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Abstract

Purpose—The primary objective was to investigate a novel focal brachytherapy technique using
lipid nanoparticle (liposome)-carried p-emitting radionuclides (rhenium-186 [186Re]/rhenium-188
[188Re]) to simultaneously treat the post-lumpectomy surgical cavity and draining lymph nodes.

Methods and Materials—Cumulative activity distributions in lumpectomy cavity and lymph
nodes were extrapolated from small animal imaging and human lymphoscintigraphy data.
Absorbed dose calculations were performed for lumpectomy cavities with spherical and ellipsoidal
shapes and lymph nodes within human subjects using the dose point kernel convolution method.

Results—Dose calculations showed that therapeutic dose levels within the lumpectomy cavity
wall can cover 2 and 5 mm depths for 186Re- and 188Re-liposomes, respectively. The absorbed
doses at 1 cm sharply decreased to only 1.3 — 3.7% of the doses at 2 mm for 186Re-liposomes and
5 mm for 188Re-liposomes. Concurrently, the draining sentinel lymph nodes would receive a high
focal therapeutic absorbed dose, while the average dose to 1 cm of surrounding tissue received <
1% of that within the nodes.

Conclusions—Focal brachytherapy using 186Re/188Re-liposomes was theoretically shown
capable of simultaneously treating the lumpectomy cavity wall and draining sentinel lymph nodes
with high absorbed doses while significantly lowering dose to surrounding healthy tissue. In turn,
this allows for dose escalation to regions of higher probability of containing residual tumor cells
following lumpectomy while reducing normal tissue complications.
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Introduction

Most women (75%) diagnosed with breast cancer are of early stage due to advances in
screening and have the possibility of being treated with lumpectomy or other forms of breast
conserving therapy (1). Breast conserving therapy results in a superior cosmetic outcome,
thus increasing overall quality of life. The rationale of breast conserving therapy has been
investigated through 20-year follow-up studies which have shown similar survival rates after
either lumpectomy followed by radiotherapy or mastectomy (2,3). The majority of
recurrences after lumpectomy appear at or in close proximity to the tumor bed and surgical
scar (1,4,5) indicating a high probability of residual tumor clonogens within the vicinity.
This is the basis for partial breast irradiation or boost fields which localize radiation beams
and escalate absorbed dose to the tumor bed. The new technique evaluated in this work is
based on the hypothesis that further dose escalation to the tumor bed through focal
irradiation while minimizing dose to the rest of the breast will reduce local recurrences,
increase overall survival, and reduce normal tissue complications (6).

In addition, lymphatic vessels within the breast provide pathways for tumor cell invasion
and migration to regional lymph nodes, which can result in tumor metastases. Evidence has
indicated that micrometastases or isolated tumor cells within the lymph nodes is associated
with a reduced rate in 5-year disease free survival if no additional treatment is given (7).
Axillary radiotherapy is an attractive alternative to axillary dissection, attaining similar
survival rates with an improved quality of life (8). However, complications after axillary
irradiation are determined by the important structures irradiated (brachial plexus, axillary
vessels, and lymphatics). Minimizing the radiation delivered to adjacent healthy tissue is
expected to reduce morbidity. An aim of the treatment method described in this work is the
simultaneous focal irradiation of the sentinel lymph nodes within the lymphatic chain
accompanying the irradiation of the lumpectomy cavity. This is expected to reduce the risk
of tumor cell metastatic spread after lumpectomy, while tissue surrounding the lymph nodes
and uninvolved lymphatics will experience a minimal absorbed dose compared with current
axillary irradiation techniques.

Herein, a novel approach to simultaneously treat the post-lumpectomy tumor bed and
draining sentinel lymph nodes using 186Re/188Re-liposomes is reported. Liposomes are
nano-scale biodegradable lipid vesicles proven in their effectiveness and safety as drug
delivery vehicles for treatment of human disease (9). They are used as carriers of the
radionuclides due to increased retention within the injection region and lymph nodes
compared with non-liposomal radionuclide compounds (10-12). This allows for more
absorbed dose to be delivered to desired targets and less dose to be given to normal tissue.
Fig. 1 illustrates the overall treatment strategy. Specifically: 1) A therapeutic dose of
liposomal radionuclides is injected into the lumpectomy cavity; 2) Sustained retention of
liposomes within the cavity delivers a therapeutic absorbed dose to the cavity wall and
surrounding tissue; 3) Liposomes slowly drain from the cavity through lymphatic and blood
vessels; 4) The particulate liposomes are filtered by lymph nodes (13, Fig. 2) in a similar
distribution pattern as microscopic tumor; and 5) Retained liposomes focally treat the entire
lymph node to a therapeutic dose level. This design is evaluated using observations from
small animal imaging studies and human lymphoscintigraphy data as input for absorbed
dose calculations using a Monte Carlo simulation code and numerical integration methods
utilizing dose point kernels (DPKSs).
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Methods and Materials

Dose Point Kernels

The radionuclide DPK convolution method, which is based on convolving a radionuclide
DPK with a cumulative activity distribution, is used to calculate dose distributions.
Convolution mathematics is a quick and easy method of evaluating absorbed dose
calculations for radionuclide therapy (14,15). The EGSnrc Monte Carlo simulation (16)user
code EDKnrc (17) was used to calculate DPKs which included absorbed dose from photon
and beta emissions (18,19) of 186Re and 188Re radionuclides. DPKs of selected
radionuclides, and mono-energy photons and electrons were also calculated within a water
medium for validation of accuracy with published DPKs (20-24).

The DPK convolution technique inherently assumes a spatially invariant dose kernel within
a uniform homogeneous medium and often is used as a quick approximation within
heterogeneous media. To use the convolution technique, the feasibility of using a
homogeneous assumption for breast dosimetry was determined. DPKs for 186Re and 188Re
were generated and compared using the PEGS4 (16) data sets for different materials which
may represent breast tissue compositions and heterogeneities: soft tissue, adipose tissue,
glandular tissue, breast tissue, water, and a BR12 breast tissue phantom.

Lymph Node Dose Calculations

Dose calculation utilizing the DPK convolution technique has previously been described
(14) and only a brief explanation follows. Three-dimensional 500x500x500 matrices with
voxel sizes of 0.2x0.2x0.2 mm3 were formulated in Matlab (ver. 7.4.0.287 [R2007a]). The
DPK matrix (K; mGy/MBg/hr) was formulated using the DPK data for the radionuclides in
water, while the cumulative activity matrix (A; MBgehr) was the cumulative activity
distribution within a lymph node. The lymph node was modeled as disk shaped having an 8
mm diameter and 4 mm height to represent a normal lymph node in the human body. The
clinical basis for choosing this was that enlarged lymph nodes would typically be dissected
and the lymph node treatment should target involved sentinel lymph nodes without apparent
changes in nodal size to eradicate isolated tumor cells or micrometastases. An exponentially
decreasing cumulative activity distribution from the subcapsular sinus region within the
lymph nodes was assumed. This model was derived from our observations from fluorescent
imaging of the distribution of the liposomes labeled with rhodamine B within rat lymph
nodes (Fig. 2). The majority of liposomes were retained in the outer rim, and this
distribution has also been previously documented (13). This declining liposomal density
distribution may be attributed to the filtering mechanism of the lymph nodes as lymphatic
fluid permeates the sinuses.

The convolution of the DPK matrix with the cumulative activity matrix was calculated using
Fourier transform (FT), multiplication (¢), followed by inverse Fourier transform (iFT)
(14,15):

D, j.k) :iFT{FT [K (i, j, k)] e FT [A @i, J, k)]}

where i, j, and k are voxel indices. The amount of cumulative activity distributed within the
lymph node model was chosen to deliver an average absorbed dose of 150 Gy to the lymph
node. This absorbed dose level was chosen as an acceptable focal dose level to treat the
entire lymph node; being large enough to treat the entire lymph node to a large dose, yet low
enough to spare surrounding tissue. From this desired absorbed dose and the assumptions

Int J Radiat Oncol Biol Phys. Author manuscript; available in PMC 2012 March 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Hrycushko et al. Page 4

described in the following section, the amount of activity administered to the lumpectomy
cavity to deliver this absorbed dose was determined.

Lumpectomy Cavity Dose Calculations

The DPK convolution method was also applied to calculate absorbed dose within the
lumpectomy cavity and the cavity wall. The effect of lumpectomy cavity size on absorbed
dose to the cavity wall was evaluated by modeling different sized spherical geometry
cavities of 1.0 and 1.5 cm in diameter containing uniformly distributed cumulative activity.
Although the volume of the excised tumor and tumor free margins may be much larger,
lumpectomy cavities should be compressed after tumor excision due to lack of tissue support
within the cavity, markedly decreasing cavity volume. This has been seen in cavity volume
quantification studies, and in some cases an almost planar geometry is seen with thicknesses
on the order of millimeters (25). The amount of cumulative activity uniformly distributed
within the cavity was determined from the calculated amount of cumulative activity needed
to give the average dose of 150 Gy to the post-lumpectomy sentinel lymph node and
assuming an average of 0.5% of the injected activity was retained by the lymph node. This
conservative percentage is extrapolated from findings in human radiocolloid and liposomal
lymphoscintigraphy studies (12,26). The amount of injected activity within the lumpectomy
cavity was calculated utilizing the intracavitary retention data from small animal imaging
studies which determined the percentage of injected radioactivity within the rat lumpectomy
cavity over time. The biological half-life of the liposomal radioactivity within the
lumpectomy cavity was determined to be approximately 50 hours, which was similar to that
seen for intraoperative delivery of 186Re-liposomes for head and neck cancer (27).

An ellipsoidal cavity with the same volume as the 1.5 cm diameter sphere was created
having a major axis three times the size of the minor axis to represent a collapsed cavity
following lumpectomy. The cavity was uniformly given the same amount of cumulative
activity as that of the 1.5 cm diameter sphere, and the absorbed dose distribution was also
calculated. The distribution of absorbed dose within the surrounding tissue was analyzed to
determine how collapsed lumpectomy cavities would affect dose uniformity and treatment
delivery protocol.

Targeting Liposomes

An important characteristic of liposomes is that they may be modified with different surface
charges or specific targeting molecules on the liposomal surface. For example, antibodies
may be used to target liposomes to specific cells within the body (28), or liposomal surface
charge may be modified to alter uptake and accumulation characteristics within tissue.
Evidence has shown that cationic liposomes possibly collect along the surface of the
lumpectomy cavity wall (27,29). This passive targeting of the wall may be due to the
negative surface charge of typical cell membranes (30). Whether by antibody or charge
modification techniques, a 1.5 cm diameter sphere was modeled to have all the cumulative
activity inside the cavity within 1 mm of the wall surface representing surface

modified 186Re/188Re-liposomes. The DPK convolution method was used to calculate the
cavity wall absorbed dose distribution for comparison with the same size sphere having the
same amount of cumulative activity uniformly distributed.

Results

Dose Point Kernels

The DPKSs within various media representing breast tissue or similar compositions are
shown in Fig. 3. A semi-log plot is used to display entire DPKSs, illustrating the sharp
decrease in dose delivered primarily through beta-radiation within a few mm. This beta
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range is followed by low absorbed dose contributed mainly by photon-radiation (x- and
gamma-rays) with an approximate 1/r2 decrease with distance. The beta-radiation ranges are
around 4.5 and 9.5 mm for 186Re and 188Re, respectively, with the remaining almost-
negligible bremmstrahlung radiation doses beyond these distances. The absorbed dose-
distance pattern results in effective therapeutic absorbed doses given within mm ranges
while doses outside this range rapidly decrease to minimal levels. Thus a focal treatment is
achieved resulting in greatly decreased surrounding normal tissue toxicity.

DPKs for all media were similar within 2 and 5 mm range for 186Re and 188Re respectively;
however, the BR12 breast tissue phantom and adipose tissue had higher absorbed doses
beyond these distances within the range of beta-radiation. These differences are quantified in
Fig. 4, which compares the percent difference of each DPK with the DPK in water. Water
was used for comparison as it is often the preferred phantom medium in radiotherapy
protocols. The largest difference (approaching 80%) compared to that of water is seen with
adipose tissue and the BR12 breast tissue phantom; however, the distance at which the
largest differences occur would receive minimal dose levels and should not significantly
influence the absorbed dose calculations (see calculated absorbed dose data in sections
below). The difference between the DPKs within the PEGS4 breast tissue compaosition and
that for water is very low (approaching 3.5% within the therapeutic ranges (see below)),
showing that a homogeneous water phantom is more appropriate than the adipose tissue and
the BR12 breast tissue phantom to represent breast tissue for radionuclide therapy
dosimetry.

Lymph Node Absorbed Dose

Fig. 5 and Table 1 depict the absorbed dose distribution within a lymph node as well as in
the surrounding normal tissue. The dose profile along the central slice within the lymph
node (Fig. 5A) shows that there were minimum doses in the outer capsule (= 4 mm) and
medulla regions for the described cumulative activity distribution within the lymph node.
However, although the majority of the liposomes accumulate within the outer rim, the beta
emissions from both 186Re and 188Re are able to treat the entire lymph node to therapeutic
dose levels. This is achieved while providing a steep decline in absorbed dose within a few
mm of surrounding tissue. Fig. 5B shows dose volume histograms (DVHSs) for the lymph
node and surrounding 1 cm thickness of healthy tissue for both radionuclides. The DVHs
show that 188Re-liposomes can deliver a more uniform dose to the lymph node due to the
more energetic beta-radiation from 188Re. The DVHs for the surrounding 1 cm of tissue
show that absorbed dose is minimal compared to levels within the lymph node,
demonstrating the tissue sparing capability of liposome-carried radionuclides. This is further
exemplified in Table 1, which gives absorbed doses seen within the lymph node and at
incremental distances within the surrounding tissue. The less energetic beta-radiation

from 186Re delivers a higher maximum dose in order to achieve 150 Gy of average lymph
node dose. The tissue sparing effect of both radionuclides is evident with the average
absorbed dose within 1 cm of surrounding tissue being over three orders of magnitude less
than the average dose within the lymph node.

Lumpectomy Cavity Absorbed Dose

Table 2 lists point doses at specified depths from the wall surface surrounding the spherical
lumpectomy cavity. The therapeutic ranges of 2 and 5 mm for 186Re and 188Re, respectively,
are also shown from the dose calculations. Table 2 illustrates that dose levels at further
distances are inadequate to kill clusters of residual tumor clonogens. The amount of injected
activity was determined to be 29.1 and 42.9 mCi for 186Re- and 188Re-liposomes,
respectively. The smaller cavity size could receive a much larger dose to the tumor bed,
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showing the importance of knowing cavity volume for treatment planning purposes, as well
as ensuring to remove air in the surgical cavity during the delivery of therapeutic agents.

Absorbed dose distributions seen at distances from the ellipsoidal (collapsed) shaped
lumpectomy cavity are given in Table 3. The absorbed dose to tissue surrounding the short
axis of the lumpectomy cavity is much greater than that received by tissue surrounding the
long axis. This demonstrates that collapsed cavities with uniformly distributed cumulative
activity will have non-uniform absorbed dose distributions within the surrounding tissue.
This will likely affect the injection protocol if a more uniform dose distribution or specific
dose level is desired.

Absorbed Dose with Targeting Liposomes

Dose profiles across the center slices of the 1.5 cm spherical lumpectomy cavities containing
liposomes with uniform cumulative activity distributions or modified liposomes with
cumulative activity distributions targeting the cavity wall are shown in Fig. 6. A uniform
distribution of liposomes gives a uniform dose distribution inside the cavity whereas the
surface modified liposomes which attach along the cavity wall give a non-uniform dose
distribution within the cavity. However, the targeting liposomes are able to treat the
surrounding tissue to much higher dose levels, as indicated in Table 4. The average absorbed
dose to the surrounding tissue, within the therapeutic range of the radionuclides, increased
by approximately 150% and 80% for 186Re- and 188Re-surface modified liposomes,
respectively.

Discussion

This absorbed dose calculation study serves as the groundwork for a novel therapy technique
focally treating regions having high probability of containing residual cancer cells following
early stage breast cancer lumpectomy surgery. The intracavitary administration

of 186Re/188Re-liposomes to simultaneously treat the lumpectomy cavity as well as the
draining sentinel lymph nodes was shown to be theoretically feasible. The drainage and
accumulation of 186Re/188Re-liposomes along involved lymphatics (12) hypothetically
allows for the eradication of tumor cells which may migrate and reside in lymphatics leading
to lymph node and distant metastases (7,31,32), while the nearby uninvolved lymphatics are
spared. This therapy technique may benefit patients by providing a decreased probability of
recurrence and fewer treatment complications compared with currently available adjuvant
modalities.

The DPK convolution method was shown to be a valid dose calculation approximation
within the breast. Although used for homogeneous media, this technique's use was shown
rational for breast tissue despite some tissue heterogeneity and possible variations in breast
composition among patients. Lumpectomy cavities in close proximity to lung pleura, ribs, or
skin will have larger dose inhomogeneities making the DPK convolution technique less
accurate. However, the tissue sparing by beta emissions allows treatment in close proximity
to these tissues as opposed to current breast conserving brachytherapy methods (33,34) due
to much less healthy tissue volume receiving elevated dose levels.

Both 185Re and 188Re radionuclides were shown to be able to deliver large therapeutic doses
to the surrounding tissue of the lumpectomy cavity while treating the entire draining sentinel
lymph nodes to a therapeutic focal dose. This has important ramifications as it has been
described that over 90% of recurrences are seen at or near the tumor bed and surgical scar
(35), while lymph nodes are possible routes of metastatic spread. Micrometastases or
isolated tumor cells may have the possibility of leading to recurrence and distant metastases
if not treated (7).

Int J Radiat Oncol Biol Phys. Author manuscript; available in PMC 2012 March 1.
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The use of liposomes as vehicles to carry radionuclides allows for further formulation
modifications to alter uptake and accumulation characteristics. The ability to alter the
surface of the nano-sized liposomes allows for specific tumor cell / tissue targeting,
prolonged retention within injected regions, and accumulation within regional lymphatics.
This will allow for even greater therapeutic effect while further reducing normal tissue
toxicity.

Treatment planning will be an important aspect of this procedure as in any modality. It was
seen that absorbed dose to the targeted regions depends on the injected activity, cavity size
and shape, individual Kinetics, and activity retention distributions. An important
characteristic of both radionuclides is that their main photon emissions (10% 137 KeV
gamma-emission for 186Re and 15% 155 KeV gamma-emission for 188Re) are of similar
energy to that emitted by 99MTc. Furthermore, the chemistry used for the preparation

of 186Re/188Re-liposomes may also be used to prepare 9°™Tc-liposomes (10). These unique
features allow for pre-treatment tracer evaluations using either 99MTc/186Re/188Re-
liposomes for individual kinetics to aid in the treatment planning process and post-treatment
imaging evaluation of 186Re/188Re-liposomes for individual absorbed dose calculations.

The short therapeutic range of these radionuclides has been debated for many partial breast
irradiation techniques. The “correct” distance from the lumpectomy cavity that one must
treat for residual disease is controversial and perceived as a “paradox of local recurrence”
(35). Remaining tumor foci after lumpectomy may be found at distances much further than
that typically treated with partial breast irradiation techniques (36,37); however, rate of
failure elsewhere in the breast seems to be unaffected by whole breast radiotherapy. It seems
these remaining microscopic lesions do not manifest clinically under conditions of an
unstimulated environment. Moreover, most manifested recurrences are in close proximity to
the lumpectomy cavity.Interestingly enough, it has been seen that wound fluid harvested
from breast cancer patients stimulates cancer growth in vitro, and this stimulatory effect was
suppressed if intraoperative irradiation had been used immediately after lumpectomy (38).
This suggests that a possible mechanism for the close proximity of recurrences may be
suppressed through immediate irradiation of the post-surgical cavity wall. An alternative
explanation to the close proximity of recurrences is that trauma to the tumor during surgery
may allow cancer cell detachment and may explain the high incidence of positive findings
seen in lavage cytology and cavity re-excisions (39,40).

Conclusions

Absorbed dose calculations based on observations from small animal studies and human
lymphoscintigraphy data demonstrate that 186Re/188Re-liposomes provide an alternative
means of early stage breast cancer treatment post-lumpectomy. The use of radionuclides
encapsulated within liposomes offers improvements to proven partial breast irradiation
techniques by simultaneously delivering a large absorbed dose to locations having higher
probability of containing residual tumor cells following lumpectomy surgery.

This novel technique was shown theoretically feasible to focally treat the lumpectomy cavity
wall while minimizing dose to the rest of the healthy breast. At the same time, 186Re/188Re-
liposomes which clear to the draining lymph nodes are able to deliver a therapeutic dose to
the lymph nodes within the lymphatic chain which are most likely to develop
micrometastases. The results of this groundwork study have shown the feasibility for future
clinical investigations utilizing this focal breast cancer brachytherapy technique.

Int J Radiat Oncol Biol Phys. Author manuscript; available in PMC 2012 March 1.
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Fig. 1.

Schematic diagram outlining the treatment design. Radionuclides encapsulated within
liposomes are injected into lumpectomy cavity in breast. Sustained retention of liposomal
radionuclides in the cavity, as well as the gradual clearance and retention in draining
lymphatics provide focal brachytherapy to areas where cancer recurrence will most likely
occur.
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Fig. 2.
Fluorescent image of the distribution of rhodamine B-liposomes in rat lymphatics following
intracavitary injection. Arrow points to a draining lymph node.
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Fig. 3.

Calculated dose point kernels for materials which may represent breast tissue.
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Fig. 4.
Percent differences versus distance with respect to water between dose point kernels for
tissues representing breast tissue for 186Re-liposomes (A) and 188Re-liposomes (B).
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Dose profiles across center slice of spherical lumpectomy cavities with uniform or targeted

liposome distribution.
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Table 1
Dose description for lymph node and surrounding tissue
Tissue Dose Description 186Re-liposomes  188Re-liposomes
Lymph Node Avg. Dose (Gy) 150.2 148.3
Max. Dose (Gy) 240.3 199.7
Min. Dose (Gy) 39.6 53.8
Surrounding Tissue  Avg. Dose (Gy, 1 mm) 26.4 41.0
Avg. Dose (Gy, 5 mm) 1.4 6.0
Avg. Dose (Gy, 10 mm) 0.3 1.3
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Table 2

Dose distributions seen in the surrounding tissue of spherical lumpectomy cavities

Distance from Cavity (mm)

186Re-liposomes
1.0 cm Diameter Dose (Gy)

1.5 cm Diameter Dose (Gy)

1 524.8 235.8
2 47.1 23.8
3 3.8 24
10 0.6 0.5
Avg. Dose within 2 mm 1503.9 506.7
Injected Activity (mCi) 29.1 29.1

Distance from Cavity (mm)

188Re-liposomes
1.0 cm Diameter Dose (Gy)

1.5 cm Diameter Dose (Gy)

1 2559.3 1004.9
4 135.2 58.2
5 41.9 18.9
10 0.9 0.69
Avg. Dose within 5 mm 11224 441.6
Injected Activity (mCi) 429 429
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Table 3

Dose distributions seen in the surrounding tissue of irregular shaped ellipsoidal

lumpectomy cavities

186Re-liposomes
Distance from Cavity (mm) Long Axis Dose (Gy)

Short Axis Dose (Gy)

1 105.3 1745
2 9 171
3 1 2.1
10 0.3 0.5
Injected Activity (mCi) 29.1 29.1

188Re-liposomes

Distance from Cavity (mm)  Long Axis Dose (Gy)

Short Axis Dose (Gy)

1 4515 952.9
4 21 58.3
5 6.6 19
10 0.4 0.8
Injected Activity (mCi) 429 429
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Dose distribution comparison between uniform cumulative activity distribution and

Table 4

Page 20

cumulative activity distribution of targeting liposomes for spherical lumpectomy cavity

Distance from Cavity (mm)

186Re-liposomes
Dose of Uniform Distribution (Gy)

Dose of Targeted Distribution (Gy)

1 235.8 611.6
2 23.8 62.6
3 24 4.2
10 0.5 0.5
Avg. Dose within 2 mm 506.7 1289
Injected Activity (mCi) 29.1 29.1

Distance from Cavity (mm)

188Re-liposomes
Dose of Uniform Distribution (Gy)

Dose of Targeted Distribution (Gy)

1 1004.9 1780.8
4 58.2 117.7
5 18.9 39.8
10 0.69 0.71
Avg. Dose within 5 mm 441.6 805.4
Injected Activity (mCi) 429 429
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