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Purpose: Focused radiation therapy by direct intratumoral infusion of lipid nanoparticle
�liposome�-carried beta-emitting radionuclides has shown promising results in animal model stud-
ies; however, little is known about the impact the intratumoral liposomal radionuclide distribution
may have on tumor control. The primary objective of this work was to investigate the effects the
intratumoral absorbed dose distributions from this cancer therapy modality have on tumor control
and treatment planning by combining dosimetric and radiobiological modeling with in vivo imaging
data.
Methods: 99mTc-encapsulated liposomes were intratumorally infused with a single injection loca-
tion to human head and neck squamous cell carcinoma xenografts in nude rats. High resolution in
vivo planar imaging was performed at various time points for quantifying intratumoral retention
following infusion. The intratumoral liposomal radioactivity distribution was obtained from 1 mm
resolution pinhole collimator SPECT imaging coregistered with CT imaging of excised tumors at
20 h postinfusion. Coregistered images were used for intratumoral dosimetric and radiobiological
modeling at a voxel level following extrapolation to the therapeutic analogs, 186Re / 188Re lipo-
somes. Effective uniform dose �EUD� and tumor control probability �TCP� were used to assess
therapy effectiveness and possible methods of improving upon tumor control with this radiation
therapy modality.
Results: Dosimetric analysis showed that average tumor absorbed doses of 8.6 Gy/MBq �318.2
Gy/mCi� and 5.7 Gy/MBq �209.1 Gy/mCi� could be delivered with this protocol of radiation
delivery for 186Re / 188Re liposomes, respectively, and 37–92 MBq �1–2.5 mCi�/g tumor adminis-
tered activity; however, large intratumoral absorbed dose heterogeneity, as seen in dose-volume
histograms, resulted in insignificant values of EUD and TCP for achieving tumor control. It is
indicated that the use of liposomes encapsulating radionuclides with higher energy beta emissions,
dose escalation through increased specific activity, and increasing the number of direct tumor
infusion sites improve tumor control. For larger tumors, the use of multiple infusion locations was
modeled to be much more efficient, in terms of activity usage, at improving EUD and TCP to
achieve a tumoricidal effect.
Conclusions: Direct intratumoral infusion of beta-emitting radionuclide encapsulated liposomes
shows promise for cancer therapy by achieving large focally delivered tumor doses. However, the
results of this work also indicate that average tumor dose may underestimate tumoricidal effect due
to substantial heterogeneity in intratumoral liposomal radionuclide distributions. The resulting in-
tratumoral distribution of liposomes following infusion should be taken into account in treatment
planning and evaluation in a clinical setting for an optimal cancer therapy. © 2011 American
Association of Physicists in Medicine. �DOI: 10.1118/1.3552923�
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I. INTRODUCTION
The ultimate goal in cancer therapy is complete tumor eradi-

cation with minimal damage to healthy organs or tissue. With
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radiation therapy, tumor control is considered a probabilistic
event where higher absorbed doses improve upon tumor con-

trol. This places the radiation oncologist with the important
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task of delivering sufficient absorbed dose for attaining com-
plete tumor eradication while not delivering so much ab-
sorbed dose as to bring about unacceptable normal tissue
toxicity. Technological innovations have improved radiation
delivery, thus providing for higher absorbed dose to be given
to tumors while reducing absorbed dose to normal tissues.
Focused radiation therapy with beta-emitting radionuclides
has the potential to further improve therapeutic effectiveness
by achieving ablative tumor doses with minimal dose deliv-
ered to surrounding normal tissue. This is due to the sharp
drop-off in dose with distance as seen in beta-emitting radio-
nuclide dose point kernels �DPKs�.1–4 Although encouraging
results have been seen in the clinical setting,5,6 maximized
potential has yet to be achieved. A benefit of treating with
beta emitters is that cellular uptake is not a requirement for
tumoricidal effect, as is common in many antitumor drugs,
and cells several millimeters away from the liposomal radio-
nuclides receive considerable cross-fire absorbed dose. In
rabbit sarcomas, it has been observed that intravenously ad-
ministered liposomes, on average, had a maximum percent
tumor volume coverage of 72% at 48 h postinjection.7 This
incomplete tumor volume uptake with antitumor drug encap-
sulated liposomes may be ineffective for tumor control if
individual tumor cells cannot absorb the drug; however, this
may be overcome by the locoregional treatment resulting
from liposome encapsulated beta-emitting radionuclides.

Two factors possibly responsible for diminishing the tu-
moricidal effect, thus resulting in a varied clinical response
with radionuclide therapy, include �1� nonuniform intratu-
moral absorbed dose distributions resulting from heteroge-
neous radionuclide uptake patterns and �2� poor tumor-to-
normal tissue uptake ratios of therapeutic drugs following
systemic administration techniques. The latter can be greatly
improved through direct intratumoral delivery and liposomal
encapsulation of the therapeutic radionuclides.8 A therapeutic
benefit from intravenously administered radionuclide encap-
sulated liposomes may be passively achieved by extravasa-
tion through abnormal leaky tumor vasculature known as the
enhanced permeability and retention effect or actively
achieved by targeting of specific cancer cell receptors and
angiogenic markers.9 However, low tumor-to-normal tissue
uptake ratios and delayed tumor accumulation observed in
animal studies may result in an insufficient amount of activ-
ity to be safely administered for achieving a desired tumori-
cidal effect when translated to a clinical setting.10 Direct in-
tratumoral infusion increases therapeutic potential compared
to systemic delivery methods by directly placing a high con-
centration of therapeutic radionuclides within the target re-
gion without a delayed accumulation. In turn, the dose deliv-
ered to bone marrow, the most common dose-limiting tissue
for systemically delivered radiopharmaceuticals, as well as
other organs is greatly reduced. Using liposomes as radionu-
clide carriers further increases therapeutic potential by pro-
viding improved sustained retention compared to free radio-
nuclide compounds, thus allowing for a much higher
absorbed dose to the injected region and a reduction in ac-
tivity cleared to the body.11
Intratumoral absorbed dose distributions have become a
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popular topic with radionuclide therapy modalities with the
increased use of hybrid imaging, and it has become evident
that dose heterogeneity can have a considerable impact on
tumor control. The commonly used “average tumor dose”
may not provide an applicable relationship between treat-
ment and effect, in turn, lessening the ability to predict treat-
ment outcome. This work investigates the effects the intratu-
moral liposome encapsulated radionuclide distribution
following direct intratumoral infusion may have on tumor
control. This is accomplished through high resolution in vivo
imaging of the intratumoral distribution of 99mTc liposomes
in a small animal xenograft tumor model and extrapolating to
therapeutic analogs, 186Re / 188Re liposomes, which have a
similar in vivo behavior due to their similar chemistry and
the same mechanism of liposome encapsulation.8,12–15 Analy-
sis included dosimetric and radiobiological index modeling
commonly used in radiation therapy for prediction of tumor
response and therapy assessment. With this treatment design,
possible methods of improving upon tumor response through
the use of 188Re radionuclides, which emit beta particles with
higher energy �186Re: Eavg=0.329 MeV and CSDA range
=0.483 g /cm2; and 188Re: Eavg=0.795 MeV and CSDA
range=1.046 g /cm2�, increased specific activity, and multi-
site direct intratumoral infusion are discussed.16 To our
knowledge, this is the first study that attempts to correlate in
vivo intratumoral liposome distributions following direct in-
tratumoral infusion with modeled therapy response.

II. METHODS AND MATERIALS

II.A. Head and neck squamous cell carcinoma
„HNSCC… xenografts in nude rats

Animal experiments were conducted in accordance with
the NIH Animal Use Guidelines and were approved by the
University of Texas Health Science Center at San Antonio
�UTHSCSA� Institutional Animal Care Committee. Animals
were anesthetized with 1%–3% of isoflurane �Vedco, St. Jo-
seph, MO� in 100% oxygen using an anesthesia inhalation
device �Bickford, Wales Center, NY�.

A human head and neck cancer xenograft model was used
in nude rats. SCC-4 cell line �ATCC, Manassas, VA� was
cultured as previously described.17 Male rnu /rnu athymic
nude rats �Harlan, Indianapolis, IN� at age 4–5 weeks �75–
100 g� were inoculated subcutaneously with 5�106 SCC-4
tumor cells in 0.2 ml of saline on the dorsum at the level of
the scapulae. Tumor size was obtained by measuring the
length �l�, width �w�, and thickness �t� of each tumor with a
caliper. Tumor volumes were calculated using an ellipsoid
volume formula, V= �� /6�lwd.18 This tumor xenograft
model has previously been characterized with hematoxylin-
eosin �HE� staining and described as showing confluent areas
of central necrosis with increased vascularity toward the pe-
riphery of the tumor capsule.17 The HE staining showed the
tumor model to be an appropriate HNSCC tumor model for

animal studies on HNSCC.
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II.B. Liposome preparation and radionuclide
encapsulation

Liposome preparation and characterization followed a
previously described protocol.11 The neutral surface charged
liposomes used have a lipid formulation comprised of dis-
tearoylphosphatidylcholine �Avanti Polar Lipids, Alabaster,
AL� and cholesterol �Calbiochem, San Diego, CA� �molar
ratio of 55:45�. In brief, after sequential extrusion through
polycarbonate filters with different pore sizes from 2 �m to
100 nm at 55 °C �Lipex Extruder, Northern Lipids, Vancou-
ver, Canada�, the resulted liposomes had 60 mM �36.5 mg/
ml� total lipid concentration with a medium of 150 mM su-
crose, 200 mM glutathione �GSH�, and 300 mM ammonium
sulfate �pH 5.1 in sterile water�. After extrusion, repeated
ultracentrifugation at 41 000 rpm �Ti 50.2 rotor, Beckman,
Fullerton, CA� was used to remove unencapsulated GSH.
The final liposome pellets were resuspended in 300 mM am-
monium sulfate �pH 5.1� containing 300 mM sucrose in ster-
ile water at a total lipid concentration of 60 mM and stored at
4 °C until needed. Liposome particle diameter was mea-
sured with a 488 nm DLS laser light scattering instrument
equipped with a DynaPro Dynamic Light Scattering system
�Wyatt Technology, Santa Barbara, CA� and was found to be
108.0�26.4 nm �mean�SD�. Endotoxin levels were as-
sayed with limulus amebocyte lysate Pyrotell �Associates of
Cape Cod Inc., E. Falmouth, MA� and were less than 12.5
EU/ml. There were no bacteria or fungus growth during the
14 day culture.

Labeling of liposomes with 99mTc-radionuclides consisted
of postloading of 99mTc-N ,N-bis�2-mercaptoethyl�-N� ,N�-
diethyl-ethylenediamine �BMEDA� as previously
described.16 In brief, the preparation of 99mTc liposomes in-
cluded two steps: �1� The preparation of 99mTc-BMEDA me-
diated by the reduction in 99mTc-pertechnetate with stannous
chloride and with the use of the intermediate ligand, gluco-
heptonate and �2� postloading of 99mTc-BMEDA into the li-
posomes followed by purification of 99mTc liposomes with
Sephadex G-25 column chromatography eluted with PBS
�pH 7.4� buffer.

II.C. Image acquisition and analysis

Nude rats �n=4� with average measured tumor volumes
of 1.36�0.46 cm3 were intratumorally infused with a vol-
ume of 99mTc liposomes being 20% of the individual rat
tumor volumes. A single infusion location was used with the
needle tip placed at a central location of the tumors. The
infusion rate was set constant at 0.50 ml/min. Static planar
gamma camera images were acquired using a micro-
SPECT/CT scanner �XSPECT, GammaMedica, Northridge,
CA� using a parallel hole collimator with the rat in the prone
position. A standard 99mTc source with known activity was
positioned adjacent to the rat within the field of view �FOV�
for image quantification. Images were acquired immediately
following infusion, at 4 h, and at 20 h postinfusion. Regions
of interest �ROIs� were drawn around tumors and the stan-
dard using MANGO imaging software �Research Imaging In-

stitute, UTHSCSA, San Antonio, TX� to quantify radioactiv-
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ity within each ROI, and first order exponential curves were
fit to determine clearance rates for individual rats. After 20 h
planar imaging, animals were euthanized by cervical dislo-
cation under deep isoflurane sedation. Tumors were excised
for 1 mm pinhole collimator SPECT/CT imaging using the
micro-SPECT/CT scanner to determine intratumoral activity
distribution. Excised tumors were placed on a foam pad so as
to not add artifacts to CT images and for accurate tumor
segmentation. SPECT images were acquired with the radius
of rotation set as small as possible while keeping each tumor
within the FOV during the entire image acquisition. Image
acquisitions included 32 projections at 90 s per projection to
obtain 64 frames of raw projections from two detectors for
tomographic image reconstruction. CT images were acquired
�75 kVp, 370 mA, and 256 projections� with tumors main-
tained at the same position for SPECT/CT image coregistra-
tion. Following SPECT/CT imaging, tumors were collected
for radioactivity counting using a Wallac 1480 Wizard 3 in.
automatic well counter �PerkinElmer Life Sciences, Boston,
MA�.

SPECT and CT images were input to MATLAB software
�ver. 7.4.0.287 �R2007a�, MathWorks, Natick, MA� in matrix
format with voxel sizes of 0.2�0.2�0.2 mm3. The intratu-
moral activity measured by the well counter was converted
from counts/min to decays/min using the efficiency of the
well counter and used for normalization purposes with the 20
h postinfusion SPECT images to calculate activity within
each voxel. The effective clearance rate, calculated from the
curve fitting from planar imaging, was assumed to be the
same for every voxel and was used to calculate initial 99mTc
activity in each voxel. It is important to note that this tech-
nique, as previously described and used as an alternative to
multiple SPECT images, has the implicit assumption that the
relative spatial distribution as measured during the
SPECT/CT image acquisition remains constant.19,20 Different
regions within the tumor may have variations in clearance
rates, the effects of which have previously been investigated
for uptake of systemically administered radionuclides; how-
ever, intratumoral variation in clearance rates is unknown for
direct intratumoral infusion of liposome encapsulated
radionuclides.21 Low intratumoral variation seems probable
due to the very slow clearance following the disappearance
of the injection convection force after infusion and the fact
that lipid nanoparticles, being larger than small molecular
radionuclide compounds, have a lower capacity for intratu-
moral diffusion.

Biological clearance rates were then combined with the
physical half lives of 186Re / 188Re to extrapolate to effective
clearance rates for the therapy analogs. This assumes a simi-
lar biological clearance rate and intratumoral distribution for
99mTc liposomes and 186Re / 188Re liposomes. Cumulative ac-
tivity was then calculated for individual voxels to be used
with dose calculations.

II.D. Dosimetry and radiobiological modeling

Table I provides a list of symbol definitions and appli-

cable values used for dosimetric and radiobiological model-
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ing. The DPK convolution technique, which is based on con-
volving a radionuclide DPK with a cumulative activity
distribution, was used to calculate intratumoral dose
distributions.4,22,23 The EGSnrc Monte Carlo simulation user
code EDKnrc was used to generate DPKs, which include
both beta and photon emissions of 186Re and 188Re radionu-
clides, within a water medium.24–27 The DPKs were input
into matrix format in MATLAB with the same voxel dimen-
sions as that of the SPECT/CT images, and the convolution
of the DPK matrix with the tumor cumulative activity matrix
was calculated using Fourier transform �FT�, multiplication
� · �, followed by inverse Fourier transform �FT−1�,4,23

D�i, j,k� = FT−1�FT�K�i, j,k�� · FT�Ã�i, j,k��� , �1�

where i, j, and k are voxel indices. The calculated absorbed
dose distributions were used to assess intratumoral absorbed
dose heterogeneity with the use of dose-volume histograms
�DVHs�.

Effective uniform dose �EUD� and tumor control prob-
ability �TCP� were used to assess the radiobiological effects
and predict therapy response from the nonuniform intratu-

TABLE I. Symbol explanations and values used for simulations.

Symbol Description Value �if applicable�

D�i , j ,k� Voxel dose N/A
K DPK matrix N/A

Ã Cumulative activity
matrix

N/A

EUDd Equivalent uniform dose
to target region given
in d Gy fractions

N/A

�i Voxel tumor clonogen
density

1.8�103 clonogens /cm3 a

vi Voxel volume N/A
� /� Ratio describing

irreparable and reparable
mechanisms

15 Gyb

� Relates to initial slope of
linear-quadratic model

0.35 Gy−1

� Relates to downward curvature
of linear-quadratic model

0.0233 Gy−2

� Repopulation time constant 0.015 days−1 c

d Daily dose per fraction 2 Gy
Teff,i Effective treatment time N/A
DTeff,i

Dose delivered in effective
treatment time

N/A

RETeff,i
Relative effectiveness per unit
dose

N/A

	ET Effective decay constant
from tumor

N/A

� Repair time constant 5.55 days−1 d

Ḋ0,i
Initial dose rate of voxel i N/A

BEDi Biological effective dose N/A
TCPT Tumor control probability N/A

aData from in Ref. 31.
bData from Ref. 32.
cData from Ref. 33.
dData from Ref. 34.
moral dose distributions. EUD, defined as the uniform ab-
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sorbed dose of which produces the same biological outcome
as the absorbed dose of which is delivered heterogeneously
throughout the tumor,28 was referenced to external beam ra-
diotherapy �EBRT� delivering a daily fraction of 2.0 Gy
within a few minutes for five fractions per week to mimic a
conventional EBRT treatment regimen. Assuming the re-
sponse of the tissue to be the clonogen weighted mean of the
voxels, the EUD is determined from the linear-quadratic
model and was calculated for each tumor using28,29

EUD =

− ln��i=1
N �ivi exp�− � · BEDi�

�i
N�ivi

	
� + �d −

1.4�

d

. �2�

For the protracted radiation delivery provided by the lipo-
some encapsulated radionuclides, the biological effective
dose �BED� is calculated using29

BEDi = DTeff,i
� RETeff,i

−
� · Teff,i

�
, �3�

Teff,i =
1

	ET
ln
� · Ḋ0,i

�
� , �4�

DTeff,i
= Di�1 − exp�− 	ET · Teff,i�� , �5�

RETeff,i
= 1 + 
�

�
��
 2Ḋ0,i · 	ET

�� − 	ET��1 − exp�− 	ET · Teff,i��
�	

� 
1 − exp�− 2	ET · Teff,i�
2	ET

−
1 − exp�− �� + 	ET�Teff,i�

� + 	ET
� . �6�

TCP, defined by the Poisson statistics model, is the probabil-
ity of having no surviving clonogens. It is determined for the
tumor by considering the intratumoral absorbed dose hetero-
geneity using30

TCPi = exp�− �ivi exp�− � · BEDi�� , �7�

TCP = �
i=1

N

TCPi. �8�

The in vivo animal study used a single tumor infusion
location with the needle tip placed at a central location. The
delivery protocol may not be optimal as a poor distribution
of liposomal radionuclides following infusion can be detri-
mental to treatment outcome. In this work, it was desired to
know how multiple injection locations could possibly affect
tumor control. For modeling purposes, it was assumed that
the use of multiple tumor infusion locations would improve
the activity coverage of the tumor. Multiple injection loca-
tions were extrapolated from the single injection location
images and simulated by �1� halving the cumulative activity
within each voxel for the intratumoral activity distribution

resulting from the single infusion location site and �2� dis-
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tributing that cumulative activity to voxels which received
less than the new average cumulative activity per voxel using

Ãi = Ãi0 + Ãtot � � �Ãavg − Ãi0�2

�i=1
N �Ãavg − Ãi0�2

	 , �9�

where Ãi is the final cumulative activity of voxel i after the

multiple injections, Ãi0 is the halved cumulative activity in

voxel i following step �1� from above, Ãtot is the total ad-

justed cumulative activity to be distributed ��i=1
N Ãi0�, and

(a) (b)

(c) (d)

FIG. 1. Intratumoral cumulative activity and absorbed dose distributions
overlaid on the binary image of excised tumor showing every third slice. �a�
Cumulative activity distribution for 186Re liposomes resulting from the
single injection location, �b� resulting 186Re-liposome absorbed dose distri-
bution from the cumulative activity distribution of �a�, �c� resulting
188Re-liposome absorbed dose distribution from the same cumulative activ-
ity distribution of �a�, and �d� resulting 186Re-liposome absorbed dose dis-

TABLE II. Dosimetric values normalized to the injected activity.

Average dose per injected activity
�Gy/MBq�

Minim

186Re 188Re 186R

Rat 1 9.96 6.44 0.0
Rat 2 6.40 4.35 0.0
Rat 3 8.39 4.45 0.0
Rat 4 9.668 7.37 0.0

Average�SD 8.60�1.62 5.65�1.50 0.003�
tribution following the multiple injection location simulation.
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Ãavg is the average cumulative activity per voxel within the
tumor following step �1� from above. This allocation method
preferentially distributes the cumulative activity to voxels
with lower initial cumulative activity by weighting with the
square of the difference from the average. Following the re-
distribution of cumulative activity, the total injected activity
and cumulative activity are the same as those from the single
infusion location used in the animal study. Although there are
various algorithms to simulate multiple injection locations,
including the actual number of injections, the model used
considers the effects of spreading out the intratumoral lipo-
some distribution. Herein, the technique described would fol-
low an injection protocol of a single injection, followed by
numerous local injections in regions of low radionuclide
concentration to cover the entire tumor more uniformly with
radioactive liposomes.

III. RESULTS

III.A. Dosimetry

Table II shows the intratumoral dose estimation statistics
for individual rats as well as average group values normal-
ized to the injected activity. Although an injected volume
equal to 20% of the individual rat tumor volume was used,
the absorbed dose depends on the actual specific activity �ra-
dioactivity per volume� infused into each tumor. For the pro-
tocol used with this animal imaging study, 37–92 MBq �1–
2.5 mCi� /g tumor was infused. By normalizing the injected
activity, the results can be extrapolated to increase specific
activity to a desired amount while keeping the volume in-
jected at 20% of the tumor volume. It is clear that high
absorbed doses may be delivered to the tumor for a small
amount of injected activity as a result of the sustained reten-
tion provided by the liposome encapsulation. A sample intra-
tumoral cumulative activity and resulting absorbed dose dis-
tribution overlaid on a binary CT tumor image is shown in
Fig. 1 �every third slice shown�. Figure 1�a� shows the intra-
tumoral liposome distribution heterogeneity from the single
injection location and the resulting absorbed dose from 186Re
�Fig. 1�b�� and 188Re �Fig. 1�c��. Intratumoral absorbed dose
distributions are represented in DVHs for 186Re liposomes
�a� and 188Re liposomes �b� in Fig. 2. Semilog graphs are
used to better illustrate low dose regions. Both Table II and
Fig. 2 display a high level of intratumoral absorbed dose

ose per injected activity
�Gy/MBq�

Maximum dose per injected activity
�Gy/MBq�

188Re 186Re 188Re

0.019 91.68 39.53
0.009 55.76 24.40
0.061 51.11 17.45
0.318 99.65 48.36

3 0.102�0.146 74.55�24.67 32.44�14.06
um d

e

01
01
02
08
0.00
heterogeneity with this treatment modality for both radionu-
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clides. The higher minimum dose and the improved DVHs
for 188Re indicate that higher energy beta emissions can im-
prove tumor absorbed dose coverage.

III.B. Radiobiological modeling

Table IIIa depicts the radiobiological index calculation re-
sults following extrapolation of the 99mTc-liposome infusion
data to the therapy counterparts, 186Re / 188Re liposomes, as
discussed in Sec. II. Although each tumor was shown to
receive an extremely high average absorbed dose from this
treatment technique, the calculated EUD and TCP values
were insufficient for tumor control for most of the tumors.
Only rat 4 would have a consequential EUD and TCP for
tumor control with 188Re liposomes. This tumor had an in-
tratumoral distribution of liposomes, which delivered a mini-
mum dose of 11.9 Gy �Tables II and III�, and again shows
that the more energetic beta emissions are able to increase
tumor absorbed dose coverage compared to 186Re liposomes.

Table IIIb shows the 186Re / 188Re activity, which would
have been required to achieve greater than 99% TCP for each
rat. This assumes the same infused volume �20% of the tu-
mor volume�, but specific activity would be increased. This
is achieved in dose simulations by multiplying the cumula-
tive activity by a factor and assuming the increased specific
activity would not alter intratumoral liposome distribution or
kinetics. It is interesting to note that the required activity to
reach 99% TCP was, on average, about 120 and 8 times the
injected activity of Table IIIa for 186Re and 188Re, respec-
tively, even for the large average tumor doses of Table IIIa.
The much less average required activity from the 188Re lipo-
somes �511 MBq �13 mCi�� compared to 186Re liposomes
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FIG. 2. Average and individual tumor DVHs for 186Re liposomes �a� and
188Re liposomes �b� normalized to the injected activity representing the
percentage of tumor volume receiving a specific dose or higher per injected
activity.
�8057 MBq �217 mCi�� is due to considerable tumor cross-
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fire dose from 188Re. Regions within the tumor with low
levels of activity are still able to receive a considerable ab-
sorbed dose with 188Re liposomes. The results of the
186Re-liposome calculations indicate that simple dose escala-
tion through increased specific activity may not be feasible
for tumor control due to the shorter beta penetration of this
radionuclide. Poor intratumoral activity coverage from the
single infusion site may require extensive increase in the
required specific activity for achieving tumor control. On
average, about 64�103 Gy, an ablative dose level, was cal-
culated to achieve greater than 99% TCP, and the required
injected activity �8057 MBq �217 mCi�� may be significant
enough to consider toxicity of normal organs/tissues from
which there is abundant liposomal uptake �e.g., liver, spleen,
and kidneys� due to the longer half-life of 186Re �89.2 h for
186Re and 17.0 h for 188Re�.

Table IIIc depicts the radiobiological index calculation re-
sults following the extrapolation of the single injection loca-
tions used for the in vivo animal imaging study to multiple
injection locations following the protocol described in Sec.
II. Following the redistribution of cumulative activity, the
total injected activity and cumulative activity are the same as
those from Table IIIa. Figure 1�d� shows a sample absorbed
dose distribution following redistribution of the cumulative
activity distribution of Fig. 1�a�. A much improved absorbed
dose coverage is achieved for Fig. 1�d� compared to Fig. 1�b�
for the same amount of injected activity. Table IIIc shows
that the simulations of multiple injection locations increased
EUD and TCP values to tumoricidal levels using the same
injected activity for individual tumors as that used for the
single injection locations in Table IIIa. The infused activities
of Tables IIIa–IIIc indicate that the use of multiple injections
is much more efficient in achieving tumor control, in terms
of activity usage, than simply increasing the specific activity
of 186Re / 188Re liposomes. By distributing the intratumoral
liposome distribution more uniformly, only a calculated ac-
tivity of 68 MBq �1.8 mCi�, on average, was modeled to give
approximately 100% TCP.

IV. DISCUSSION

The effects on tumor control by the intratumoral liposome
distribution following direct intratumoral infusion were in-
vestigated in this work. The results have important implica-
tions for radionuclide therapy with liposome encapsulation
as well as other radionuclide therapy modalities for cancer
treatment. Large heterogeneous absorbed dose distributions
were shown to result in a low probability of tumor control as
a consequence of low dose regions within the tumor, even
though large average tumor dose levels were achieved. Using
average tumor dose as a predictor of therapy response with
this method of radiation delivery may overestimate the thera-
peutic effect, resulting in a poor clinical outcome. Mixed
results seen in current clinical uses of radionuclide therapy
modalities may be further evidence of the results described
in this work. In the past, nonresectable pancreatic cancer
patients have been treated with a direct interstitial tumor in-

32 35
fusion technique using colloidal P. Patients received av-
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erage tumor doses from 235 to 17 000 Gy, ablative dose
levels unheard of in EBRT modalities due to toxicity issues.
However, median survival was only improved to 12 months
compared to 8–10.4 months seen with EBRT of 60 or 35–40
Gy with concomitant 5-fluorouracil.36 Even with the large
average tumor absorbed doses, complete tumor eradication
was not achieved and heterogeneous intratumoral absorbed
dose distributions may be at fault.

This work described possible approaches for improving
tumor control with intratumorally infused radionuclide en-
capsulated liposomes. Encapsulating radionuclides with
higher energy beta emissions, absorbed dose escalation
through increased specific activity, or obtaining a more ho-
mogeneous intratumorally infused liposomal radionuclide
distribution through increasing the number of tumor injection
sites was shown to increase EUD and TCP. In a clinical
setting, a combination of these pathways tailored to indi-
vidual patients �e.g., tumor size, tumor location, and ease of
access for multiple injection sites� would be beneficial for
treatment efficacy. For example, since the infused activity
was dependent on the tumor volume, a ratio of the required
activity to give over 99% TCP �Table IIIb� and the actual
infused activity from the in vivo animal study �Table IIIa�
increased from 33.9 and 1.0 for the smallest tumor size to
169.8 and 13.0 for the largest tumor size when injecting
186Re and 188Re liposomes, respectively. This indicates
greater intratumoral liposome heterogeneity for larger tumor
sizes and likely requiring multiple tumor injection locations
in a clinical setting in order to have complete tumor control
while keeping the required amount of injected activity at

TABLE III. Biological index calculations for single tumor infusion site �a�, i

Tumor
volume
�cm3�

Injected activity
�MBq�

EUD
�Gy�

186Re 188Re 186Re 1

�a�
Rat 1 1.57 76.96 76.96 4.64 1

Rat 2 1.84 92.13 92.13 4.63

Rat 3 1.28 64.75 64.75 6.55 1

Rat 4 0.78 37.37 37.37 6.04 2

Average
�SD 1.36�0.46 67.80�23.17 67.80�23.17 5.47�0.98 15.9

�b�
Rat 1 1.57 10 020.3 616.8 29.95 3

Rat 2 1.84 15 639.5 1195.8 30.26 3

Rat 3 1.28 5 301.0 193.9 29.40 3

Rat 4 0.78 1 268.0 37.4 28.19 2

Average
�SD 1.36�0.46 8 057.2�6 192.4 511.0�518.0 29.45�0.91 29.6

�c�
Rat 1 1.57 76.96 76.96 50.20 7

Rat 2 1.84 92.13 92.13 30.95 3

Rat 3 1.28 64.75 64.75 92.19 1

Rat 4 0.78 37.37 37.37 46.67 9

Average
�SD 1.36�0.46 67.80�23.17 67.80�23.17 55.00�26.17 78.6
moderate levels. Dose escalation for tumors modeled with
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infused 186Re liposomes required much more activity to be
injected due to greater intratumoral absorbed dose heteroge-
neity and the fact that EUD and TCP, unlike absorbed dose,
are not linearly related to cumulative activity. This can po-
tentially lead to toxicity issues within organs with abundant
liposomal uptake within the reticuloendothelial system.11 En-
capsulated radionuclides with higher energy beta emissions
would also be beneficial for larger tumors as the locoregional
treatment range is defined by this energy. The more penetrat-
ing beta emissions from 188Re were shown to have better
tumor absorbed dose coverage compared to 186Re, even with
a higher average tumor doses per injected activity from 186Re
liposomes.

In this study, it was modeled to be more efficient, in terms
of required activity for tumor control, to increase the number
of tumor injection sites to distribute the liposomes more ho-
mogeneously within the tumor. It is conceivable to use image
guidance with combined SPECT/CT or other imaging mo-
dalities, which coregister detailed anatomical information
with activity distributions for multiple injection locations.
Following the first tumor infusion, a hybrid imaging modal-
ity may be used to guide the placement of the next injection
to a tumor region with low activity deposition. An alternative
option would be to just assume that increasing the number of
tumor infusion sites, although more time consuming in a
clinical setting, will distribute the infused liposomal radionu-
clides more uniformly within the tumor. Although the image
guidance delivery to regions of low liposome uptake may not
be a requirement, therapy outcome predictability may be less
accurate as there would still be possible low dose regions

sed specific activity �b�, and multiple tumor infusion sites �c�.

TCP
�%�

Average dose
�Gy�

186Re 188Re 186Re 188Re

0.00 0.00 767.81 496.12

0.00 0.00 588.97 399.87

0.00 27.85 542.43 287.41

0.00 98.99 360.21 274.97

.57 0.00�0.00 31.71�46.74 564.86�167.49 364.59�104.14

99.09 99.28 99 815.38 3968.92

99.07 99.04 100 124.65 5198.29

99.10 99.29 44 479.13 862.24

99.12 98.99 12 247.07 274.971

.24 99.10�0.02 99.15�0.16 64 166.56�43 386.06 2576.11�2383.86

100.00 100.00 752.84 480.73

99.28 99.86 562.45 378.50

100.00 100.00 494.69 256.41

100.00 100.00 364.19 270.99

.92 99.8�0.36 99.97�0.07 543.54�161.98 346.66�104.66
ncrea

88Re

0.17

9.18

6.58

7.81

4�8

0.53

0.18

0.03

7.81

4�1

4.02

5.10

12.00

3.49

5�32
within the tumor. This latter technique has previously been
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used with human HNSCC xenografts in nude rats receiving
direct intratumoral injections of radionuclide encapsulated
liposomes.11 Exceptional tumor control was achieved with
low levels of infused 186Re-liposome activity concentrations
with the use of three tumor infusion sites. The low activity
concentrations used along with the level of tumor control
seen validate the use of multiple infusion locations for
therapy effectiveness, even for the less energetic 186Re emis-
sions. Although this work considered head and neck cancer,
this technique could be extended to the majority of tumor
locations with the use of a practical image guidance delivery
system, such as the use of CT for image-guided infusion to
nonresectable pancreatic cancer or ultrasound guidance for
intratumoral injection to breast lesions.35,37

V. CONCLUSIONS

This work provided important considerations for cancer
therapy using direct intratumorally infused radionuclide en-
capsulated liposomes. Common dosimetric and radiobiologi-
cal indices were used with in vivo small animal SPECT/CT
imaging to assess how the intratumoral absorbed dose distri-
bution of intratumorally infused radionuclide encapsulated
liposomes could affect cancer therapy. Increased beta emis-
sion energy, increased radionuclide specific activity, as well
as the use of multiple tumor infusion sites were shown to
improve calculated EUD and TCP values; however, the mod-
eling of multiple injection locations indicated that the result-
ing more homogeneous intratumoral liposome distributions
to be most efficient in terms of activity usage for achieving
nearly 100% TCP. The use of average tumor doses was
shown to be insufficient in providing a relationship between
treatment and effect, and the resulting intratumoral distribu-
tion of liposomes following infusion should be taken into
account in treatment planning and evaluation.
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