) tumor coverage. On the other hand, values of 4b progressively
higher than 0.06 result in Gpr of >1. A Gpr value greater than 1 indicates drug distributions with a gradient that is steeper
than the radiation dose gradient and a ‘‘tight’’ modulation of radiosensitization. (b) Analysis for the anatomy and eluter
configuration of all 6 patients bunched together in a single graph for eluters of 0.5-mm radius. The window of opportunity
between the two competing constraints on 4b (prostate coverage Ip versus drug concentration gradient Gpr) is demonstrated.
(c) Analysis for the anatomy and sources configuration of all 6 patients bunched together in a single graph for eluters of
2-mm radius. For these larger eluters, all values of 4b > 0.25 would provide drug concentration gradient profiles that are
more localized than the radiation dose distributions, Gpr of >1. Some of the existing formulations of taxol-based radiosen-
sitizers (paclitaxel, taxotere) have experimentally inferred 4b values in the range of 0.4 to 1.3 mm�1 in tissue (26).
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Fig. 6. Effect of BIS-IGRT for prostate brachytherapy on patient f. (a) Patient anatomy (patient f) as visualized in a TRUS-
guided 125I brachytherapy procedure. A hypothetical high-risk radio-resistant tumor ROI is indicated by a small circle (O).
(b) Color wash indicating radiation-only dose distribution planned for this brachytherapy case. Green and yellow represent
regions of dose greater than the prescription dose and less than 150% of prescription; blue is less than the prescription; and
red is 200% of prescribed dose. Dose was calculated on a Nucletron SPOT system (Nucletron B.V., Veenendaal, Nether-
lands) using computer optimization followed by manual adjustments. (c) Drug-only distribution of radiosensitizer released
from deliberately implanted drug-eluting spacers activated around the high-risk ROI. (d) Combined biologically effective
dose resulting from 125I radiation plus the anticipated radiosensitization of the subvolume where radiosensitizer is present.
Boosting of the radio-resistant region is achieved without significantly increasing biologically effective doses to the rectum
or the urethra.
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DISCUSSION

Intravenous administration of biologically active drugs for

cancer treatment (taxotere, 5-fluorouracil, adriamycin, and

others) together with radiation is commonly used for cancer

treatment but is ultimately limited by systemic toxicity.

Methods for in situ drug delivery to tumors, which can result

in significantly lower systemic toxicity while also enabling

higher drug doses to the tumor (12) have also been reported.

These methods include intratumoral implantation of cyto-

toxic drug-loaded crystals (21), slow-release polymers (8,

9, 12, 22), liposomes (13), microspheres (14), and nano-

spheres (23). However, due in part to the invasiveness of in
situ placement procedures, few clinical trials attempting to

implement this approach have been reported (22). Modern ra-

diation therapy practice routinely implants markers in tumors

and thus provides an opportunity for improving the therapeu-

tic ratio using in situ drug delivery systems without additional

invasive procedures than are already used. We therefore

adapted drug delivery calculations previously reported for

single-drug slow-release polymers (12, 13) to fit the multifi-

ducial/multispacer configurations used in modern treatments

such as lung SBRT or prostate brachytherapy, in conjunction

with real patient geometries. Using hypothetical drug-loaded

IGRT fiducials and brachytherapy spacers as eluters of
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biologically active reagents, we provide a first approximation

to three-dimensional biologically equivalent treatment plan-

ning that accounts for the spatial distributions of radiosensi-

tizer sources within the planning treatment volume.

Our calculations highlight the suitability of 4b, the diffu-

sion–elimination modulus, as a parameter to describe phe-

nomenologically drug concentrations versus distance from

the source. Lower 4b values lead to larger effective diffusion

and are desirable for improved target coverage, while higher

4b values produce drug distributions that are more localized

than brachytherapy radiation treatments. 4b values that pro-

vide radiosensitization of tumor subvolumes without signifi-

cant sensitization of neighboring structures define windows

of opportunity between the competing constraints. Depend-

ing on the particular treatment site and situation, 4b for a par-

ticular drug-eluter combination can be selected to fit the

existing constraints. The availability of several chemical

forms or carriers of the same active compound in conjunction

with multiple slow-release formulations provides substantial

flexibility in this respect. Experimental study of time-release

and total drug capacity properties of tissue-implanted devices

(in preclinical models) are required in future studies to derive

4b values for specific drug formulations and to enable three-

dimensional calculations of drug distributions. Specific drug

formulations will also have to account for additional biolog-

ical dependencies, such as variability of diffusion depending

on tissue/tumor type, tumor vascularity, degree of fibrosis,

dependence of radiosensitization on dose rate and fraction
size, and other variables (7). The results of these efforts could

converge to a treatment planning system that would shape

and optimize biological effect by means of simultaneous

computation of radiation dose and drug distributions.
CONCLUSIONS

The potential for BIS-IGRT illustrated herein also encom-

passes the possibility of matching locally delivered biologi-

cally active compounds to the individual tumor biology as

defined via molecular tumor profiling (biological imaging

[24] or molecular DNA/RNA analysis of the primary tumor

[25]). For example, a tumor demonstrating increased angio-

genesis via imaging (26) could be considered for therapy

augmentation via locally placed angiogenesis inhibitors

(anti-VEGF drug-loaded fiducials), and a prostate tumor re-

vealed to be BRCA1/2 negative via molecular analysis could

be implanted with poly-ADP-ribose-polymerase inhibitor

loaded spacers (27) prior to brachytherapy to provide optimal

three-dimensional biologically equivalent therapy. The com-

bination of highly specific in situ-administered molecularly

targeted agents with a relatively nondiscriminatory agent

such as radiation may provide improved approaches for local

tumor control. The combination of BIS-IGRT, molecular tu-

mor profiling, and nanofabrication of slow-release devices

contains synergies that can be exploited for personalized

cancer radiation treatment.
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